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Abstract We investigated the genetic basis for the deri-

vation of pink coloration in petals from blue flowers in

cultivated gentians. Using a revertant blue-flower pheno-

type that arose spontaneously from a pink-flowered culti-

var, we sought to elucidate the molecular mechanism of

flower color restoration caused by a suppressor mutation.

Detailed sequencing analysis identified three novel defi-

cient flavonoid 30,50-hydroxylase (F3050H) alleles in pink-

flowered gentians in addition to two mutations identified

previously (Nakatsuka et al. in Mol Genet Genomics

275:231–241, 2006). Among the deficient alleles, one

allele that contained a novel miniature inverted-repeat

transposable element (GtMITE1) insertion in an intron of

F3050H was shown to cause missplicing, resulting in

abnormal F3050H transcripts and the pink-flower pheno-

type. The other two mutations were identified as a single-

nucleotide insertion and gypsy-Ty3 retrotransposon (Tgt1)

insertion within exon 1 and exon 2 of the F3050H gene,

respectively. The blue-flowered revertant mutant contained

a single-nucleotide spontaneous mutation immediately 30

of the TAA target site duplication and the GtMITE1

insertion, which caused restoration of normal splicing of

F3050H and the normal blue-flower phenotype. Transient

expression assays in gentian flowers in vivo demonstrated

that normal F3050H splicing pattern was recovered from

missplicing induced by the GtMITE1 insertion by the sin-

gle-nucleotide substitution. These findings extend our

knowledge of genomic evolution by transposable elements

and spontaneous mutations in Gentiana species of eco-

nomic and medical importance.
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Introduction

Adaptation to environmental conditions is frequently

accompanied with genotypic changes in the course of

evolution. Evolutionary adaptation is highly important for

most land plants, because they cannot move to avoid stress.

In recent integrated genome-wide investigations of several

plant species, comparative analysis of the genome confirms

that complex genomic rearrangements cause loss or

duplication of genes that affect gene functions (Flowers

and Purugganan 2008; Al-Dous et al. 2011). Evolution of

multigene families is also considered to occur through

repetitive gene duplication via mechanisms such as

unequal crossing over or gene conversion. For example,

transcription factors such as MADS-box, MYB and basic

Helix-Loop-Helix (bHLH) genes have diversified consid-

erably in the past 100–600 million years (Chen and

Rajewsky 2007). In another example regarding flavonoid
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biosynthetic genes, five dihydroflavonol 4-reductase (DFR)

genes form a cluster within a 38-kb region in the Lotus

japonicus genome (Shimada et al. 2005). On the other

hand, a variety of mutations that alter gene functions are

also revealed by the study of genomic parasites such as

repetitive sequences, i.e., transposable elements, and

spontaneous or induced mutations (Bennetzen 2000;

Hoshino et al. 2001; Henikoff and Comai 2003). These

genomic changes contribute to advantageous or disadvan-

tageous novel traits and affect plant evolution through

natural selection. However, little information on genomic

evolution is available in most floricultural plants except for

the well-studied petunia, morning glory and snapdragon;

therefore, more studies are necessary for many floricultural

species.

Transposable elements are generally categorized into

two classes according to their transposition intermediates

(Feschotte et al. 2002). Class I elements comprise long

terminal-repeat (LTR) retrotransposons, short interspersed

nuclear elements (SINE), and long interspersed nuclear

elements (LINE), transposing via RNA intermediates by a

copy-and-paste mechanism. In contrast, class II elements

include superfamilies, such as hAT, CACTA, and Mutator-

like elements, and are characterized by terminal inverted

repeats and transpose via DNA intermediates. As a par-

ticular group of class II elements, miniature inverted-repeat

transposable elements (MITEs) have been reported in

many eukaryotes. MITEs were first discovered in associa-

tion with genes of several grass species (Bureau and

Wessler 1992, 1994a). MITEs are also abundant genomic

components in a wide range of higher plant species and in

several animal genomes, including Caenorhabditis ele-

gans, insects, human, and zebrafish (reviewed by Feschotte

et al. 2002). MITEs were also previously isolated and

characterized from rice (Oki et al. 2008), sorghum (Bureau

and Wessler 1994b), barley (Lyons et al. 2008), Arabid-

opsis (Le et al. 2000), alfalfa (Charrier et al. 1999),

morning glory (Johzuka-Hisatomi et al. 1999; Hoshino

et al. 2001), and potato (Momose et al. 2010). MITEs are

characterized by their small size (between 100 and 300 bp),

high copy number, high AT content, a lack of coding

capacity, the presence of short terminal repeats, and their

capacity to form secondary structures (Feschotte et al.

2002; Casacuberta and Santiago 2003).

In many cases, isolation and characterization of trans-

posable elements has been conducted using anthocyanin

pigmentation mutations in maize, snapdragon, petunia, and

morning glory, because visible selection is feasible (Gerats

et al. 1990; Dooner et al. 1991; Luo et al. 1991; Clegg and

Durbin 2000). Gentians are one of the most important

ornamental flowers in Japan. Cultivated gentians are

mainly bred from two Japanese-endemic Gentiana species

comprising Gentiana triflora and G. scabra. Both species

are perennial and show high levels of genomic heterozy-

gosity, owing to their outcrossing breeding system. Japa-

nese gentians are diploid (2n = 26) and are reported to

have a large genome (2C = 9.11–11.75 pg) (Mishiba et al.

2009).

