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SUMMARY

Use of insertion mutants facilitates functional analysis of genes, but it has been difficult to identify a suitable

mutagen and to establish large populations for reverse genetics in most plant species. The main challenge is

developing efficient high-throughput procedures for both mutagenesis and identification of insertion sites. To

date, only floral-dip T-DNA transformation of Arabidopsis has produced independent germinal insertions,

thereby allowing generation of mutant populations from seeds of single plants. In addition, advances in

insertion detection have been hampered by a lack of protocols, including software for automated data analysis,

that take full advantage of high-throughput next-generation sequencing. We have addressed these challenges

by developing the FSTpoolit protocol and software package, and here we demonstrate its efficacy by detecting

8935 LORE1 insertions in 3744 Lotus japonicus plants. The identified insertions show that the endogenous

LORE1 retrotransposon is well suited for insertion mutagenesis due to homogenous gene targeting and exonic

insertion preference. As LORE1 transposition occurs in the germline, harvesting seeds from a single founder

line and cultivating progeny generates a complete mutant population. This ease of LORE1 mutagenesis,

combined with the efficient FSTpoolit protocol, which exploits 2D pooling, Illumina sequencing and automated

data analysis, allows highly cost-efficient development of a comprehensive reverse genetic resource.
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INTRODUCTION

Recent advances in genome-wide profiling technologies,

including RNA-seq and proteomics, combined with

improved tools for network analysis, have accelerated data-

guided predictions of gene function, accentuating the need

for experimental hypothesis testing. In this context, reverse

genetics is an effective approach, as demonstrated by the

success of the Arabidopsis T-DNA insertion population

(Alonso et al., 2003). Unfortunately, the generation of

reverse genetic resources by insertion mutagenesis is very

labor- and time-consuming in other plant species.

Insertional mutagenesis in plants exploits T-DNA integra-

tion into nuclear DNA or the mobility of transposons and

retrotransposons. Transposon mutants can be generated

from lines carrying autonomous elements (Van den Broeck

et al., 1998; Walbot, 2000; Brutnell and Conrad, 2003).

However, the efficiency of transposon mutagenesis is often

limited by a relatively low transposition frequency, and

useful endogenous elements have not been identified in

most plants.

To resolve these problems, maize (Zea mays) Ac/Ds

transposable elements were transformed into heterologous

hosts and several attempts were made to regulate Ac/Ds

mobility by modification of transposase expression in

Arabidopsis, tobacco (Nicotiana tabacum) and Lotus japo-

nicus (subsequently referred to as Lotus) (Grevelding et al.,

1992; Scofield et al., 1992, 1993; Swinburne et al., 1992;

Balcells and Coupland, 1994; Thykjaer et al., 1995). One of

the aims of this early work was to obtain a high frequency of

gametophyte-specific expression, allowing subsequent sim-

ple isolation of individual insertion mutants (Balcells et al.,

1994; Firek et al., 1996). However, these approaches were

largely ineffective for establishing large reverse genetics

populations in heterologous hosts, and only relatively few

tagged mutants were isolated.

Apart from the floral-dip transformation method estab-

lished in Arabidopsis (Clough and Bent, 1998), T-DNA

mutagenesis and use of retrotransposons have similar

limitations. In most cases, both methods require laborious
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tissue culture steps in order to generate individual insertion

mutants or to establish a sufficient number of starter lines

for launching retrotransposons (Miyao et al., 2003; Hsing

et al., 2007; Tadege et al., 2008; Vain et al., 2008).

Establishment of a tagged insertion mutant population for

reverse genetics not only depends on an effective insertion

mutagen, but also requires efficient insertion identification.

Conceptually, a reverse genetics pipeline can be divided into

three phases: (i) establishment of a mutant population,

(ii) enrichment and sequencing of flanking regions, and

(iii) computational analysis to identify specific insertions in

individuals, combined with user-friendly presentation of the

insertion sites. The importance of the two latter phases is

often overlooked, although a number of protocols have been

developed for enrichment and sequencing of flanking

regions, including degenerate primer methods, such as

TAIL-PCR, and adapter-ligation methods, including splinke-

rette PCR (Devon et al., 1995; Liu and Huang, 1998).

The challenge in a genome-wide approach is to achieve

unbiased insertion detection with high sensitivity and spec-

ificity, while maintaining multiplexing capacity to allow high

throughput. An example of this complexity is the elaborate

multi-dimensional pooling scheme combined with restric-

tion digest of DNA, adapter ligation, molecular barcoding

and Roche 454 sequencing used for insertion detection

in petunia (Vandenbussche et al., 2008). In a simpler

one-dimensional pooling approach in maize, Illumina

sequencing, which generates significantly larger data vol-

umes than the 454 technology, was adapted for detection of

maize transposon insertions in a forward genetic screen

(Williams-Carrier et al., 2010).

The computational analysis of insertion sites based on

454 and Illumina sequencing requires specialized software

for analysis and detection of insertion sites. Currently, web-

based programs for processing 454 sequencing data are

available (Kong et al., 2008; Hawkins et al., 2011). In

contrast, to our knowledge, there is no software package

available for flexible local analysis of Illumina sequencing

data from barcoded and pooled insertion mutant samples.

