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Introduction

Advanced gene modification techniques such as gene edit-
ing could lead to a drastic improvement of crop productivity 
to meet the growing population or environmental fluctua-
tion due to climate change (Zhang et al. 2018). To apply 
these techniques, the function of the target gene must be 
elucidated. Insertional mutagenesis using T-DNA or a trans-
poson is one of the powerful methods for functional analy-
sis of the gene (Jiang and Ramachandran 2010). Because 
gene discovery in insertional mutants using PCR such as 
TAIL-PCR (Liu and Whittier 1995), inverse PCR (Ochman 
et al. 1988) and suppression PCR (Rand et al. 2005) is 
easier than that in physical or chemical mutagen-induced 
mutants applying Map-based cloning or NGS. Thus, T-DNA 
tagged lines in rice were created by Lee et al. (2003) and Li 
et al. (2006) and large mutant pools induced by the maize 
transposons, Ac/Ds (Chin et al. 1999, Greco et al. 2003) and 
En/Spm (Greco et al. 2004) have been utilized for the func-
tional analysis of rice genes (Howard et al. 2014, Jiang and 
Ramachandran 2010, Wang et al. 2013). Meanwhile, an 
endogenous retrotransposon, the Tos17-tagged mutant pool, 
has been developed in Nipponbare, a japonica rice, as 
Hirochika (2010) reviewed. Active endogenous DNA trans-

posons in rice, mPing (Jiang et al. 2003, Kikuchi et al. 
2003, Nakazaki et al. 2003), dTok (Moon et al. 2006), nDart 
(Tsugane et al. 2006) and nDaiZ (Huang et al. 2009) were 
found. The originally identified nDart1-0 (nonautonomous 
DNA-based active rice transposon1-0) was discovered in 
the F2 of the cross between indica and japonica lines 
(Tsugane et al. 2006). There are thirteen nDart1 elements 
that showed over 98% identity with nDart1-0 in Nipponbare 
genome. The transpositions of nDart1 were controlled by 
transposase supplied by an active autonomous element, 
aDart1 (Nishimura et al. 2008). nDart1 was more advanta-
geous for insertional mutagenesis than the other DNA trans-
posons in rice. Because Tsugane et al. (2006) identified 
aDart1-27 on chromosome 6 as an active autonomous ele-
ment derived from H-126 together with nDart1 and a large-
scale nDart1-tagged mutant pool can be easily developed 
using an active nDart1/aDart1-27 system introduced in a 
given variety by crossing. In nDart1-tagged lines, so far, 
pale-yellow leaf (pyl), thumbelina (thl) (Tsugane et al. 
2006) and snow-white leaf1 (swl1) (Hayashi-Tsugane et al. 
2014) have been analyzed. In particular, nDart1-tagged 
mutagenesis shows the characteristics for segregating gain- 
of-function mutants, e.g., aberrant panicle organization1- 
D1 (apo1-D1) (Ikeda-Kawakatsu et al. 2009), tawawa1-D 
(taw1-D) (Yoshida et al. 2013) and Bushy dwarf tiller1 
(Bdt1) (Hayashi-Tsugane et al. 2015). Further, the 
indeterminate growth (ing) mutant carrying a 100 kb dele-
tion was found in nDart1-tagged lines, although it was un-
clear whether the deletion was caused by nDart1 insertion 
(Hayashi-Tsugane et al. 2011). Recently, Chiou et al. (2019) 
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pyl-stb (stable pale-yellow leaf) in BCnF2. Because hetero-
zygous aDart1-27 was not distinguished from homozygote 
with PCR product. In BC9F2 population, pyl-v plants were 
selected and were confirmed to be homozygous for 
aDart1-27 through segregation check of pyl-stb in BC9F3. 
In the homozygous BC9F3 for aDart1-27, revertants carry-
ing heterozygous nDart1-0-inserted OsClpP5 were also 
segregated. Then, a revertant fixed to normal was confirmed 
in BC9F4 and was subjected to transposon display to detect 
nDart1 insertions. Koshihikari nDart1-tagged lines were 
developed from this revertant as a founder line. In 2011, 
twelve seeds per line in 1696 lines were planted in seeding 
beds with commercial soil (Kumiai Ube Ryujo Baido, Ube 
Industries, Japan) and twelve plants per line were grown 
with a spacing of 40 cm between rows and 15 cm between 
plants in a paddy field at the Institute of Plant Science and 
Resources, Okayama University, Kurashiki, Japan. The 
phenotypes in the lines were observed at seedling, tillering, 
heading and mature stages.