The flowers of Japanese gentians naturally exhibit a

vivid blue color (Fig. 1a), and accumulate complex

polyacylated anthocyanins, such as gentiodelphin and

albireodelphin (Goto et al. 1982; Hosokawa et al. 1997). Pink-

flowered gentians also contain gentiocyanin as a major

anthocyanin (Hosokawa et al. 1995). The biosynthetic

pathway for these anthocyanins has been characterized in

gentian flowers and almost all of the structural genes

necessary for their biosynthesis have been cloned by sev-

eral research groups (Nishihara et al. 2008). We cloned and

characterized UDP-glucose:anthocyanin 5-O-glucosyl-

transferase (A5GT) and anthocyanin biosynthetic regulator

genes from blue-flowered gentian (Nakatsuka et al. 2008a,

b). Gentiodelphin and gentiocyanin are derived from del-

phinidin and cyanidin skeletons, and contribute to blue and

pink-flower colors, respectively. Flavonoid 30,50-hydroxy-

lase (F3050H) is a key enzyme that synthesizes delphinidin

precursors and has been isolated from several blue- and

violet-flowered plants, such as petunia, Catharanthus ro-

seus, and gentian (Holton et al. 1993; Tanaka et al. 1996;

Kaltenbach et al. 1999). Deficiency of the F3050H gene was

reported to cause pink flowers to emerge from blue-flow-

ered petunia (Snowden and Napoli 1998). We also reported

that the transposable elements inserted into the F3050H
gene of G. scabra caused pink coloration by disrupting the

accumulation of normal F3050H transcripts (Nakatsuka

et al. 2006). In that case, two different transposable ele-

ments, GsTRIM1 and dTgs1, were identified in two inde-

pendent lines, belonging to class I terminal-repeat

retrotransposons in miniature (TRIM) and class II hAT

transposable elements, respectively. However, our previous

study indicated that other uncharacterized mutated f3050h
genes existed in pink-flowered gentians, because Southern

blot analysis suggested at least four copies of F3050H exist

in G. triflora, although the copy number varied in the

gentian cultivars during the breeding process (Nakatsuka

et al. 2006). In addition, the pink-flower phenotype is

recessive (Kakizaki et al. 2009), although the exact mode

of inheritance remains unknown in most cases.

In this study, we investigated the cause of flower color

mutation in two pink-flowered hybrid gentians bred from

G. triflora and G. scabra. In particular, we attempted to

reveal the genetic relationship of F3050H alleles in both

species. The results clearly identified three novel mutated

f3050h alleles, one with a T-insertion and the others har-

boring novel transposable element insertions, which are

responsible for the pink coloration of petals in these gen-

tians. In addition, the revertant blue-flower phenotype
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originating from a pink-flowered cultivar was analyzed to

elucidate the molecular mechanism of flower color resto-

ration. We confirmed that a single-nucleotide substitution

within an intron region counteracted the effect of trans-

posable element insertion and functioned as a suppressor

mutation. The involvement of MITEs in genome evolution

in gentian is also discussed.

Materials and methods

Plant materials

Cultivated Japanese gentians bred from G. triflora and

G. scabra were used in this study. Two pink-flowered

gentian lines/cultivars, namely the breeding line ‘NWP’

and cultivar ‘Maerchen Ashiro’, were kindly provided by

Nishiwaga town, Iwate, Japan, and the Hachimantai Flo-

ricultural Research and Development Center, respectively.

The blue-flowered cultivars ‘Maciry’ and ‘Alta’ were

obtained from the Iwate Agricultural Research Center. A

blue-flowered bud mutant derived from the pink-flowered

cultivar ‘Maerchen Ashiro’, which emerged in the field at

the Hachimantai Floricultural Research and Development

Center, was also used. ‘Maciry’ is derived from G. triflora

and ‘Alta’ is derived from G. scabra. ‘NWP’ and ‘Maer-

chen Ashiro’ are interspecific hybrids selected from

repeated crosses between G. triflora and G. scabra. A

double haploid line, ‘Aki6PS’, derived from anther culture

of G. triflora was used for genetic analysis of F3050H genes

(Doi et al. 2010).

Expression analysis of F3050H genes in gentians

Northern blot analysis was performed to examine the

expression levels of the F3050H gene in the petals of gen-

tian plants. Total RNAs were isolated from petals of each

gentian cultivar/line with the Plant RNA Isolation Reagent

(Invitrogen, CA, USA). Five micrograms of total RNAs

were separated on a 1% denatured agarose gel and trans-

ferred onto a Hybond N? nylon membrane (GE Healthcare,

Uppsala, Sweden). A probe for gentian cv. Maciry F3050H
cDNA including a complete open reading frame (ORF) was

labeled using the PCR DIG Probe Synthesis Kit (Roche

Applied Science, IN, USA) using primers as described by

Nakatsuka et al. (2006). Hybridization and detection were

performed using the DIG Luminescent Detection Kit for

Nucleic Acid (Roche) according to the manufacturer’s

instructions. To examine which F3050H genes were

expressed in gentian petals, reverse transcription (RT)-PCR

analysis was performed using the consensus primers F6 and

R6 for all F3050H genes (Supplementary Table S1). Total

RNA was isolated from blue-flowered gentian petals as

described previously (Nakatsuka et al. 2006). cDNAs were

Fig. 1 Gentian materials and

F3050H expression. a Blue-

flowered cultivar ‘Maciry’.

b Pink-flowered line ‘NWP’.

c Pink-flowered cultivar

‘Maerchen Ashiro’. The blue-

flowered stems originated from

a spontaneous bud mutation.

d The variegated flowers shown

in c. e Northern blot analysis of

F3050H. Total RNAs from the

petals of ‘Maciry’ (lane 1),

‘NWP’ (lane 2), and ‘Maerchen

Ashiro’ (lane 3) were

electrophoresed on a 1%

agarose gel and transferred to a

nylon membrane. The blot was

hybridized with a DIG-labeled

F3050H cDNA fragment
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synthesized from total RNA after removal of genomic

DNA using the PrimeScript RT Reagent Kit with gDNA

Eraser (Takara Bio, Shiga, Japan) according to the manu-

facturer’s instructions. Each 50 ll reaction mixture con-

tained 19 Ex Taq buffer, 200 lM dNTPs, 0.5 lM of each

primer, 5 U Ex Taq polymerase (Takara Bio) and 1 lL

cDNA template. Cycle conditions were as follows: pre-

heating at 94�C for 90 s; 30 cycles of denaturation at 95�C

for 20 s, annealing at 60�C for 40 s, and extension at 72�C

for 1 min; and final extension at 72�C for 10 min. The

amplified fragments were subcloned into the pCR4TOPO

TA cloning vector (Invitrogen) and sequenced using the

BigDye Terminator version 1.1 Cycle Sequencing Kit and

an ABI 3130 genetic analyzer (Applied Biosystems Japan,

Tokyo, Japan).

