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Abstract

AGAMOUS (AG) is a class C MADS-box gene that plays an important role in the development of reproductive organs
in angiosperms and gymnosperms. Here, an AGAMOUS homolog was isolated from male and female Zamia muricata. Lengths
of nucleotide sequences were 1,262 and 1,537 bp, respectively, and both represented 672 bp of open reading frame corresponding
to 224 amino acid residues of predicted protein. The amino acid sequences showed high similarity to AG protein from Cycas (C.
elephantipes, C. nongnoochiae, C. taitungensis, C. pranburiensis and C. edentata) and revealed a conserved region at MADS-
box (M) and Keratin-like box (K). A phylogenetic tree based on the amino acid sequences of AG protein of angiosperms and
gymnosperms indicated that Zamia and gymnosperms were grouped together with high bootstrap support.
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1. Introduction

Cycads are the oldest living seed plants with a fossil
record stretching back to at least the early Paleozoic period,
approximately 250 million years ago (MYA) (Schwende-
mann, Taylor, & Taylor, 2009; Zhifeng & Thomas, 1989).
They form a monophyletic group classified as a single order,
Cycadales, which has been divided into two suborders with
three families and approximately 331 species (Osborne, Calo-
nje, Hill, Stanberg, & Stevenson, 2012). The family Cycada-
ceae contains only a single genus Cycas; the family Stangeria-
ceae consists of two genera, Bowenia and Stangeria; while the
family Zamiaceae is the most diverse and includes the genera
Ceratozamia, Chigua, Dioon, Encephalartos, Lepidozamia,
Macrozamia, Microcycas and Zamia (Stevenson, 1992).
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Several previous studies of cycad phylogenetic relationships
were based on molecular markers (Chaw, Walters, Chang, Hu,
& Chen, 2005; Crisp & Cook, 2011; Zgurski et al., 2008). All
these phylogenetic analyses indicated the positions of Bowe-
nia, Stangeria and Dioon as incongruent with earlier classifi-
cations based on morphology (Stevenson, 1992). Recently, a
new classification represented the order Cycadales as con-
sisting of two families: Cycadaceae with the single genus
Cycas and Zamiaceae with 9 genera as Bowenia, Ceratoza-
mia, Dioon, Encephalartos, Lepidozamia, Macrozamia, Mi-
crocycas, Stangeria and Zamia (Christenhusz et al., 2011). In
all genera of cycads (except Cycas) males and females pro-
duce compact strobili (cones) composed of either megasporo-
phylls or microsporophylls on separate plants. Zamia is the
second largest and most diverse genus of the order Cycadales
consisting of more than 70 species (Osborne et al., 2012).
Although male and female cones are generally dissimilar in
shape and size, the sex of cycads cannot be distinguished at
the juvenile stage. Most cycads have a very long life cycle.
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The time from germination until the seedling grows into a
reproductive plant is unknown for most species but would
appear to be a very long period (Stevenson, 1990). The mole-
cular mechanism of cycad sex determination has so far re-
mained elusive.

In higher plants, genetic control of reproductive or-
gans is explained by the ABCDE model where the class C
genes specify the formation of stamens and carpels in the third
and fourth whorls of the flowering plant (Theissen, 2001). The
C-class gene of Arabidopsis thaliana is the AGAMOUS (AG)
gene which encodes a MADS-box transcription factor. Arabi-
dopsis ag mutants reveal that the stamens and carpels are
replaced by petals in a new flower (Bowman, Drews, & Me-
yerowitz, 1991). AG orthologous genes have been studied in
many plants species that revealed a conserved functional role
in flower development. The AGAMOUS gene is also present
in gymnosperms and controls the development of megaspo-
rophylls and microsporophylls. Therefore, this gene was pre-
sent before the divergence of gymnosperms and angiosperms
lineages (Lovisetto, Baldan, Pavanello, & Casadoro, 2015;
Zhang, Tan, Pwee, & Kumar, 2004) indicating that the genetic
pathways controlling flower and cone development are proba-
bly homologous (Rutledge et al., 1998). In this study, we
investigated DNA sequences of the AGAMOUS gene from
male and female Zamia muricata that may be related to sex
determination.