DNA extraction and transposon display
Genomic DNA was extracted from third leaf tissue at the 

seedling stage as described by Gichuhi et al. (2016). Trans-
poson display to identify the insertion site of nDart1 was 
performed according to the method reported by Takagi et al. 
(2007).

TAIL-PCR and PCR
The primers for TAIL-PCR were listed in Supplemental 

Table 1. The sequences of ARB1 to ARB6 and ARB7 of ar-
bitrary primers were according to Liu and Whittier (1995) 
and Tanaka et al. (2003), respectively. For TAIL-PCR, a 

revealed Large grain (LGG) showing incomplete domi-
nance in nDart1-tagged lines of Koshihikari. These genes, 
except for LGG and swl1, were revealed to have been de-
rived from mutants found in the tagged lines of MK1 
(Ikeda-Kawakatsu et al. 2009) which was bred true from the 
crossing between Matsumoto-mochi, an old variety in 
Hokkaido, and nDart1-0/aDart1-27 NIL of Shiokari. The 
swl1 mutant was discovered in the nDart1-tagged lines of 
T-65. In particular, taw1-D2 (Yoshida et al. 2013) found in 
MK1 was introduced into Koshihikari to demonstrate its 
agronomic characteristics. apo1-D1 (Ikeda-Kawakatsu et 
al. 2009), taw1-D2 (Yoshida et al. 2013), and LGG (Chiou 
et al. 2019) were responsible for spikelet number and grain 
weight, respectively, of yield components in rice. Then, it 
was necessary to breed nDart1-tagged lines in an elite vari-
ety because it could be directly used as a breeding material 
if a useful mutant would be found. Thus, this study reports 
that nDart1-tagged lines of Koshihikari were bred through 
successive backcrossing and selection of homozygous nor-
mal phenotype plants. Some mutants in the lines were ob-
served, and a variegated albino mutant was subjected to 
TAIL-PCR to detect the causal gene.

Materials and Methods

Plant materials
The breeding process of nDart1-tagged lines of Koshi-

hikari was shown in Fig. 1. The donor of nDart1-0 and 
aDart1-27 was MK1 pyl-v (variegated pale-yellow leaf) 
and heterozygous BCnF1 plants for nDart1-0 and aDart1-27 
successively backcrossed with Koshihikari as a recurrent 
parent were selected based on the segregation of pyl-v and 

Fig. 1.	 Development of nDart1-tagged lines of Koshihikari.
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Mutant phenotypes observed in nDart1-tagged lines
Mutant phenotypes observed at seedling stage and ma-

ture stage were summarized in Table 1. The abnormal seed-
lings were mostly observed as given in Fig. 3D and the 
chlorophyll mutants were also found frequently. At mature 
stage, many semi-sterile plants were observed. There were 
some dwarf, lesion mimic and reduced culm number mu-
tants. Further, chlorophyll, glume and heading mutants were 
also found. Aberrant phenotype plants were present in 395 
and 337 lines at seedling and mature stages, respectively. In 
total, 43.2% of 1696 lines segregated mutant phenotypes. 
The difference of copy numbers of nDart1 were analyzed in 
Mutants #1 (Mut#1) and #2 (Mut#2) through TD using Cvia 
II. Mut#1 and Mut#2 showed distinctive phenotypic charac-
teristics, respectively. As shown in Supplemental Fig. 1, 
TD demonstrated 8 and 4 insertions of nDart1 in Mut#1 and 
Mut#2, respectively, only in the range of ca. 200 bp and ca. 
400 bp. In these insertions, 4 were common in both Mut#1 
and Mut#2. However, Mut#1 and #2 showed 3 and 1 
mutant-specific insertions, respectively. This result suggest-
ed that nDart1 transposed frequently under the control of 
aDart1-27. The characteristic phenotypes at seedling, tiller-
ing and mature stages were given in Fig. 3.
(A)	� This extreme dwarf was characterized with dark green 