Determination of the sequences of F3050H
in pink-flowered gentians

RT-PCR analysis was used to identify F3050H variants in

the pink-flowered gentians. Total RNAs were treated with

DNase to remove contamination from genomic DNA using

a DNA-free Kit (Ambion, TX, USA). cDNA was synthe-

sized with the RNA PCR Kit (AMV) version 3.0 (Takara

Bio) using the oligo-dT adapter primer. Each 25 ll PCR

reaction contained 19 Ex buffer, 0.2 mM dNTPs, 0.4 lM

of each primer, 1.25 U Ex Taq polymerase, and 1 ll cDNA

template. The primers used were F1 and R1 (Supplemen-

tary Table S1). The reaction conditions were as follows:

preheating at 94�C for 2 min; 35 cycles at 95�C for 30 s,

55�C for 1 min, and 72�C for 2 min; and final extension at

72�C for 10 min. The amplified fragments were subcloned

into the pCR4TOPO TA cloning vector and sequenced as

described above.

To determine genomic sequences corresponding to

several F3050H variants in pink-flowered gentians, genomic

PCR analysis was also performed. Genomic DNAs were

isolated from leaves of each line/cultivar using Nucleon

PhytoPure (GE Healthcare). PCR reactions were performed

as described above, except that the cDNA templates were

substituted with genomic DNAs. To detect F3050H with

long insertions, long-range PCR reactions were performed

using Takara PrimeSTAR GXL DNA polymerase (Takara

Bio) according to the manufacturer’s instructions. The

primer pairs used are listed in Supplementary Table S1.

Subcloning and sequencing analysis were performed as

described above except the cloning vector pCR-Blunt II-

TOPO (Invitrogen) was used for cloning of the long PCR

products. Isolation of genomic F3050H sequences from

blue-flowered cultivars was also performed in a similar

manner by PCR. Total RNAs and genomic DNAs isolated

from revertant blue flowers of ‘Maerchen Ashiro’ were also

used in the above analyses.

Isolation of 50-upstream regions of F3050H genes

in gentian

The 50-upstream regions of gentian F3050H genes were

identified using inverse PCR. One microgram of genomic

DNA was digested by Ase I and self-ligated with the Ta-

kara Ligation Kit version 3.0 (Takara Bio). Inverse PCR

was performed in 25 ll reaction mixtures containing

100 ng ligated-genome DNA, 19 LA buffer, 2.5 lM

MgCl2, 400 lM dNTPs, 0.2 lM of each primer, and

1.25 U of LA Taq polymerase (Takara Bio) using primers

listed in Supplementary Table S1. The reaction conditions

were as follows: preheating at 94�C for 90 s; 35 cycles at

95�C for 20 s, 60�C for 40 s, and 72�C for 3 min; and final

extension at 72�C for 10 min. Amplified fragments of

about 3.0 kb for ‘Maciry’ and 1.8 kb for ‘Alta’ were sub-

cloned and sequenced as described above.

Presence of GtMITE1 and Tgt1 in gentian genome

To investigate the distribution of the transposable elements

GtMITE1 and Tgt1 in the gentian genome, Southern blot

analyses were performed as described previously (Nakat-

suka et al. 2006). Total genomic DNAs were isolated from

gentian leaf samples using a modified CTAB method. After

digestion with suitable restriction enzymes, the genomic

DNAs were separated on a 0.8% (w/v) agarose gel, and

then transferred to nylon membranes. The membranes were

probed with GtMITE1 or two Tgt1 ORFs. F3050H cDNA

that included a complete ORF was also used as a probe.

Transient expression analysis in gentian petals

by particle bombardment

To investigate alternative splicing caused by a single-

nucleotide substitution of the GtMITE1-inserted F3050H
allele in ‘Maerchen Ashiro’, transient expression analysis in

gentian petals was performed using particle bombardment.

Genomic sequences of the GtMITE1-inserted F3050H allele

from pink and revertant blue flowers of ‘Maerchen Ashiro’

were amplified using primer sets listed in Supplementary

Table S1 and subcloned into the pCR4TOPO vector. Each

insertion was double-digested by Xba I and Sac I, then

cloned into the same restriction sites of pBI221 (Clontech,

CA, USA) instead of the GUS gene. Particle bombardment

into the petals of gentian plants cultured in vitro was per-

formed as described by Nakatsuka et al. (2005). Five

micrograms of plasmid DNA were used for each bom-

bardment. One day post-bombardment, total RNAs were

isolated from each petal and genomic DNA was removed by

DNase treatment as described above. cDNAs were synthe-

sized and F3050H transcripts were amplified using trans-

gene-specific primer sets (Supplementary Table S1) under
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the following conditions: preheating at 94�C for 90 s; 30

cycles at 95�C for 20 s, 60�C for 40 s, and 72�C for 2 min

30 s; and final extension at 72�C for 10 min. The amplified

fragments were separated on a 1.6% agarose gel and visu-

alized by staining with ethidium bromide.