Here, we present a freely available software package,

FSTpoolit (flanking sequence tag pooling and identification),

for automated data analysis and identification of insertion

mutants in an experimental set-up combining two-dimen-

sional pooling with Illumina sequencing. The FSTpoolit

software is a flexible processing tool that allows users to

define parameters for read-quality filtering, barcode recog-

nition, read trimming, reference genome mapping and

design of genotyping primers. FSTpoolit is compatible with

any insertion mutagen and paired-end sequencing platform.

Here we use it to identify 8935 unique LORE1 insertions in

3744 Lotus plants. The identified insertions demonstrate that

the endogenous LORE1 retrotransposon (Madsen et al.,

2005) is well suited as a mutagen for generating a compre-

hensive Lotus reverse genetic resource due to its gameto-

phyte-specific transposition (Fukai et al., 2010), well-

distributed insertions and low insertion frequency. Together

with the lines described by Fukai et al. (2011), we contribute

approximately 6000 insertion lines to a LORE1-based mutant

population. The population will provide a null mutant

resource that complements the existing single-nucleotide

substitution Lotus TILLING platform based on EMS muta-

genesis and the Medicago truncatula Tnt1 collection (Perry

et al., 2003; Tadege et al., 2005), and will further strengthen

legume reverse genetic resources for investigation of

biological processes such as endosymbiosis with rhizobia

and arbuscular fungi.

RESULTS

2D pooling, barcoding and illumina sequencing

for high-throughput insertion detection

Lotus has well-developed resources, including a reference

genome sequence and genetic markers (Hayashi et al., 2001;

Sandal et al., 2002, 2006; Sato et al., 2008). These have been

instrumental for identifying genes controlling symbiotic

nitrogen fixation, such as those encoding the Nod factor

receptors NFR1 and NFR5, following forward genetic screens

for nodulation deficiency (Madsen et al., 2003; Radutoiu et

al., 2003). During characterization of such symbiotic mutants,

the causative mutations in the nin-7, symRK-1, nap1-1 and

nup133-3 mutant alleles were identified as LORE1 insertions

(Stracke et al., 2002; Madsen et al., 2005; Kanamori et al.,

2006; Yokota et al., 2009). Together with subsequent docu-

mentation of germline transposition, these results suggested

that the endogenous LORE1 retroelement is well suited for

use as an insertion mutagen in Lotus (Fukai et al., 2010).

To examine the potential for a large-scale LORE1 reverse

genetics platform, seeds were collected from cuttings of

plant line G329-3 that carries an active endogenous LORE1a

element and 10 additional LORE1 copies, of which three

were acquired in the first generation of regenerants (R1). The

11 LORE1 copies present in the G329-3 founder line are

referred to as ‘original elements’. G329-3 was originally

obtained by regeneration from tissue culture in an experi-

ment that did not involve introduction of transgenes but was

aimed at isolating activated LORE1 lines suitable for inser-

tion mutagenesis. Detailed information on the origin of

G329-3 is provided by Fukai et al. (2011).

The seeds were germinated in separate pots in a 2D

arrangement to produce an R2 population for high-through-

put insertion site detection (Figure 1a). Briefly, leaf material

from 3744 LORE1 R2 plants was pooled on the basis of a 2D

set-up with 48 columns and 78 rows (Figure 1a). DNA from

all 126 pools was then extracted and mechanically sheared,

followed by combined pool barcoding and nested PCR

enrichment of LORE1 flanking sequences (Figure 1b). Final-

ly, a single Illumina library comprising all barcoded and

pooled flanking sequence amplicons was sequenced, and
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the results were subjected to automated FSTpoolit analysis

(Figure 1c).

Design of the FSTpoolit software package for automated

insertion identification and design of genotyping primers

Identification and validation of insertions from high-

throughput sequencing of pooled and barcoded samples is a

multi-step process that requires recognition of adapter,

inserted element and barcode sequences, followed by read

trimming and mapping to a reference genome, quality

filtering, insertion site calling and design of genotyping

primers. We developed the FSTpoolit software package to

automate all these steps. Using paired-end fastq files

containing flanking sequence data from pooled samples,

it identifies insertions in individual plants and designs

corresponding genotyping primers.

First, FSTpoolit_map handles sequence recognition, trim-

ming and mapping to the reference genome. The Bowtie

program (Langmead et al., 2009) is used to map paired-end

reads to 5¢ LORE1 long terminal repeat (LTR), splinkerette

intermediate adapter (IA) and barcode sequences to identify

LTR–IA pairs containing correct barcodes (Figure 1b). Bar-

codes are then translated into 2D pool coordinates, which

are associated with individual reads together with LTR and

IA designations. Next, reads are trimmed of all non-genomic

sequences and mapped to the reference genome using BWA

(Li and Durbin, 2009), allowing gapped alignments, and pool

coordinate abundances are summarized by genomic posi-

tion (Figures 1d and S1).