2. Materials and Methods
2.1 Plant materials

Megaspores and microspores of Z. muricata were
collected from plants cultivated in Nong Nooch Botanical
Tropical Garden, Chonburi, Thailand.

2.2 Isolation of RNA and cDNA synthesis

Total RNA was isolated from megaspores and mi-
crospores using RNeasy Plant Mini Kit (QIAGEN, Germa-
ny). First strand cDNA was synthesized from total RNA using
adapter-(dT)17 primer (P18C1, Table 1) by ReverTra-Ace-o-
®kit (Toyobo, Japan) according to the manufacturer’s instruc-
tion. The oligo dT primer was added as an adapter at 5' end to
facilitate RACE or high throughput sequencing.

Table 1. Primers used in this study
Name Nucleotide sequence (5'-3")
AG-F ATTGAGATAAAGAAGATCGAGAA
AG-R TTTCATCCAAGCTGAAGGGC
P19C1 GGCTGCAGTCGACATTGATTTTTTTTTT
TTTTTTT
P18C1 GGCTGCAGTCGACATTGA
SP1 (5-RACE) CTGCCTGAGTTTTCCTGCCTCC
SP2 (5-RACE) GCGTGTTGTCAGCGCAAGTCT
SP3 (5-RACE) GCCACTTCTGCATCACATAGCAC
Intron1-F AAGGCTGTATGTTTGCTAATA
Intron1-R CTCTCGATTGTTCTTCACG
Intron2-F GGAGCCATTTCAGAGTCCAAT
Intron2-R CTGCCTCCTGTTGCCAGTA
Intron3-F GGCAGCAGATTGACATTCTAC
Intron3-R TTCAGGTCCCGGGATTAGGA

2.3 RT-PCR

cDNA was used as a template for PCR amplification
with specific primers designed from the AGAMOUS genes of
Cycas edentata (AY295079) and Ginkgo biloba (AY114304).
PCR amplification was performed in 50 pl of reaction mixture
consisting of 1X PCR buffer, 2.5 mM MgCl2, 200 uM dNTP,
1.25 units of Tag DNA polymerase, 10 uM of each primer
(AG-R and AG-F, Table 1) and cDNA template. PCR was
carried out at an initial denaturation of 3 min at 94 °C, fol-
lowed by 35 cycles each with 30 s at 94°C, 30 s at 58°C, 1
min at 72°C and a final extension of 7 min at 72 °C. PCR
products were fractionated in 1% agarose gel and DNA bands
were visualized using ethidium bromide staining. The ampli-
fied cDNA was cloned into pGEM-T easy vector (Promega,
USA) and sequenced.

2.4 3'-rapid amplification of cDNA ends (3"-RACE)

The 3’-end of AGAMOUS gene was amplified using
gene-specific primer (AG-F) and adapter primer (p18C1) (Ta-
ble 1). PCR was carried out at an initial denaturation of 3 min
at 94 °C, followed by 35 cycles each with 30 s at 94 °C, 45 s
at 58 °C, 90 s at 72 °C and a final extension of 7 min at 72 °C.
PCR products were fractionated in 1% agarose gel and DNA
bands were visualized using ethidium bromide staining. The
PCR product was cloned into pGEM-T easy vector (Promega,
USA) and sequenced.

2.5 5'-rapid amplification of cDNA ends (5"-RACE)

Three gene-specific primers (SP1, SP2 and SP3)
were designed from the 3'-RACE AGAMOUS gene sequence.
The 5'-RACE was performed according to the method des-
cribed by Frohman, Dush, & Martin (1988) with minor modi-
fication. First-strand cDNAs for 5-RACE were synthesized
using a 5-RACE kit (Roche) with SP1 primer. cDNA was
amplified by gene-specific primer (SP2) and oligo dT-anchor
primer. A PCR product was used as a template to perform a
nested PCR with gene-specific primer (SP3) and anchor pri-
mer. The PCR product was cloned into pPGEM-T easy vector
(Promega, USA) and sequenced.