and broad leaves at seedling stage.
(B)	� This albino showed green sectors on leaves.
(C)	� The third light green leaf of the seedling was observed.
(D)	� Deteriorated second and third leaves were shown at 

seedling stage.
(E)	� Striped leaves were observed at tillering stage.
(F)	� Yellow-banded zebra leaf was clearly represented at 

tillering stage.

total PCR reaction volume of 15 μL was prepared contain-
ing 0.5 U of LA Taq (TAKARA Japan), 1X GC buffer I, 
0.67 pmol of nDart1-0 primer, 2.7 pmol of arbitrary primer 
and 10 ng of template DNA. PCR conditions are shown in 
Supplemental Table 2. The PCR product was diluted 100-
fold and used as the template for the second/third PCR. PCR 
products were electrophoresed on 2% agarose gels and visu-
alized after ethidium bromide staining. The PCR products 
were ligated with T-vector easy (Promega) and the ligated 
clones were sequenced with ABI3100 (Applied Biosystems). 
Obtained sequences were analyzed with GENETYX and 
insertion sites were checked with RAP-DB (The Rice Anno-
tation Project Database; https://rapdb.dna.affrc.go.jp/). The 
conserved domain was searched using MOTIF Search 
(https://www.genome.jp/tools/motif/) and CD-Search 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). 
Conserved domains were aligned with the SALAD database 
(https://salad.dna.affrc.go.jp/salad/).

The PCR for checking the insertion site was conducted 
using LA-Taq and specifically designed primers (Supple-
mental Table 1) as mentioned for TAIL-PCR.

Results

nDart1-insertion sites in the founder line
The nDart1 insertion sites in the normal-fixed revertant 

selected as a founder line in BC9F4 were exploited through 
transposon display. Koshihikari has ten sites authentically; 
chromosomes, 1, 2, 3, 4, 5, 6 and 9 located 1, 2, 3, 1, 1, 1 
and 1 sites, respectively (Fig. 2). Since Nipponbare pos
sesses thirteen sites, Koshihikari does not have nDart1-2, 
1-3 (8) and 1-3 (3-1) on chromosomes 12, 8 and 3, respec-
tively. nDart1-0 inserted in OsClpP5 was located originally 
on chromosome 3. The founder line possessed nDart1-0 on 
chromosome 9. In addition, nDart1-3 and nDart1-12 were 
found to be transposed on chromosomes 11 and 1 and on 
chromosome 8, respectively (Fig. 2). Especially, 3 new in-
sertion sites of nDart1-12 were detected, suggesting that 
nDart1-12 might have better transposability than another 
nDart1s.

Fig. 2.	 Distribution of nDart1s in the founder line carrying nDart1-0 
and aDart1-27 in Koshihikari. Red and white arrow heads at left side 
show transposed and stayed nDart1s in the nDart1-tagged lines, re-
spectively and white arrow head at right side depicts authentic inser-
tion site of nDart1s in Koshihikari. Green diamond represents original 
insertion site of nDart1-0 in the tagged lines.