To retain only reliable new LORE1 insertion calls,

FSTpoolit_filter applies dynamic noise, abundance, original

element and mis-mapping filters, and decodes 2D pool

coordinates to link insertions to individual plants. In our

case, we called insertions when each pool coordinate was

represented by at least five reads and displayed above-

average abundance at the genomic position in question. The

cut-offs and signal/noise characteristics of the data are

shown in Figure S2. FSTpoolit_filter then removes original

LORE1 elements based on their genomic position, and

applies a mis-mapping filter to ensure that only the insertion

supported by the largest number of reads is called when

multiple insertions are detected within a few base pairs in

the same plant.

When the final insertion list has been generated by

FSTpoolit_filter, FSTpoolit_primer extracts flanking se-

quences and designs genotyping primers for all identified

insertions using Primer3 software (Rozen and Skaletsky,

2000).

The sensitivity of high-throughput FSTpoolit LORE1

insertion identification is comparable to that of

Southern blotting

Identification of multiple transposable element-associated

flanking sequence tags (FSTs) from highly multiplexed

pools involves biological, technical and computational

challenges. Typical issues include handling a large

proportion of background reads derived from original

elements, obtaining a balanced barcode distribution, filter-

ing out technical artifacts, and rapid processing of large

amounts of data. Such difficulties are particularly pressing

when an endogenous element such as LORE1 with multiple

copies per genome is used for mutagenesis. We therefore

assessed whether the read depth offered by Illumina

sequencing is sufficient to overcome biases introduced

during flanking sequence amplification and sequencing as

well as the high read contribution from original LORE1

elements without the need for an experimental normaliza-

tion step, which has been used in previous protocols

(Vandenbussche et al., 2008).

Starting from a total of 121 million read pairs, 69% were

classified as the expected LTR–IA pairs including barcode,

showing that the nested splinkerette PCR specifically ampli-

fied fragments bordering the LORE1 5¢ LTR (Figure 2a). To

avoid false positives, 14 nucleotides of the 5¢ LTR were

sequenced in each read pair as a control for specific

amplification of LORE1 flanking DNA (Figure 1b). Only 65%

of the barcoded LTR–IA pairs (45% of the total reads) could

be mapped to the Lotus reference genome release 2.5, which

was expected as the genome is not yet fully sequenced (Sato

et al., 2008). Confirming the PCR specificity, only 0.2% of the

mapped reads were attributed to LORE1 3¢ LTR amplicons

(Figure 2b).

To distinguish new insertions and original LORE1

elements, original elements were called at positions where

insertions were identified in all pools (Table S1). Nine of 11

original elements were represented in the reference genome

sequence. Of the mapped reads, 82% were derived from

original elements and 18% from new insertions. With a

mean of 2.9 new heterozygous insertions detected by

Southern blotting (Table 1), and seven original homozygous

and two original heterozygous elements represented in the

reference sequence, the expected original/new ratio is 84/16,

which is close to what we observe. The situation is different

in the study by Fukai et al. (2011), in which only 13% of the

reads were derived from original elements. This difference

could reflect the fact that restriction digestion of DNA

combined with 454 sample preparation and sequencing

may introduce additional biases compared to our protocol,

which is based on mechanical shearing of DNA and Illumina

sequencing.

The large number of reads derived from original elements

allowed us to analyze the variation in read abundance

introduced by nested PCR amplification and sequencing.

Read counts varied from 47 000 to 11 000 000, indicating

that our amplification strategy introduces a relatively large

variation in the number of reads generated from each

insertion (Figure 2c). To estimate whether the read depth

used was sufficient to overcome the amplification bias, we
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compared the FSTpoolit data to the results of LORE1

insertion detection by Southern blotting. FSTpoolit analysis

detected a mean of 2.4 insertions per plant, whereas

Southern blotting detected 2.9 (Table 1). This indicated that,

despite an incomplete reference genome sequence, the read

depth used was sufficient to make the FSTpoolit sensitivity

comparable to that of Southern blotting. The large-scale

FSTpoolit analysis also confirmed previous Southern blot-

ting results showing that <5 insertions were detected in the

majority of plants, and that very few plants had more than

ten insertions (Figure 2d).

As an additional test for read-depth sufficiency and to

investigate possible barcode biases, we labeled the columns

in the 2D array with two sets of barcodes: C1–C48 and

C49–C96, respectively. Ninety-four per cent of the insertions

were detected for both sets of column barcodes, indicating

minimal influence of the barcodes on insertion detection

and showing that the read depth was sufficient to robustly

detect insertions for both sets of column barcodes

(Figure 2e,f).

From a population of 3744 plants and a sequencing

dataset of 121 million paired-end reads, 8935 new LORE1

insertions were identified and traced back to individual

plants. Table S2 lists these insertions, and this list is also

available at http://carb.dk/resources.asp.

Spike-in controls and genotyping confirmed correct

insertion site detection

As a control for sensitivity and correct insertion site identi-

fication in individual plants, nin-7, symRK-1 and nup133-3

mutants (Madsen et al., 2005), which all carry previously

characterized LORE1 insertions, were included in the 2D

set-up. These control LORE1 insertions were correctly de-

tected, with read abundances ranging from 1650 to 5150.

Further, we validated genotyping primer design quality,

correct identification of mutant individuals and insert ori-

entation by successfully amplifying and sequencing 22 of 23

randomly chosen exonic insertions using genotyping prim-

ers designed by FSTpoolit (Figure S3). All PCR product

sequences corresponded to the predicted FSTs.