2.6 PCR amplification of intron of the AGAMOUS
gene

Genomic DNA was extracted from megaspores and
microspores of Z. muricata. Specific primers were designed
from cDNA sequences in this study and the AGAMOUS gene
of Cycas edentata (Tabel 1). PCR was carried out at 94 °C for
5 min, followed by 30 cycles of denaturing at 94 °C for 30 s,
annealing at 53 °C for 30 s, extension at 72 °C for 1 min and a
final extension at 72 °C for 10 min. The PCR products were
extracted and purified from agarose gel bands, cloned into
pGEM-T easy vector (Promega, USA) and sequenced.

2.7 Phylogenetic analysis

AGAMOUS sequences were edited and assembled
using the program GeneStudio (http://genestudio.com/). DNA
sequences were deposited in the DDBJ/EMBL/GenBank DNA
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database under accession numbers. Nucleotide sequences
translation was performed with the EXPASy program (http://
web.expasy.org/translate). The predicted amino acid sequences
and relative AGAMOUS gene from GenBank were aligned
using ClustalX multiple sequence alignment software (Thomp-
son, Gibson, Plewniak, Jeanmougin, & Higgins, 1997). A phy-
logenetic tree was reconstructed using the Maximum likeli-
hood method (ML) of MEGA 7 program (Kumar, Stecher, &
Tamura, 2016). JTT+G (Jones-Taylor-Thornton with invaria-
ble sites) was the best amino acid evolution model and the log
likelihood for the analysis = -1682.8914. ML heuristic
searches were performed by applying the Neighbor-Joining
(NJ) method to a matrix of pairwise distances and all positions
containing gaps and missing data were eliminated. Supports
for clusters on the tree were assessed with 1,000 replicates of
bootstrapping. GenBank accession numbers of amino acid se-
quences used were as follows: C. elephantipes [AKG92785.1],
C. nongnoochiae [AKG92785.1], C. pranburiensis [AKG927
85.1], C. taitungensis [AKG92785.1], C. edentata [AAM740
74.1], Ginkgo biloba [BAD93166.1], Pinus radiata [AADQ9
342.1], Magnolia paenetalauma [AFH74399.1], Arabidopsis
thaliana [P17839.2], Nicotiana benthamiana [AFK13159.1],
Meliosma dilleniifolia [AAS45686.1] and Brassica napus [XP
_013668951.1].

3. Results and Discussion

3.1 Isolation of the AGAMOUS gene from Zamia
muricata

Total RNA isolated from megaspores and micro-
spores of Z. muricata was used as a template to synthesize
complementary DNA (cDNA). Primers for amplification of
the AGAMOUS gene (AG-F and AG-R) were designed from
C. edentata and G. biloba (Table 1). These primers were used
to amplify cDNA from megaspores and microspores of Z.
muricata. The PCR products were approximately 622 bp in
length. Percentage of similarity of this sequence was closer to
five Cycas species (C. elephantipes, C. nongnoochiae, C. tai-
tungensis, C. pranburiensis and C. edentata) than to G. bilo-
ba. The 5’-RACE primers (SP1, SP2 and SP3, Tablel) were
designed from this sequence. The first strand cDNA was syn-
thesized using P19C1 primer. Subsequently, the P18C1 and
AG-F primers were used in PCR reaction to amplify the 3"end
fragment. DNA sequences of Z. muricata varied in length
between sexes; 981 bp (Z. muricata male) and 1,202 bp (Z.
muricata female). Difference in size was in the 3" untranslated
region (3" UTR) that showed variation of polyadenylation
sites. Accordingly, the GMB5 gene of G. biloba associated
with AGAMOUS was also reported to have multiple polyade-
nylation sites (Jager, Hassanin, Manuel, Guyader, & Deutsch,
2003). However, two sequences which represented polyadeny-
lation signal (TATAA) were found in 3" UTR before poly A
tail. For the 5" end fragment, the sequences of two samples
were different in size. The full-length cDNA was 1,262 bp in
male and 1,537 bp in female, and the GenBank accession
numbers for the two sequences were KP238767 and KP23866,
respectively. These two sequences could be further used to
design specific primers for sex differentiation in this plant.