Results

Expression analysis of F3050H in pink-flowered

gentians

A blue-flowered cultivar, ‘Maciry’ (Fig. 1a), and two pink-

flowered lines/cultivars, ‘NWP’ (Fig. 1b) and ‘Maerchen

Ashiro’ (Fig. 1c), were used for expression analysis of

F3050H. Both pink-flowered gentians are interspecific

hybrids derived from G. triflora and G. scabra. In G. scabra,

our previous research found that two independent transpos-

able elements (termed GsTRIM1 or dTgs1) inserted in the

first exon of the F3050H gene caused pink coloration in petals

by disrupting accumulation of normal F3050H transcripts

(Nakatsuka et al. 2006). Therefore, we first investigated

F3050H transcription in petal tissues of the two pink-flowered

gentians using the blue-flowered ‘Maciry’ for comparison.

Northern blot analysis detected no or low levels of F3050H
transcripts in the petals of both pink-flowered plants when

compared with ‘Maciry’ (Fig. 1e). In contrast, other flavo-

noid biosynthetic genes, such as the chalcone synthase

(CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase

(F3H), flavonoid 30-hydroxylase (F30H), DFR, anthocyani-

din synthase (ANS), and UDP-glucose:anthocyanidin 3-O-

glucosyltransferase (A3GT) genes, were expressed normally

in the petals of both pink-flowered gentians (data not shown).

Therefore, we deduced that these two pink-flowered gentians

resulted from a deficiency of F3050H activity caused by

reduced levels of F3050H transcripts.

Analysis of F3050H genomic sequences in blue-flowered

gentians and identification of novel recessive f3050h
alleles in pink-flowered gentians

We first attempted to identify F3050H genes in the blue-

flowered cultivars ‘Maciry’ and ‘Alta’ as representatives of

G. triflora and G. scabra, respectively. Sequencing analyses

of the exons, introns and their 50-upstream regions of

F3050H genes revealed the presence of two different F3050H
genes in ‘Maciry’ and one F3050H gene in ‘Alta’. We des-

ignated these genes F3050H1 and F3050H2, of which F3050H1

occurred in both cultivars (accession nos. AB586142 for

‘Maciry’, AB222604 for ‘Alta’), whereas F3050H2 was

present only in ‘Maciry’ (accession no. AB642158). The

two genes showed more than 90% sequence identity except

in the promoter region (Fig. 2). Only 50.1% sequence

identity existed between the F3050H1 and F3050H2 pro-

moters in ‘Maciry’ (accession nos. AB378088 and

AB642159), whereas the F3050H1 promoter of ‘Maciry’

shared 95.3% sequence identity with that of ‘Alta’ (acces-

sion no. AB642160). Several sequence variants were

detected in the sequencing analyses probably because both

cultivars were bred from several parental population and

had genetic heterogeneity (data not shown). Such sequence

variants apparently belonged to either F3050H1 or F3050H2

depending on the SNPs analysis. Sequencing analysis of

RT-PCR products in ‘Maciry’ and ‘Alta’ amplified by the

primers F6 and R6 (Supplementary Table S1) for both genes

indicated that F3050H1 was expressed abundantly in gentian

petals. No transcripts of F3050H2 were found in 96

sequenced fragments. Thus, F3050H1 is considered to be a

major gene for F3050H activity in gentian petals, whereas

F3050H2 is a minor gene. Tobacco plants transformed with a

GUS reporter gene under control of the F3050H1 or F3050H2

promoters also indicated that the F3050H1 promoter had

about tenfold higher activity than the F3050H2 promoter in

petals (data not shown).

The genomic structure of the F3050H genes was deter-

mined by PCR using total genomic DNAs isolated from

‘NWP’ and ‘Maerchen Ashiro’ and compared with the

structure of the blue-flowered cultivars ‘Maciry’ and

‘Alta’. The amplified fragments were subcloned and

sequenced. One copy of F3050H1 of ‘Maerchen Ashiro’

contained the transposable element GsTRIM1 (accession

no. AB222606; Nakatsuka et al. 2006), which was previ-

ously identified in G. scabra cv. ‘Momokorin’. It is likely

that GsTRIM1 is derived from the parental G. scabra

genome. In contrast, the GsTRIM1-inserted F3050H1 is

absent from the ‘NWP’ genome (Fig. S1). Instead, f3050h2

harboring a single thymine nucleotide insertion at the

30-bp position from the start codon within the first exon,

designated f3050h2T-insertion, was present in ‘NWP’ (Fig. 3a;

accession no. AB586140). As a result of this insertion, a

Fig. 2 Comparison of promoter, exon and intron sequences among

F3050H genes. Nucleotide sequence identities of gentian F3050H genes

are shown for each region. F3050H1 genomic sequences from G.
scabra cv. Alta (accession no. AB222604) and G. triflora cv. Maciry

(accession no. AB586142), and the F3050H2 genomic sequence from

cv. Maciry (accession no. AB642158), are compared
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frame shift occurred from the tenth amino acid residue of

the F3050H protein (Fig. 3b), so this f3050h2 T-insertion gene is

unlikely to produce functional F3050H enzyme. Interest-

ingly, another copy of F3050H1 of ‘Maerchen Ashiro’ and

‘NWP’ contained a novel transposable element, designated

GtMITE1, which was 322 bp in length and inserted in the

intron of F3050H1 (Fig. 4a; accession no. AB586141); this

mutated gene was designated f3050h1GtMITE1. In addition to

the GtMITE1 insertion, three nucleotide differences existed

between normal F3050H1 and f3050h1GtMITE1. GtMITE1 has

the typical features of Tourist-like MITEs (Feschotte et al.

2002), namely 3 bp (TAA) of TSD and 11 bp (GAG[T/

G]ATCTCCA) of TIR (Fig. 4b). In addition, GtMITE1 is

AT-rich (66.1%) and has several direct and inverted-repeat

motifs. Therefore, GtMITE1 might allow the formation of a

complex hairpin structure (Fig. S2). Database searches for

GtMITE1 with blastn or blastx programs failed to locate

similar sequences in the public databases. Southern blot

analysis showed that several copies of GtMITE1 were

present in gentian genomes (Fig. S3).