LORE1 transposition occurs in the germline

LORE1 transposition mainly occurs in the male germline

(Fukai et al., 2010). Somatic events would reduce the efficacy

of the 2D identification system, as clonal sectors could give

rise to multiple offspring carrying identical insertions.

Therefore, we investigated whether somatic events occurred

in our population. Of the new insertions, 8.6% were detected

in multiple plants, but always in plants grown side by side in

the 2D set-up. This is likely to be due to sample cross-con-

tamination during leaf harvesting or DNA processing, rather

than somatic events. Thus, our results indicate that LORE1

transposition in the G329-3 line occurs mainly in the germ-

line, in agreement with other reports (Fukai et al., 2010,

2011). To allow users to identify the correct individuals in

cases where multiple plants appear to carry the same

insertion, we show read abundances for each row and

column coordinate in our list of insertions (Figure 1d).

Few additional LORE1 insertions were detected

in the R3 generation

If all new LORE1 insertions remained active in subsequent

generations, an exponential growth in insertion number

would be expected. Southern blot analysis of progeny from

a subset of the R2 population identified a mean of 1.9 new

insertions among 90 R3 individuals, indicating a linear

increase in insertion number (Table 1). Excessive accumu-

lation of insertions in later generations therefore seems

unlikely.

New LORE1 insertions were well-distributed

and showed a clear genic preference

In order to be effective, a mutagen should induce mutations

with a homogenous distribution across genes. To investigate

Figure 1. LORE1 mutagenesis experimental set-up and data analysis pipeline.

(a) Overview of the FSTpoolit protocol for high-throughput identification of LORE1 insertions.

(b) Workflow for FST amplification and sequencing. Step 1: genomic DNA was isolated from all sample pools and each sample was individually sheared to

approximately 800 bp fragments. Step 2: all fragments, including the depicted LORE1 5¢ border fragments, were end-repaired and a splinkerette intermediate

adaptor (IA) was ligated to both ends of the fragments. Step 3: in a first round of PCR, LORE1-containing DNA fragments were specifically amplified using primers

Splink1 and P2. Step 4: PCR products between 500 and 600 bp in size were selected. Step 5: a pool-specific barcode was introduced as a 5¢ tail on primer P3 used

with primer Splink2 in the nested PCR reaction. The amplicons produced were of Illumina library-compatible size (between 250 and 350 bp). Step 6: all samples were

pooled in equimolar ratios, and an Illumina 2 · 100 bp paired-end library was prepared by ligating Illumina Y adapters. Step 7: paired-end sequencing produced

read pairs with the 5¢ end of one read containing the IA sequence and the 5¢ end of the other containing the barcode sequence followed by the LORE1 5¢ LTR.

Numbers indicate the length in nucleotides of each fragment contributing to a single paired-end read. Products from steps 1, 3, 4 and 5 are shown separated on an

agarose gel. Size differences serve as controls for successful completion of individual steps.

(c) Flow chart describing the automated FSTpoolit analysis. FSTpoolit_map identifies read pairs containing barcode, LTR and IA sequences, extracts pool

coordinates from barcodes, trims reads, maps them to the reference genome, and summarizes read abundances by pool coordinate and genomic position.

FSTpoolit_filter imposes quality cut-offs based on read abundances per genomic position, filters out original elements, and uses a mis-mapping filter to remove

noise near new insertions. FSTpoolit_primer extracts insertion flanking regions and designs genotyping primers. User input files and output files generated by

FSTpoolit are shown with white and gray backgrounds, respectively.

(d) FSTpoolit output file example. The genomic position and insert orientation are indicated (see also Figure S1). Columns and rows and the 2D set-up are indicated

by C_ and R_, respectively, and read abundances are shown in order corresponding to the coordinates. As columns were labeled with two independent sets of

barcodes, C_1 corresponds to C_49. The sum of read abundances at this genomic position is shown in the ‘Total’ column.
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the insertion characteristics of LORE1, we analyzed the DNA

sequences adjacent to new insertions. The base composi-

tions at positions )8 to +5 differed compared to control

regions. In this interval, the frequencies of complementary

bases corresponded with respect to a symmetry axis at po-

sition )2 (Figure 3a). Based on these base frequencies, the

LORE1 insertion sites therefore appeared palindromic.

However, we were unable to detect significant enrichment of

specific sequence stretches or insertion site motifs at the

individual sequence level. This relaxed requirement for

insertion was reflected in the distribution of LORE1 insertions

along chromosomes with few apparent hotspots (Figures 3b

and S4). Exons were preferentially targeted (P < 0.001), and

insertions in exons were 5.7 times more frequent than in in-

tergenic regions. We also observed a slightly higher (1.2-fold)

but significant (P < 0.001) preference for insertion in exonic

over intronic sequences (Figure 3c). A clear LORE1 genic

insertion preference was also observed in the study by Fukai

et al. (2011). In our population, a total of 1586 genes were

targeted by a single exonic insert, 176 genes had two exonic

inserts, and 27 genes had three or more inserts (Figure 3e).