The contig from the assembled sequences revealed
the same open reading frame corresponding to 224 deduced
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amino acid residues in Z. muricata (male and female). In addi-
tion, both AGAMOUS sequences of Zamia male and female
revealed the TIERYKK motif in | domain as the typical amino
acid sequence present in class C protein in the ABC model
(Tandre, Svenson, Svensson, & Engstrom, 1998; Zhang et al.,
2004). A protein database search showed that the amino acid
sequence of Zamia gave 100% and 96% similarity to AG pro-
tein from some Cycas and G. biloba, respectively. Sequences
alignment with AG proteins from gymnosperms (Z. muricata
(male and female), C. elephantipes, C. edentata, C. nongnoo-
chiae, C. pranburiensis, C. taitugensis, G. biloba and Pinus
radiata) and angiosperms (Arabidopsis thaliana, Magnolia
paenetalauma, Meliosma dilleniifolia, Brassica napus and
Nicotiana benthamiana) revealed that Zamia AGAMOUS
(ZmAG) was MIKCC-type domain (Figure 1). AG homologs
had MIKC domain structure that was characteristic of type Il
or MIKC-type MADS-box proteins (Kramer, Jaramillo, & Di
Stilio, 2004). Absence of NHz-domain was found in the
ZmAG and this also did not appear in all AGAMOUS protein
gymnosperm families (Jager et al., 2003). ZmAG possessed
the MADS-box conserved regions commonly found in gym-
nosperms and angiosperms containing 56 amino acid motifs,
involved in binding to DNA based on a consensus CC(A/T)
6GG sequence (Shore & Sharrocks, 1995; Zhang et al., 2017).
In addition, conserved AG motifs | and Il were found at C
domain and were also represented in AG homologs in angio-
sperms (Kramer et al., 2004) indicating that ZmAG in this
study should be functional.

3.2 Genomic organization of the ZmAG gene

Alignment of cDNA and the AGAMOUS gene in the
Cycas genome showed that the ZmAG consisted of nine exons
and eight introns, in which intron numbers and positions were
conserved among various plants (Hong, Hamaguchi, Busch, &
Weige, 2003; Lee & Pijut, 2017; Liu & Liu, 2008). Three
pairs of primers (Intronl-F/R, Intron2-F/R and Intron3-F/R)
were designed from the exon region and successfully used to
amplify the respective intron fragments of Z. muricata (male
and female). Primers Intron-1F/R and 2F/R could be used to
amplify the second and third intron, respectively, while In-
tron3-F/R primers were used for amplification of the fourth to
seventh intron. Two clones of the second intron were isolated
from male and female plants appeared to contain fragments of
the same length (1,432 bp), whereas the second intron of A.
thaliana was longer than that of ZmAG (about 3 kb) (Liu &
Liu, 2008). Alignment of this intron sequence shared 99%
identity with the difference between male and female at 3
positions; 214, 610 and 722 (Figure 2). In contrast, DNA se-
quences of intron 3 (642 bp), intron 4 (102), intron 5 (163),
intron 6 (159) and intron 7 (198) were not different in both
plants. This result indicated that the second intron might cor-
relate with development of megaspores and microspores simi-
lar to the second intron of Arabidopsis which was reported to
be a promoter enhancer (cis-regulatory sequences) for expres-
sion of carpel and stamen (Hong et al., 2003; Liu & Liu,
2008). Reverse orientation of the second intron sequence of
AGAMOUS orthologue from Populus trichocarpa has also
been fused with the minimal 35S promoter (rPTAG2I) and
could be used as a promoter for cytotoxic gene expression in
tobacco (Li et al., 2016).
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MADS-domain I-domain
40 * 60 B *