Although ‘Maerchen Ashiro’ was expected to contain

the F3050H2 gene in its genome, no F3050H2 sequences

were identified under normal PCR conditions. Thus, we

attempted to detect F3050H genes by long-range PCR using

genomic DNA derived from four cultivars/lines as tem-

plates (Fig. S4). Long PCR products about 10 kb in length

were amplified in each cultivar/line except ‘Alta’.

Sequence analysis of ‘Maerchen Ashiro’ confirmed one

recessive allele contained a novel retrotransposon inserted

into the second exon of F3050H2 (Fig. S5; accession no.

AB618204). Sequences of both ends of these long frag-

ments indicated the same Tgt1-inserted F3050H (f3050h2Tgt1)

allele was also present in the blue-flowered cultivar ‘Ma-

ciry’ and the other pink-flowered cultivar ‘NWP’. On the

other hand, it was demonstrated that G. scabra represented

by ‘Alta’ did not have any F3050H2 gene as described

above.

This transposable element, designated Tgt1 (accession

no. AB618204), was 9,446 bp in length with a 2,180-bp

terminal repeat and two putative ORFs (Fig. S4). ORF1

and ORF2 encoded a deduced 488 and 1,152 amino acid

Fig. 3 Genomic structure and sequence of single-nucleotide-inserted

F3050H2 gene. a The genomic structure of f3050h2T-insertion in the pink-

flowered line ‘NWP’. b Comparison of nucleotide and deduced amino

acid sequences in the pink-flowered line ‘NWP’ and blue-flowered

cultivar ‘Maciry’. The sequences of F3050H genes are indicated from

the start codon

Fig. 4 Molecular characterization of the GtMITE1-inserted F3050H1
gene. a Schematic diagram of the genomic structure and transcript of

f3050h1GtMITE1. Insertion of GtMITE1 within the first intron of

F3050H1 resulted in missplicing of transcripts. Arrows indicate the

position of primers used for PCR analyses in this study. b GtMITE1
sequence of f3050h1GtMITE1 in pink-flowered gentians. Black upper-
case, gray uppercase, and gray lowercase letters indicate GtMITE1,

exon, and intron sequences of the F3050H1 gene, respectively. Filled
arrows and underlined characters indicate terminal inverted repeats

and target site duplications, respectively. Open squares indicate 30-
splice acceptor site sequences. Boldface indicates replacement of

guanine by cytosine in the blue-flowered revertant of ‘Maerchen

Ashiro’. c RT-PCR analysis of F3050H transcripts in gentians. cDNAs

were synthesized from total RNAs extracted from petals and

amplified by PCR using the primer pair F1 and R1 (a), as described

in the ‘‘Materials and methods’’. Lane 1 blue-flowered cultivar

‘Maciry’, lane 2 pink-flowered line ‘NWP’, lane 3 pink-flowered

cultivar ‘Maerchen Ashiro’, lane 4 blue-flowered revertant of

‘Maerchen Ashiro’. Fragment lengths are shown on the right.
d Genomic PCR and CAPS analysis of f3050h1GtMITE1. Lane 1 blue-

flowered cultivar ‘Maciry’, lane 2 pink-flowered line ‘NWP’, lane 3
pink-flowered cultivar ‘Maerchen Ashiro’, lane 4 blue-flowered

revertant of ‘Maerchen Ashiro’. Lane 5 Acl I-digested lane 3
fragment, lane 6 Acl I-digested lane 4 fragment. Partial F3050H1
fragments were amplified from genomic DNAs using the primer pair

F2 and R2 (a). The amplified fragments from pink-flowered and blue-

flowered revertant ‘Maerchen Ashiro’ were subjected to CAPS

analysis following Acl I digestion
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residues, respectively, and exhibited low similarity to

several putative gypsy-Ty3 retrotransposons in plants. A

sequence of 5 bp (AGCAG) of TSD was also observed in

both proximity regions. Southern blot analysis using both

ORF1 and ORF2 regions as a probe showed that several

copies of Tgt1-related elements were present in gentian

genomes.

Genetic analysis of F3050H alleles

Our previous and current studies identified several domi-

nant and recessive F3050H alleles from blue- and pink-

flowered Japanese gentians. However, the genetic rela-

tionship between F3050H1 and F3050H2 remained unknown.

In the present study, we investigated the genomic structure

of F3050H genes of the blue-flowered ‘Aki6PS’, which was

a doubled haploid line produced by anther culture of G.

triflora (Doi et al. 2010). ‘Aki6PS’ contained both F3050H1

and f3050h2Tgt1 homozygotes (data not shown); therefore,

F3050H2 was not an allele of the F3050H1 gene, which indi-

cated the existence of two F3050H loci in G. triflora. The

genotype of ‘Aki6PS’ could be represented as F3050H1/

F3050H1 and f3050h2Tgt1/f3050h2Tgt1. The F3050H genotypes of

the other Japanese gentian materials used in this study can be

summarized as follows: for the pink-flowered gentians,

‘NWP’ f3050h1GtMITE1/f3050h1GtMITE1, f3050h2T-insertion/f3050

h2Tgt1; ‘Maerchen Ashiro’ f3050h1GsTRIM1/f3050h1GtMITE1,

f3050h2Tgt1/null; and for the blue-flowered gentians, ‘Maciry’,

F3050H1/F3050H1, F3050H2/f3050h2Tgt1; ‘Alta’, F3050H1/

F3050H1.