This distribution matches the expected result for random

exonic insertions (Figure 3f), indicating homogenous gene

targeting by LORE1.

Frequent new LORE1 insertions into original LORE1

elements

Although targeting was homogenous overall, a few hotspots

were observed in the LORE1 insertion distribution

(Figures 3b and S4). Out of 8935 insertions, 193 were found

in LORE1 elements, indicating a significant preference of

LORE1 for insertion into homologous sequences (Table 2).

The central part of original LORE1 elements was preferred

for insertion, but new insertions were found throughout the

elements (Figure 3d). The remaining hotspots were found in

the retrotransposon LORE2 (Fukai et al., 2008) and other

repetitive elements. As their exact copy numbers are un-

known, we were not able to evaluate LORE1 insertion pref-

erence at these sites.

DISCUSSION

LORE1 gametophytic transposition allows rapid

large-scale mutagenesis

Arabidopsis T-DNA mutagenesis aside, no other large-scale

insertion mutagenesis system has allowed limitation of

insertion activity to germinal tissue. The gametophytic

transposition of LORE1 now makes this possible in a model

legume. As a LORE1 founder plant produces independent

Figure 2. Detection of original elements and new LORE1 insertions.

(a) Summary of FSTpoolit analysis. Of 121 million paired-end reads, 45% were

LTR–IA pairs containing a readable barcode and mapping to the reference

genome.

(b) Distribution of mapped reads between new insertions and original

elements. Amplicons originating from LORE1 3¢ LTRs represent non-specific

amplification and contribute only 0.2% of the reads.

(c) Read abundance distribution for original elements and new insertions.

(d) Frequency of new LORE1 insertions in the R2 generation.

(e) Read abundance distribution for column and row barcodes.

(f) Venn diagram showing insertions detected with two independent sets of

column barcodes.

Table 1 Comparison of insertion site frequencies across three generations of the G329-3 line

Protocol Generation

Number of
investigated
plants

New insertions
detected
compared to R1

Progeny plants
with new
insertions

Maximum
number of insertions
per plant

Mean insertion
number acquired
in generation

Southern blot R1 1 – 1 – 3
Southern blot R2 72 210 64 (88.9%) 10 2.9
FSTpoolit R2 3744 8935 3054 (81.6%) 19 2.4
Southern blot R3 90 427 89 (98.9%) NA 1.9

Detection of new insertions in the R2 generation using Southern blotting and the FSTpoolit protocol is compared. Southern blot analysis of LORE1
insertions in the R3 generation indicates lower insertional activity than in preceding generations.
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new insertions in each seed, a complete mutant population

can be generated simply by harvesting seeds from a single

plant carrying an active LORE1 element and cultivating

progeny. In addition to the substantial reduction in workload

compared to tissue culture approaches, undesired genetic

variation between mutant individuals caused by tissue cul-

ture-induced mutations is avoided. The ease of large-scale

LORE1 mutagenesis also opens new possibilities for forward

genetic suppressor screens, for example by crossing an

active LORE1 element into the genotype of interest.

The FSTpoolit protocol takes full advantage

of high-throughput next-generation sequencing

The FSTpoolit protocol combines two-dimensional pooling

and Illumina sequencing to allow large-scale identification

of retrotransposon insertions. It relies on efficient amplifi-

cation of FSTs achieved by combining mechanical DNA

shearing, splinkerette adapter ligation and nested PCR

reactions, separated by a size selection step, which serves

both to increase specificity and as an internal control for

successful product amplification. Barcode introduction

through PCR primers is cost-effective and allows pooling to

a single sample prior to ligation of Illumina library adapters.

This means that the method is well suited for taking

advantage of the high sequencing capacity of next-genera-

tion machines, as only sequencing throughput and the

number of barcodes limits the number of multiplexed

samples.

The high read depth allowed us to identify insertion sites

without introducing an experimental normalization step to

remove contributions from original elements. Only 9 of the

121 million reads generated in a single Illumina flow-cell

lane were used for detection of new insertions, but these

were sufficient to provide an average coverage of 1040 reads

per insertion. This high coverage was sufficient to retain

good sensitivity despite the variation in flanking region

amplification introduced by nested PCR amplification.

Maintaining such high sensitivity and low bias in the

high-throughput detection procedure is critical for reverse

Figure 3. Base composition and genomic distribution of LORE1 insertion

sites.

(a) Base composition of 8935 LORE1 insertion sites (left panel) and 8935

sequences 100 bp upstream of insertion sites (right panel). The composition

of the control regions correspond to the genomic average.

(b) Distribution of insertions along chromosome 2. The bin size is 20 000 bp.

(c) Distribution of insertions on intergenic and genic regions. Regions of 1 kb

upstream of the coding sequences were regarded as promoter regions.

(d) Distribution of insertions inside original LORE1 elements.

(e) Distribution of exonic insertions in individual genes. A single insertion was

found for the vast majority of genes.

(f) Estimated Lotus population size necessary to saturate the genome with

insertions. Approximately 140 000 plants will be necessary to reach a 95%

probability of having an exonic insertion in a given gene. The red dot indicates

the current status of our project.