Table 1.	 Mutant phenotype observed in nDart1-tagged lines in 
Koshihikari

Seedling stage Mature stage
Phenotype No. of lines Phenotype No. of lines

Abnormal 333 Abnormal 4
Aberrant chlorophyll 32 Lethal 7
Lesion mimic 1 Dwarf 38
Dwarf 9 Semi-dwarf 3
Aberrant leaf 5 Tillering dwarf 7
Aberrant culm 14 Tetraploid 3
Tillering 1 Aberrant chlorophyll 15

Long culm 3
Reduced culm number 34
Tiller number 7
Lesion mimic 37
Leaf character 7
Culm character 6
Aberrant glume 13
Aberrant panicle 6
Heading 10
Semi-sterile 131
Complete sterile 6

Total 395 Total 337
43.2%
/1696
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and 9 (Supplemental Table 1). Then, green sectors and 
white parts in the albino leaves were collected separately as 
shown in Fig. 5A and were subjected to PCR to amplify the 
putative nDart1 insertion site. Green sector and white sector 
must be heterozygous and homozygous for nDart1 inser-
tion, respectively. Thus, the normal size band and nDart1- 

(G)	� This plant with few tillers was lethal at heading stage.
(H)	� Small round hulls were observed in the dwarf with 

dark green leaves.
(I)	� A Defective panicle was shown.
(J)	� Striped glumes and branch were observed.
(K)	� This plant had small grains.
(L)	� Grains in the left panicle were clearly larger than those 

of WT panicle (right).
Further, Fig. 4A showed cleistogamous hulls (white ar-

rows). It was found that panicles possessing cleistogamous 
hulls did not have extruded anthers compared to another 
panicles. Long empty glumes were given in Fig. 4B.

The estimated causal gene for albino mutant
The variegated albino shown in Fig. 3B was subjected to 

TAIL-PCR using nDart1-specific primers (Supplemental 
Table 1) to exploit the nDart1 insertion site. Four sites were 
detected using ARB3 and 7 primers in chromosomes 3, 6 

Fig. 4.	 Malformed glume mutant. (A) cleistogamous glumes shown 
by white arrow. (B) long empty glume.

Fig. 5.	 Confirmation of nDart1-0 insertion revealed by TAIL-PCR. 
(A) GS (Green sector) and WS (White sector) in albino of Fig. 2B. (B) 
Banding pattern of WT, GS and WS using specific primers for each 
clone. White arrow and arrowhead indicate amplicons with nDart1 in-
sertion and without nDart1, respectively.

Fig. 3.	 Mutant phenotype observed in nDar1-tagged lines of Koshi-
hikari. (A) dwarf at seedling stage. (B) variegated albino. (C) light 
green leaf. (D) abnormal phenotype at seedling stage. (E) stripe. (F) 
zebra leaves. (G) lethal. (H) round grain dwarf. (I) abnormal panicle 
(left). (J) stripe hull. (K) small grain. (L) large grain (left) and wild 
type (right).
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about the induction of high temperature sterility at flower-
ing in rice that was reported by Satake and Yoshida (1978). 
Thus, this mutant could be useful for coping with high tem-
perature at flowering in rice. Further, cleistogamous hull 
may let pollen-collecting insects such as honey bee not to 
visit hull with non-extruded anthers.

For detecting a causal gene, the PCR-based method is 
simple and easy. In particular, DNA transposon-tagged mu-
tant frequently shows a variegated phenotype. A variegated 
phenotypic mutant carried both transposon-tagged homozy-
gote and heterozygote in mutant phenotype and revertant, 
respectively. Thus, using an appropriate PCR-based method 
such as TAIL-PCR (Liu and Whittier 1995) and inverse 
PCR (Ochman et al. 1988) for mutant phenotypic tissue and 
revertant tissue separately, a target candidate should be easi-
ly detected. Then, TAIL-PCR as one of the simple detection 
methods for insertion site was applied for exploiting the 
causal gene for variegated albino. As a result, the ease of 
exploiting candidate gene for the mutant through PCR prod-
uct comparison between mutated tissue and revertant tissue 
was shown in Fig. 5A and 5B.

It is important to breed nDart1-tagged lines of an elite 
variety such as Koshihikari. If a nDart1-inserted mutant has 
an advantageous effect for an agronomic trait or biotic or 
abiotic stresses, the mutant potentially could be utilized as a 
breeding material or directly as a variety. In situ growing 
endogenous transposon-tagged lines could be simple and 
efficient method to screen tolerant mutants for biotic or abi-
otic stresses.
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