Splicing variants of f3050h1GtMITE1 in pink-flowered

gentians

We investigated how the novel transposable element

GtMITE1 impaired the accumulation of normal F3050H
enzyme in pink flowers. Northern blot analysis detected

very weak levels of F3050H transcripts in the petals of

‘NWP’ and ‘Maerchen Ashiro’. We, therefore, performed a

more sensitive RT-PCR analysis using total RNAs isolated

from petals of each pink-flowered gentian. The primer pairs

targeted the full-length coding regions (corresponding to

the cDNA) in all samples (Fig. 4c). However, the fragment

lengths differed between pink- and blue-flowered geno-

types. The fragments amplified from both pink-flowered

gentians were longer (1.2 kb) than those from the blue-

flowered ‘Maciry’ (1.1 kb). Sequencing analysis confirmed

that the 1.2-kb F3050H1 fragment was a splice variant

derived from missplicing by a novel 30-splice acceptor site

within GtMITE1 (Fig. 4b). These abnormal F3050H1 tran-

scripts that contained a partial sequence of GtMITE1 gen-

erated several nonsense codons and would be translated as

truncated F3050H proteins (data not shown). These results

strongly suggested that the GtMITE1 insertion into the first

intron of the F3050H1 gene caused the significant reduction

of F3050H expression levels. RT-PCR analysis also showed

that transcripts of f3050h2T-insertion and f3050h2Tgt1 were

undetectable in the petals of pink- and blue-flowered gen-

tians (data not shown).

Determination of the cause of the blue-flowered

revertant phenotype in ‘Maerchen Ashiro’

Among populations of the vegetatively propagated cultivar

‘Maerchen Ashiro’, we found one bud-mutated plant with

blue sector petals (Fig. 1c, d). Such flower phenotypes

frequently result from the transposition of transposable

elements in petunia, snapdragon and morning glory (Gerats

et al. 1990; Dooner et al. 1991; Clegg and Durbin 2000), so

we predicted that transpositions of transposable elements

are involved in this flower color restoration in gentian.

Thus, mutated and normal flowers of ‘Maerchen Ashiro’

were subjected to comparative sequence analysis of the

F3050H genes. Total genomic DNAs were isolated from

petal tissue of pink and blue flowers, and the coding

regions of F3050H genes were amplified and sequenced.

The genome of ‘Maerchen Ashiro’ contains three mutated

f3050h alleles, namely f3050h1GsTRIM1, f3050h1GtMITE1 and

f3050h2Tgt1, as described above. The genomic sequences of

f3050h1GsTRIM1 and f3050h2Tgt1 did not change between pink

and revertant blue flowers (data not shown). In contrast,

a single-base substitution at a position 2.5 kb into the

f3050h1GtMITE1 allele was found in the revertant blue-

flowered bud compared with the typical pink-flowered

bud (Fig. 4b). The mutation was a point mutation, with

replacement of guanine (G) by cytosine (C), immedi-

ately 30 of the TSD (Fig. 4b). This single-base substi-

tution accidentally produced a site for the restriction

enzyme Acl I (recognition site AA|CGTT); therefore,

the transversion from G to C was easily detected by

cleaved amplified polymorphic sequence (CAPS) anal-

ysis. The amplified genomic DNA fragments around the

GtMITE1 region from revertant blue flowers and from

pink flowers were digested by the Acl I enzyme

(Fig. 4d). The amplified fragment from pink-flowered

‘Maerchen Ashiro’ could not be digested by Acl I,

whereas that from the blue-flowered revertant produced

450 and 150 bp restriction fragments. Because a 600-bp

non-digestible fragment was still detected in the blue-

flowered revertant, the reversion must have occurred in

a single chromosome and hence the blue-flowered

revertant carried alleles of F3050H1 genes with and

without the substitution mutation. The single-base sub-

stitution might have occurred in particular cells that

accumulate anthocyanins at early stages of bud

development.
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Effect of GtMITE1 insertion on the splicing

of the F3050H gene

To investigate whether this substitution could cause the

position change of the intron 30-splice acceptor site and

function as a suppressor mutation, we performed a transient

expression analysis by particle bombardment using gentian

petals (Fig. 5). When the pink-flower-derived f3050h1GtMITE1

genomic sequence was transiently expressed in gentian petals,

one major band (1.0 kb) was detected by RT-PCR analysis

using primers F4 and R4 (Fig. 5a). By contrast, transient

expression of the blue-flowered revertant-derived construct

produced a smaller band (0.9 kb) in addition to the 1.0-kb

band (Fig. 5b). Sequence analysis confirmed that the longer

band (1.0 kb) was derived from missplicing at the same splice

acceptor site within GtMITE1 as determined in the F3050H
transcripts in flowers in vivo, as shown in Fig. 4b (AG framed

by rectangle). In contrast, the 0.9-kb fragments underwent

normal splicing (ag framed by rectangle) and encoded a nor-

mal F3050H cDNA. The sequencing results are summarized in

a schematic diagram (Fig. 5c). These results strongly indi-

cated that the single-base substitution mutation caused altered

splicing in f3050h1GtMITE1, resulting in the revertant pheno-

type. However, the recovery was not perfect and 1.0 kb of

abnormal F3050H remained in this experiment. Thus, in

revertant blue flowers, both normal and abnormal F3050H
transcripts were detected (Fig. 4c, lane 4).

Discussion

Our previous report demonstrated that pink-flowered gen-

tians resulted from interruption of the F3050H gene by two

different transposable elements (Nakatsuka et al. 2006).

The present study identified three novel mutated f3050h
genes in the hybrid cultivar ‘Maerchen Ashiro’ and

breeding line ‘NWP’, which showed insertion of a single T

nucleotide and the presence of GtMITE1 or Tgt1 in the

F3050H genes. Based on detailed sequencing analyses and

pedigree analyses, it was speculated that two F3050H loci

(F3050H1 and F3050H2) and one F3050H locus (F3050H1) are

present in G. triflora and G. scabra, respectively, although

an allelism test is required for final confirmation. GtMITE1

and GsTRIM1 insertions are found in F3050H1, whereas

single-nucleotide and Tgt1 insertions are found in F3050H2.