Zamia_muricata_male | 84
Zamic_wticata_fenale GRGRIEIKRIENTINRCVTFCKRRNGLLKRAYELSVLCDAEVALIVFSSRGRLYEFANNSV! 84
Cycas_edentata GRGKIEIKRIENTINRQVTFCRKRRNGLLKRAYELSVLCDAEVALIVESSRGRLYEEANNSV! 84
Cycas_elephantipes GRGKIEIKRIENTINRCVTFCKRRNGLLKRAYELSVLCDAEVALIVESSRGRLYEFANNSV! 84
Cycas_ g: hiae GRGKIEIRRIENTINRCVTFCKRRNGLLRRAYELSVLCDAEVALIVESSRGRLYEFANNSV 84
Cycas_taitungensis GRGRKIEIKRIENTINRQVTFCKRRNGLLKRAYELSVLCDAEVALIVESSRGRLYEEANNSV! 84
Cycas_pranburiensis GRGKIEIRRIENTINRCVTFCKRRNGLLKRAYELSVLCDAEVALIVESSRGRLYEFANNSV! B84
Ginkge_bilcba GRGKIEMKRIENTINRCVTECRRRNGLLKRAYELSVLCDAEVALIVEFSSRGRLYEFANNSV! 84
Pinus_:adiata GRGRIEIRKRIENTINRCVTFCKRI 'GLLRI\‘AYELSVLCEAEVALXVFSSRGRLYEF‘.\ESV 84
Magnolia_paenetalauma 84
Meliosma_dilleniifolia : -- 84
Nicotiana_benthamiana : MEFQSDLTREISPQRK 100
Arabidopsis_thaliana : MAYQSELGGDSSPLRK! 100
Brassica_napus : MAYCMELGGESSPQREA N 100
GRGRIEGKRIENT’IN:;}VTFCKRFPGLLKFAYELSVLCDREVALIVFSBRGRL‘[ESINHSV4 TIeRYEKK ¢ Dn
-aomagin
120 K * 160 80 *
Zamia_muricata male EKLRQQOINELCN. NRELMG Y LES LSVKELKQLE} R LIRGLSPVRSKRNEMX.*EI B MORRE: 'I.*NQILPﬂRﬂ 182
Zamia_muricata_fewmale LCNGNRHLMGH LTSLSVIGLKQLLIRGLSFVRSKRNEH#EI {MQRRE): Bt NQ!LRﬂR 182
Cycas_edentata 3 S EKLRQQIPELG NRBLMG#L'!SLSVKELKQL-LERGLSFVRSKXNEML*EI 1 MQRRE): lﬁ ELROK 182
Cycas_elephantipes : 8is ERLRQQIPELG NRBLHG’L‘!‘SLSVKBZ.KQL ESR umx,smmsstmﬁlzm B MQRRE): -u,'m‘gn \RIAR) 182
Cycas_nongnoochiae D, LG NR!ZHG’LISLNI@LKQL 'RLBRGLSFVRSRRNEMI*EI B MORRE: Bt o NOELRUK 182
Cycas_taitungensis (- QY HOQE ERLRAOT R LG Nknmsﬁmsmxnxm. ILBRGLSF‘.’RSRKNEML?EI ES MORRE: DI LI® S NOE LRIK 182
Cycas_pranburiensis B N QYWQOE e KLRQO DR LCNU NREL MG o LS LEVKE LKQ LES IRLBRGLSBVRSKKNEHL*E! ES MORRE): rlﬁh‘Q!LFyKu 182
Ginkge_bilcba EIS N QY HQQ! ’RLRQQIEILC NRELMGY. LIS LSVKELFQLEMBLERG ISRVRSKENEMUASE TES MORRE. B >NQF LR\ K TAELe] 181
Pinus_radiata : :QYWQQB*KLRQQIKIILQ NRELMGSle LA N2 KB L KO LEVR LEKG TS RVRSKRNEMLASE Tib MORRE 31 Lodelo NEBIL 181
LECHEIEES LR T LR RN LR N= O Y YQOEEE KLRQO e LONU NREL MG LESMIVKELKQLER RLEKG ISR IRSKKNELLIE TENMMORREN] Lials NEX L 182
Meliosma_dilleniifolia : RMIAGIR{e02SSIRAS-IIV) IH E NRELMG S MIVRKELRQLECRLEKG ISRIRSKENEMUFE TEM MOKREN s Malle NUX L 182
Nicotiana_benthamiana : RIAeS{ele ‘I\'LﬂQ e LCNSNRIMLGAE: 'LSIR‘-IL LEW! IEKG ISKIRSKENELLIFE TR MORRERES L) NOX LR 200
Arabidopsis_thaliana B O Y YOOERRIKLRQO 1= TCNE NRe L MG IeS MBS - KELR TERIRSKENELLFEE IDNMORRENYS 1)1 0s NOBILR 196
Brassica_napus HIB N QY YQOEEH KLRQOTHES ICNENRe L MG IeSMS : KELR . LE[eR 3 RIRSKENELLZE D MORRERNYS L1 s NG/ LRV R IR 196
N Q55QQE KLRQQI i6CN NRh66G 6 s6 4eL4qLE r6edg6 46RSKENE6L EIe MQ4RE 6 N LR RIaE
Gsdomain
Zamia_muricata_male el 1 224
Zamia_muricata_female 1 224
Cycas_edentata 1 224
Cycas_elephantipes 1 224
Cycas_nongnoochiae i 224
Cycas_taitungensis i 224
Cycas_pranburiensis 1 224
Ginkge_bilcba 1 221
Pinus_radiata i 222
Magnolia_paenetalauma : 223
Meliosma_dilleniifolia : 1 225
Nicotiana_benthamiana 1 247
Axrabidopsis_thaliana : 252
Brassica_napus 13050 ECVANIIENN: B SAGRZ o)V i¥e) 1 252
hE