Table 2 Repetitive elements most frequently targeted by new
LORE1 insertions

Repetitive
element

Number of
insertions
identified

LORE1 193
LORE2 51
LjMITE38 50
LjRE10 39
LjRE29 30
LjRE11 23
LjRE63 15
LjUR57 14
LjRE5 11
LjRE7 11
LjRE24 10
LjRE48 9
LjUR142 9
LjUR29 9
LjUR52 7
LjUR18 6
LjUR49 6

Only elements with six or more insertions are shown.
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genetics applications in order to limit the number of lines

required for saturating mutagenesis (Figure 3f). Also, when

using a LORE1 population for forward genetic screening,

high sensitivity is important to allow causal mutant identi-

fication, as discussed by Fukai et al. (2011). The FSTpoolit

protocol and software package should thus facilitate both

forward and reverse genetic approaches using tagged

insertion populations.

The FSTpoolit software package allows flexible fully

automated insertion detection

Publicly available web-based software packages for FST

identification rely on clustering algorithms and are

well-suited for sequencing data produced by Roche 454

technology (Kong et al., 2008; Hawkins et al., 2011). To

accommodate analysis of large amounts of Illumina

sequencing data, we developed the fully automated FST-

poolit software package for quick processing of millions of

barcoded and pooled paired-end reads. For read handling,

FSTpoolit uses two ultra-fast mapping programs, Bowtie

and BWA, both of which are based on the Burrows–Wheeler

transform (Langmead et al., 2009; Li and Durbin, 2009).

Bowtie is used for quick ungapped recognition of IA-, LTR-

and barcode-containing reads. BWA is used to produce

gapped alignments of reads to the reference genome to

allow mapping of reads to regions containing nucleotide

differences as well as insertions or deletions. In our case,

this was important as the reads from the mutagenized

L. japonicus Gifu population were mapped to a L. japonicus

MG20 reference sequence. The mapping approach limits the

detection of insertions to sequence regions present in the

reference genome. As the Lotus genome is currently

incomplete, not all insertions were called. However, auto-

mated FSTpoolit analysis makes it easy to update the

insertion information as more sequence information

becomes available.

FSTpoolit is flexible and easily configured for use with

different lengths and sequences of reference genome,

barcode, LTR and IA. It is designed as three modules, which

all use information from the same configuration file. The

modular design makes it possible for the user to quickly test

different filtering options using FSTpoolit_filter without

having to repeat the computationally heavy read processing

and primer design steps. FSTpoolit is compatible with any

FST-based system and any paired-end sequencing system. It

can be easily adapted to one-dimensional pooling, and,

although designed for a high-throughput reverse genetic

study, FSTpoolit can also be used for robust identification of

multiple mutants identified in forward genetic screens.

Genic insertion preference makes LORE1

a powerful mutagen

Retrotransposons vary in their insertion site preferences,

and some accumulate in genic regions (Yamazaki et al.,

2001; Tadege et al., 2008). However, induction of endo-

genous activity of plant retrotransposons has only been

shown in a handful of cases (Hirochika et al., 1996; Takeda

et al., 1998; D’Erfurth et al., 2003; Madsen et al., 2005; Fukai

et al., 2008), and only Tos17 and Tnt1 have been used for

large-scale mutagenesis (Miyao et al., 2003; Tadege et al.,

2008). LORE1 was previously shown to insert preferentially

into genes and be able to cause gene knock-outs resulting

in detectable phenotypes (Stracke et al., 2002; Madsen et

al., 2005; Kanamori et al., 2006; Yokota et al., 2009), and a

LORE1-mutagenized population has been successfully used

for a forward genetic screen for symbiotic mutants (Fukai

et al., 2011). Our data confirms exons as the preferred

LORE1 insertion targets. Similarly to Tnt1, LORE1 inser-

tions show no preference for specific genomic regions.

Moreover, we have not observed accumulation in particu-

lar gene classes, distinguishing LORE1 from the rice-de-

rived Tos17 element, for which new insertions are

frequently found in kinases or defence resistance genes

(Miyao et al., 2003). Our results are in agreement with the

data obtained by Fukai et al. (2011), which also demon-

strated a genic LORE1 insertion preference and well-dis-

tributed LORE1 insertions with few hotspots, mainly

corresponding to LORE1 itself and other repetitive

elements. Insertions into endogenous, sequence-related

elements have also been observed for Tos17 (Miyao et al.,

2003).

In the R2 generation, LORE1 elements accumulated at a

rate of 2.4 detectable new copies per plant, resulting in a low

mutation background load comparable to that in Arabidopsis

T-DNA lines, which carry approximately 1.5 insertions per

line (Alonso et al., 2003). Due to the high preference for

exonic insertions, the 8935 new LORE1 insertions include

exonic insertions in 1789 unique genes (Figure 3e). As the

low insertion frequency is compensated for by the exonic

preference, a population of approximately 140 000 lines

should be sufficient to produce exonic insertions in approx-

imately 95% of Lotus genes (Figure 3f).