Expression analysis confirmed that the F3050H1 locus was

expressed preferentially in gentian petals. This was sup-

ported by the finding that F3050H mRNA is derived from

the F3050H1 locus only (Tanaka et al. 1996; Nakatsuka

et al. 2006). However, all pink-flowered cultivars derived

from G. triflora studied so far showed mutation in F3050H2

in addition to F3050H1, therefore, F3050H2 also might

contribute to F3050H activity in gentian petals. In petunia

flowers, the genetic loci Hf1 and Hf2 control F3050H
activity. Hf1 is expressed in the limb and tube of the cor-

olla, whereas Hf2 action is restricted to the limb (Holton

Fig. 5 Transient expression analysis of single-nucleotide substitution

in the GtMITE1-inserted F3050H1 gene. a Schematic diagram of

vectors used for transient expression analysis by particle bombard-

ment. The genomic sequence of f3050h1GtMITE1 from the pink-flowered

cultivar ‘Maerchen Ashiro’ and its blue-flowered revertant were used

for vector construction. The difference between the f3050h1GtMITE1

sequences is a single nucleotide (G or C). Arrows indicate the positions of

primers used in this study. 35Spro, Cauliflower mosaic virus 35S RNA

promoter; NOSter, nopaline synthase terminator of Agrobacterium
tumefaciens. b RT-PCR analysis of transcript variants by transient

expression assay. Gentian petals were bombarded with the plasmids

p35Sp-gF3050H (pink) and p35Sp-gF3050H (blue). After culture for 24 h,

total RNAs were isolated and subjected to RT-PCR analysis using the

primer pair F4 and R4 as described in the ‘‘Materials and methods’’. Lane
1 bombarded with p35Sp-gF3050H (pink), lane 2 bombarded with p35Sp-

gF3050H (blue), lane 3 unbombarded (negative control), lane 4 p35Sp-

gF3050H (pink) plasmid DNA alone (positive control). The amplified

fragment lengths are shown on the left side of the panel and correspond to

F3050H transcript variants shown in c. c Schematic diagram of the

structures of transcript variants. The fragment lengths are shown on the

right
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et al. 1993). Given that the promoters differ greatly in

sequence, F3050H2 might be expressed in other tissues or

induced under stress conditions. Further studies are nec-

essary to examine the role of F3050H2 in gentian.

The present study is the first to identify MITEs in

members of the Gentianaceae. GtMITE1 belongs to the

Tourist-like MITE family. GtMITE1 was inserted into an

intron region of the F3050H1 gene and, because the TSD

sequences of MITEs are TA and TAA, these elements

appear to be distributed preferentially in AT-rich regions

(Le et al. 2000). MITEs also exist in high copy numbers in

other plant genomes, e.g., rice mPing (70 copies in ‘Nip-

ponbare’; Jiang et al. 2003), maize Tourist ([5,000 copies;

Bureau and Wessler 1992, 1994a), maize Heartbreaker

(4,000 copies; Zhang et al. 2000) and alfalfa Bigfoot (1,000

to 10,000 copies; Charrier et al. 1999). However, there are

also lower copy MITE families, e.g., Emigrant in Arabid-

opsis (Santiago et al. 2002), and MetMIT and MITRAV in

Medicago truncatula (Grzebelus et al. 2009). Southern blot

analysis using a GtMITE1 probe showed the presence of a

relatively low copy number in the Japanese gentian gen-

ome (Fig. S3), therefore GtMITE1 also belongs to such

lower-copy subfamilies. Bureau and Wessler (1994a)

classified maize Tourist into four subfamilies based on

their length or conserved sequence domains, and indicated

that \70% nucleotide similarity is not uncommon. There-

fore, GtMITE1 might also comprise other subfamily

members, which could not be detected by high-stringency

Southern blot analysis of the Japanese gentian genome.

PCR amplification using GtMITE1 TIR as a primer

revealed the presence of a number of sequences homolo-

gous to GtMITE1 in the gentian genome (data not shown).

Thus, GtMITE1 family members might have caused a

variety of unidentified mutations previously and contrib-

uted to genomic evolution in gentian. Further analysis of

the GtMITE1 family would also provide clues to identify

the autonomous element(s).

We also identified an inactive f3050h2Tgt1 allele that

contained an insertion of the gypsy-Ty3 LTR-retrotransposon

Tgt1 in the second exon of F3050H2. LTR-retrotransposons

are classified into two principal classes, gypsy-Ty3 and

copia-Ty1, in higher plants (Levin 2002). Tgt1 showed the

typical feature of the gypsy-Ty3 class, namely two poly-

proteins encoding their proteins in the order Gag, protease,

reverse transcriptase, and integrase (Fig. S4). Other

gypsy-Ty3 retrotransposons identified include del1 from

Lilium henryi (Smyth et al. 1989), RIRE3 from rice

(Kumekawa et al. 1999), and Tekay, Cinful, Hunk and

Grande from maize (Sanmiguel and Bennetzen 1998).

More than 10,000 estimated copy numbers of del1, cinful-

1 and tekay existed per genome. These LTR-retrotrans-

posons were thought to contribute to the increased size

of each genome (Smyth et al. 1989; Sanmiguel and

Bennetzen 1998). Southern blot analysis supported the

presence of a relatively high copy number of Tgt1 in the

gentian genome by long exposure (Fig. S5). Therefore,

Tgt1 family members might comprise considerable

regions of the gentian genome.