motifl motifll

Figure 1. Amino acid sequence alignments of AGAMOUS from Z. muricata (male), Z. muricata (female), C. edentata, C. elephantipes, C.
nongnoochiae, C. taitungensis, C. pranburiensis, Ginkgo biloba, Pinus radiata, Meliosma dilleniifolia, Magnolia paenetalauma,
Nicotiana benthamiana, Arabidopsis thaliana and Brassica napus. Identical amino acid residues are black and conserved residues are
grey. Dashed lines indicate gaps. A line is drawn above the MADS-box domain, the I-domain, the K-box domain and the C-domain of
AG. Boxes are motif I and II.

* 200 * 220 ol 240 hod 260 hod 28
Z.nuxicata_nnlel BGGGCTACTATTACATTCACTARAGAG(R TTGTAAGATAACCCGTGGATCTTTAGTGATAGCAAAGGGTGTTAGATCTGGGACCCTTTACAAG TRENEA
Z.muricata_male2 B GGGCTACTATTACATTCACTAAAGAG(R TTGTAAGATAACCCGTGGATCTTTAGTGATAGCAAAGGGTGTTAGATCTGGGACCCTTTACAAGTEN 279
z. i HEGGGCTACTATTACATTCACTAAAGAGE TTGTAAGATAACCCGTGGATCTTTAGTGATAGCAAAGGGTGTTAGATCTGGGACCCTTTACAAG TREIE YA
R R LR L R B GGGCTACTATTACATTCACTAAAGAG({E TTGTAAGATAACCCGTGGATCTTTAGTGATAGCAAAGGGTGTTAGATCTGGGACCCTTTACAAG TRENEFA
GGGCTACTATTACATTCACTAAAGAGY 'TGTAAGATAACCCGTGGATCTTTAGTGATAGCAAAGGGTGTTAGATCTGGGACCCTTTACAAGT
0 o 300 od 320 ol 340 ol 360 o
Z.nuti:ata_nalel TAGATGCAAGGGTTGTCTGTGTTGCTTGTGAAGACTCTATAGTTGCAGGTTGCAACAGTAATGAGGCTGAGAACCCACAGTTGCAGAAAGATGEENEC V]
z‘uuxxcata_nalez TAGATGCAAGGGTTGTCTGTGTTGCTTGTGAAGACTCTATAGTTGCAGGTTGCAACAGTAATGAGGCTGAGAACCCACAGTTGCAGARAGATGEEREEYF
Z.muricata_femalel TAGATGCAAGGGTTGTCTGTGTTGCTTGTGAAGACTCTATAGTTGCAGGTTGCAACAGTAATGAGGCTGAGAACCCACAGTTGCAGARAGATGIERENYF1
z‘ﬂuxicltl_flml.2 TAGATGCAAGGGTTGTCTGTGTTGCTTGTGAAGACTCTATAGTTGCAGGTTGCAACAGTAATGAGGCTGAGAACCCACAGTTGCAGAAAGATGIERENY ¥
TAGATGCAAGGGTTGTCTGTGTTGCTTGTGAAGACTCTATAGTTGCAGGTTGCAACAGTAATGAGGCTGAGAACCCACAGTTGCAGAAAGATG
380 * 400 * 420 * 440 * 460
Z.muricata_malel BEEACACTATGTTATAGCACCAGAGATTAGGCCATATTGGAGAAAAATGCCTCCGTTAATTAATCTCCAAAGGTATGGAAGCTGATATCTCTAGT TREREE L]
Z.muricata_male2 BACACTATGTTATAGCACCAGAGATTAGGCCATATTGGAGAAAAATGCCTCCGTTAATTAATCTCCAAAGGTATGGAAGCTGATATCTCTAGT THEREE 13-