In conclusion, LORE1 allows rapid large-scale mutagenesis

due to its gametophytic transposition, and it shows a strong

genic insertion preference while retaining sufficiently

relaxed insertion site requirements to target exons gen-

ome-wide in a homogenous fashion. As LORE1 is an

autonomous retrotransposon, expanding its use to include

promoter trapping and activation tagging approaches

requires that the introduced sequence changes do not

impair LORE1 functions. Likewise, developing a similar

system in other species by constructing transgenic founder

lines carrying the activated LORE1a element from Lotus

depends on maintaining LORE1a activity in the transgenic

individuals. Evaluation of LORE1 applicability in such cases

will require experimental investigation. Alternatively, the

FSTpoolit method could be used in other species to test

offspring from large numbers of tissue culture lines for
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ª 2011 The Authors
The Plant Journal ª 2011 Blackwell Publishing Ltd, The Plant Journal, (2012), 69, 731–741



gametophyte-specific transposition of candidate endoge-

nous mobile elements.

All the lines generated in this study are freely available to

the research community, and can be searched using the

genome browser and BLAST search tools available at http://

www.kazusa.or.jp/lotus/blast.html and http://carb.dk/resour-

ces.asp. The FSTpoolit software package including example

files is freely available for download from the Centre for

Carbohydrate Recognition and Signalling website (http://

carb.dk/resources.asp).

EXPERIMENTAL PROCEDURES

Plant materials and methods

The LORE1-mutagenized population is offspring from a L. japonicus
Gifu line G329-3 R1 plant, in which LORE1a de-repression occurred
during regeneration from tissue culture in the R0 generation. Seeds
from G329-3 R1 self-pollinated plants were scarified by submerging
seed-containing paper bags in liquid nitrogen 15 times for 20 sec
each, interspersed with 30 sec incubation at 65�C, and the seeds
were then surface-sterilized by washing for 20 min in 0.5% hypo-
chlorite. The seeds were subsequently rinsed five times with distilled
water and left on moist paper at 4�C for 3 days until imbibed. The
seeds were germinated in soil in separate pots arranged in a 2D set-
up, and grown in a greenhouse under 14/10 h light/darkness and
>70% relative humidity. Six weeks after germination, leaf samples
were collected. The samples from each row and column of the array
were collected in separate tubes as indicated in Figure 1(a). R3 seeds
were collected by cutting the whole shoot off and drying it enclosed
in a paper bag in a 40�C drying cabinet for at least 48 h.

Sequencing library preparation

All oligo sequences are shown in Table S3. Plant tissue was ground
in 30 ml tubes (Sarstedt stock number 55.517, http://www.
sarstedt.com) by freezing in liquid nitrogen and vortexing with four
9 mm porcelain beads. DNA for analysis was extracted using the
hexadecyltrimethylammonium bromide (CTAB) method (Rogers
and Bendich, 1985). DNA was sheared to 800 bp fragments using a
Covaris S-series instrument (http://www.covarisinc.com/) by trans-
ferring 130 ll of DNA in 10 mM Tris/HCl (200 ng ll)1) to Covaris
snap-cap microTUBEs and shearing for 40 sec using the following
settings: duty cycle, 5%; intensity 3; cycles per burst, 200; water tank
temperature 6–8�C; power mode, frequency sweeping; degassing
mode, continuous. Sheared DNA was ethanol-precipitated, re-dis-
solved in 10 mM Tris/HCl pH 8.0, transferred to 96-well PCR plates,
and quantified spectrophotometrically.

The ends of DNA fragments were blunted in an end-repair
reaction in which 5 lg of DNA was incubated for 30 min at 37�C in a
30 ll reaction consisting of 1 mM ATP, 7.75 mM MgCl2, dNTPs
(0.1 mM each), 10 mM Tris/HCl pH 8.3, 50 mM KCl, 0.1% Triton
X-100, 1.5 units T4 DNA polymerase (Fermentas, http://www.
fermentas.com) and 30 units T4 DNA polynucleotide kinase. The
reaction was terminated by incubating for 15 min at 75�C.

3¢ ends were adenylated by adding 20 ll of the adenylation mix
[2.5 units Taq polymerase (VWR, http://www.vwr.com/), 0.1 mM

dATP, 50 mM KCl, 0.1% Triton X-100] to the end-repair reaction,
and incubating for 30 min at 37�C. Samples were purified on High
Pure 96 UF Cleanup Plates (Roche, http://www.roche-applied-sci-
ence.com) and resuspended in 50 ll Tris/HCl. For each sample, 42 ll
were recovered and transferred to a fresh 96-well PCR plate for
ligation with the intermediate adaptor (IA). The IA is a splinkerette
adaptor with the oligo sequence proposed previously by Mikkers

et al. (2002), but modified to produce a single T overhang. The IA
was prepared freshly by mixing equimolar concentrations of
‘SPLshort’ and ‘SPLlong’ oligos in annealing buffer [10 mM Tris/
HCl, 50 mM NaCl and 1 mM EDTA]. The tube with the mixed oligos
was placed in a heating block that was first heated to 95�C for 3 min
and then left to slowly cool down to room temperature (approxi-
mately 1 h). Ligation was performed in a 50 ll reaction comprising
5 units of T4 DNA ligase (Fermentas) and a 10:1 molar ratio of IA to
genomic DNA (Figure 1b) in T4 DNA ligase buffer (Fermentas).
Ligation was performed at 4�C overnight, and the ligase was
inactivated by a 10 min incubation at 65�C. DNA was purified on
High Pure 96 UF Cleanup Plates (Roche) as described above, and
eluted in 50 ll 10 mM Tris/HCl pH 8.0.