The f3050h1GtMITE1 mutated allele in pink-flowered

gentians showed reduced expression levels and produced

mRNA variants of F3050H with several nonsense codons

(Figs. 1e, 4c). mRNAs that encode truncated protein iso-

forms are known to be degraded by the NMD pathway

(Mcglincy and Smith 2008). NMD is one of several RNA

surveillance pathways that ensure the fidelity of gene

expression by degrading mRNAs that lack the proper

arrangement of translational signals. The primary function

of NMD is thought to be the removal of errors in gene

expression that might otherwise lead to the accumulation of

potentially toxic truncated proteins. In mammals, a stop

codon is recognized as premature if it is located [20–24

nucleotides upstream of an exon–exon junction (Isken and

Maquat 2007). The nonsense codon positions in

f3050h1GtMITE1 did not conform to this mammalian rule,

therefore, NMD might occur independently of splicing in

gentian as well as yeast and fruit fly (Behm-Ansmant et al.

2007). NMD might also contribute to the degradation of

F3050H transcripts derived from the f3050h2T-insertion or

f3050h2Tgt1 alleles in a similar fashion.

Transposition of rice MITE mPing was induced by

anther culture (Kikuchi et al. 2003) and in particular strains

(Nakazaki et al. 2003), and is regulated by the autonomous

MITEs Ping and Pong (Jiang et al. 2003; Yang et al. 2007).

A transpositionally active MITE belonging to the Stow-

away family was also identified in rice (Yang et al. 2009).

More recently, Momose et al. (2010) found the first active

Stowaway MITEs in the dicotyledonous potato by studying

somaclonal variation of tuber skin color. Currently, we

have no evidence for transposition of GtMITE1. Therefore,

the determination of transposition conditions and identifi-

cation of autonomous MITEs require further study.

Although we did not reveal excision or transposition of

GtMITE1, we analyzed one blue-flowered revertant from

the pink-flowered cultivar ‘Maerchen Ashiro’ and charac-

terized this bud mutant in detail. Interestingly, this blue-

flowered revertant had a single-nucleotide substitution

(from TAAG to TAAC) immediately 30 of the TSD of

GtMITE1 in f3050h1GtMITE1 (Fig. 4b). This change partially

restored missplicing caused by GtMITE1 insertion to nor-

mal splicing, resulting in normal F3050H transcripts

(Fig. 4c). The correlation between the single-nucleotide

substitution and F3050H splicing variants was demonstrated

by transient expression analysis in gentian petals (Fig. 5).

Spontaneous DNA damage, such as nucleotide substitution,

insertion, and deletion, occurs as an inevitable consequence

of the chemical nature of DNA and its aqueous
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environment, or as a result of metabolic errors (Britt 1999).

The T-insertion in the f3050h2T-insertion allele might also be

derived from such mutation, although the spontaneous

mutation rate is not known in gentian.

Plant intron 50- and 30-splice site sequences (GT and AG,

respectively) are highly conserved. Introns are removed in a

two-step cleavage–ligation reaction, where the first step

involves cleavage at the 50 splice site with formation of an

intron lariat at an adenosine nucleotide (the branchpoint),

usually 18–40 nucleotides upstream of the 30 splice site

(Brown 1996; Brown et al. 1996). From over 1,000 Arabidopsis

introns, consensus sequences for branchpoints have been

shown to be [C/T]100T100[A/G]64A100[C/T]70 (Brown 1996;

Brown et al. 1996). The sequences around the 30 TSD of

GtMITE1 exhibited CTAAG at 19 nucleotides upstream of

the 30 splice site (Fig. 4b). The CTAAC nucleotide sequence

arising from the nucleotide substitution corresponds to the

consensus branchpoint sequences of Arabidopsis. Thus, the

appearance of a novel branchpoint by this random nucleotide

substitution might induce normal pre-mRNA splicing and

recovery of translation in f3050h1GtMITE1. In higher plants,

many intragenic and extragenic mutations that affected

splicing have been reported. In the case of the rice waxy

mutation, a single-base mutation at the 50 splice site of the first

intron induced low-level expression of the Wxb allele (Isshiki

et al. 1998). Brassica rapa FLOWERING LOCUS C (FLC)

showed three alternative splicing patterns owing to a muta-

tion at the splicing site (Yuan et al. 2009). A splice site

mutation is also known in maize in which a single-base

mutation in the 50-terminal of the intron activated two cryptic

splice sites and alters the splicing pattern from extant splice

sites (Lal et al. 1999). Arabidopsis apetala3-1, which affected

floral morphology, contained a single-base substitution

located 2 bp from the 30 end of exon 5, resulting in temper-

ature-dependent splicing defects (Sablowski and Meyerowitz

1998). This ap3-1 mutation was suppressed by the intragenic

suppressor mutation ap3-11, which created a novel branch-

point (Yi and Jack 1998). Natural mutations associated with

suppression of normal gene expression frequently occur and

contribute to the evolution of new functions in some cases.

However, more significantly, in this study the mutation

caused by a transposable element was recovered accidentally

by a single-nucleotide substitution mutation that modified the

splice donor or acceptor site. The point mutation that affected

flower color is a unique case that recovered an original

branchpoint, which was formerly suppressed by GtMITE1

insertion.

Conclusion

In summary, we identified three novel mutant f3050h alleles

in pink-flowered Japanese gentians. Tgt1 and GtMITE1 are

novel transposable elements identified in Gentiana species.

Tgt1 has a sequence that belongs to gypsy Ty3-retrotrans-

posable elements and might be useful for future elucidation

of genomic evolution and transition mechanisms in

Gentiana species. Mutation by GtMITE1 induced a change in

petal color and characterization of a revertant also revealed

a change in splicing position owing to a spontaneous sin-

gle-base suppressor mutation. Although Gentiana contains

many valuable species utilized as ornamentals or for

medical purposes, little information on genomic evolution

in the genus is available. Further characterization of these

transposable elements and spontaneous mutations will

increase our knowledge of the genomic constitution and

evolution in gentians.
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