Z.ﬂuticnta_lonalel EACACTATGTTATAGCACCAGAGATTAGGCCATATTGGAGAAAAATGCCTCCGTTAATTAATCTCCAAAGGTATGGAAGCTGATATCTCTAGT TN 465
PR SR L IR L P R ACACTATGTTATAGCACCAGAGATTAGGCCATATTGGAGAARAATGCCTCCGTTAATTAATCTCCAAAGGTATGGAAGCTGATATCTCTAGT TREREE L1
ACACTATGTTATAGCACC. TT CATATT ARAATGCCTCCGTTAATTAATCTCCAAAGGTATGGAAGCTGATATCTCTAGTT
o 480 * 500 * 520 * 540 * 5
Z.muricata_malel TGGATGTGCCTTTAAAGTTTCAATTTTGTGAACACTGTGTATTGGGAAAATAGAAGCGTGTGAGTTTTTCCTCAAGCTCAARAAAGAGCTACTGIEEENET:]
Z.muricata_male2 TGGATGTGCCTTTAAAGTTTCAATTTTGTGAACACTGTGTATTGGGAAAATAGAAGCGTGTGAGTTTTTCCTCAAGCTCAAAAAGAGCTACTGEENEEET-]
z‘murxcatu_lamalel TGGATGTGCCTTTAAAGTTTCAATTTTGTGAACACTGTGTATTGGGARAATAGAAGCGTGTGAGTTTTTCCTCAAGCTCAAAAAGAGCTACTGEEREE L1}
Z.nuricata_famalez TGGATGTGCCTTTAAAGTTTCAATTTTGTGAACACTGTGTATTGGGAAAATAGAAGCGTGTGAGTTTTTCCTCAAGCTCAAAAAGAGCTACTGIENE-ET-]
TGGATGTGCCTTTAAAGTTTCAATTTTGTGAACACTGTGTATTGGGAAAATAGAAGCGTGTGAGTTTTTCCTCAAGCTCAAAAAGAGCTACTG
60 * 580 * 600 y 620 * 640 &
z.nuxicata_nalel BEGTATTTTACAACTCATACACAGTGATGTATTTGGATCTGTAAATGTACCC IR TTTAGTGGTATAAAATATTTTGTATCCTTTATAGATGAT TRERECE Y
Z.nuxxcatn_=alo2 BEGTATTTTACAACTCATACACAGTGATGTATTIGGATCTGTAAATGTACCC S TTTAGTGGTATAAAATATTTTGTATCCTTTATAGATGAT TRERE 134
Z.nur‘acata_femalel H GT)\TTTTAChACTC}\TACACRGTG;\TGTAT’KTGGATCTGTK\AATGT&CCCTHIITTTAGTGGTAT;\AAATATTTTGTATCCTTT)\T;‘«GATG)T : 651
Z.nuticnta_!emale2 BEGTATTTTACAACTCATACACAGTGATGTATTTGGATCTGTAAATGTACCC IR CTTTAGTGGTATAAAATATTTTGTATCCTTTATAGATGAT TN 651
GTATTTTACAACTCATACACAGTGATGTATTTGGATCTGTAAATGTACCC! . TTTAGTGGTATAAAATATTTTGTATCCTTTATAGATGATT
660 od 680 * 700 * 720 * 740
Z.muxic.ta_mnlel TCTCGAGAAAAGTATGGATATACTTTCTCAAGAAGAAATCTAAAGTCTTTAAGAAATTTAAAGACTTTANE ICCTTGGTTGAGAATCAGATGGEENENE Y
Z.muricata_male2 [TCTCGAGAAAAGTATGGATATACTTTCTCAAGAAGAAATCTAAAGTCTTTAAGAAATTTAAAGACTTTANE ICCTTGGTTGAGAATCAGATGGEENENE T
Z.muricata_femalel [TCTCGAGAAAAGTATGGATATACTTTCTCAAGAAGAAATCTAAAGTCTTTAAGAAATTTAAAGACTTTANG ICCTTGGTTGAGAATCAGATGGEENENE T
Z.nuticlt!_female? [TCTCGAGAAAAGTATGGATATACTTTCTCAAGAAGAAATCTAAAGTCTTTAAGAAATTTAAAGACTTTAIW ICCTTGGTTGAGAATCAGATGGEERENETY

TCTCGAGAAAAGTATGGATATACTTTCTCAAGAAGAAATCTAAAGTCTTTAAGAAATTTAAAGACTTTAR I'CCTTGGTTGAGAATCAGATGG

Figure 2. Partial DNA sequence alignments in the second intron of Z. muricata (male and female). Boxes represent base substitution sites.



P. Sangin et al. / Songklanakarin J. Sci. Technol. 42 (2), 365-370, 2020 369

3.3 Phylogenetic analysis

A phylogenetic tree was reconstructed using the
maximum likelihood method for determination of the rela-
tionships among AGAMOUS protein sequences from gymno-
sperms and angiosperms (Figure 3). The phylogenetic tree
could be divided into 2 groups; the first group ZmAG was
clustered with AGAMOUS from gymnosperms. This group
comprised C. elephantipes, C. edentata, C. pranburiensis, C.
taitungensis, C. nongnoochiae, Z. muricata (male and female)
and AGAMOUS homologues found in G. biloba and P.
radiata. This result indicated a monophyletic group with high
bootstrap support. The second group consisted of M. paene-
talauma, M. dillenifolia, N. benthamiana, A. thaliana and B.
napus which were all in angiosperms and eudicotyledons.
This group divided into two sub-groups. M. paenetalauma and
M. dillenifolia represented a first sub-group that did not have
NHa-terminal. In contrast, a second sub-group (N. benthamia-
na, A. thaliana and B. napus) represented an NH:-terminal do-
main that was a fundamental characteristic of the core eudicot
members (Kramer et al., 2004). AGAMOUS in the basal eudi-
cots are usually related to ovule development while the core
eudicots, AGAMOUS have been shown to play a role in sta-
men and carpel development (Carvalho, Schnable, & Almei-
da, 2018; Jager et al., 2003). Phylogenetic analysis suggested
a close relationship of AGAMOUS genes from Cycas and Za-
mia. The AGAMOUS MADS-box gene may have emerged at
least 300 million years ago and controlled reproductive organ
development in the common ancestor of gymnosperms and
angiosperms (Lovisetto et al., 2012; Zhang et al., 2004).

Cycas.taitungensis
Cycas.pranburiensis |

i

Cycas.edentata
100 {

Cycas.nong
Cycas.elephantipes
Zamia.muricata male
100 Zamia.muricata female
Ginkgo.biloba
Pinus.radiata

79 Magnolia.paenetalauma
Meliosma.dilleniifolia 1

% — Arabidopsis.thaliana
100l — Brassica.napus

]
0.05

Figure 3. Maximum likelihood analysis of AGAMOUS amino acid
sequences. Values above branches represent bootstrap va-
lues (1000 replicates).

4, Conclusions

AGAMOUS cDNA sequences were identified from
male and female Z. muricata. The length of nucleotide se-
quences varied as 1,262 and 1,537 bp, respectively. Difference
in size of female Z. muricata occurred in the 3" untranslated
region that showed variation of polyadenylation sites. How-
ever, both sequences showed 672 bp of open reading frame
corresponding to 224 amino acid residues of predicted protein.
In addition, the third to seventh introns isolated from male and
female had the same sequence and length. However, the

sequence of the second intron was different between male and
female at 3 positions; 214, 610 and 722. Protein BLAST
showed high similarity to AG protein from Cycas and the
conserved regions at MADS-box (M) and Keratin-like box (K)
as special characters of an AGAMOUS protein. Phylogenetic
analysis revealed that ZmAG was placed in the gymnosperm
AGAMOUS clade. These findings revealed that AGAMOUS
genes controlling flower and cone development were homo-
logous.
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