5¢ LORE1 FSTs were amplified in two rounds of PCR using Taq
polymerase (VWR). In the first reaction, 100 ng template DNA was
amplified with primers Splink1 and P2 (Table S3) using the PCR
program: pre-denaturation at 95�C for 3 min, 10 touchdown cycles
of 95�C for 30 sec, 72–68�C for 30 sec (with a decrease of 0.4�C per
cycle) and 72�C for 90 sec, followed by 15 standard cycles of 95�C for
30 sec, 68�C for 30 sec and 72�C for 90 sec, with a final elongation at
72�C for 7 min. Samples were resolved on a 1.5% agarose gel, and
the 500–600 bp fraction was excised using a cut 1 ml pipette tip.
Pipette tips together with gel fragments were transferred to home-
made columns (Figure S5) and spun in a table centrifuge at 16 400 g

for 10 min. A 1 ll aliquot of recovered solution was used as a
template for the nested PCR reaction, in which Splink2 and P3
primers were used with the PCR program and enzyme described
above, but with 60 sec elongation time instead of 90 sec. The first
two bases on the 5¢ end of the Splink2 primer were randomized to
introduce diversity at the start of Illumina reads. For each sample, a
different P3 primer with a distinct 7 bp molecular barcode at the 5¢
end was used. Samples from the columns of our 2D set-up were
amplified independently using two sets of barcodes (Table S4).

The PCR products (20 ll) were examined on a 2% agarose gel,
and the DNA concentration in the size range 200–400 bp was
estimated. Samples were pooled at roughly equimolar concentra-
tions and used for Illumina PE library preparation and sequencing
(Fasteris, http://www.fasteris.com). Standard paired-end Illumina
adapters were ligated to the nested PCR products, and after an
amplification step with standard Illumina primers, the 250–350 bp
fraction was gel-purified and sequenced using an Illumina Hi-Seq
instrument (Fasteris).

Southern blotting

DNA for Southern blotting was isolated using the CTAB method,
and 5–10 lg of each sample was digested using HindIII. Restriction
fragments were resolved on a 0.9% agarose gel and blotted onto a
membrane using a PosiBlot 30-30 pressure blotter (Stratagene, cat.
no. 400330) according to the manufacturer’s instructions. Blots were
subsequently UV cross-linked, pre-hybridized in buffer at 65�C,
hybridized with a probe amplified using primers PM-03441 and PM-
03447 from BAC clone 68M10 previously described by Madsen et al.
(2005), and labeled with 32S-dATP using a DecaLabel kit (Fermen-
tas). Blots were washed at 65�C with SSC buffers of decreasing salt
concentrations until a final wash in 0.3% SSC and 0.1% SDS.

LORE1 insertion PCR genotyping

FSTpoolit-designed primers were used to genotype LORE1 mutants
in a PCR reaction comprising 0.05 units Taq polymerase (VWR),
0.5 pmol ll)1 of each primer, 10 mM Tris/HCl pH 8.5, (NH4)2SO2,
1.5 mM MgCl2, 0.1% Tween-20 (VWR, Extra buffer), using the PCR
program: 95�C for 3 min, five cycles of 95�C for 30 sec and 72�C for
75 sec, 10 touchdown cycles of 95�C for 30 sec, 72–68�C (decreasing
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gradually with every cycle) for 30 sec and 72�C for 45 sec, followed
by 20 cycles of 95�C for 30 sec, 68�C for 30 sec and 72�C for 45 sec,
with a final elongation step at 72�C for 10 min. Forward primers were
used with LORE1-specific primer P2 (Figure S1B) to detect loci with
LORE1 insertions. Reverse primers together with forward primers
yield a PCR product only if the locus they flank does not contain an
insertion. The genotyping primers used are listed in Table S5.

Bioinformatics methods

Barcode design. Seven base pair barcodes, with an edit distance
of at least three, meaning that at least three base substitutions have
to occur to change one barcode into another, were designed using
suggestions and scripts developed by Meyer and Kircher (2010). Of
the 192 barcodes designed, 174 were used in this experiment: 78
were used to tag DNA pools corresponding to rows, and two distinct
sets of 48 barcodes each were used to tag the columns (Table S4).

FSTpoolit data analysis. Using FSTpoolit_map, sequencing
data were first analyzed for the presence of LORE1 LTR and IA
sequences (Figure 1c). Reads were aligned separately to LTR
(38 bp) and IA (32 bp) reference sequences using Bowtie 0.12.7
(Langmead et al., 2009). A maximum of three mismatches were
allowed, and reads were trimmed so that only the region predicted
to contain LTR or IA was used for alignment. This removed all reads
that were truncated or did not originate from the LORE1 border
fragment regions. Based on the alignment output, LTR and IA des-
ignations were assigned to reads. Subsequently, Bowtie was used
to map the first seven bases from reads containing LTR sequence to
a barcode reference index, allowing a single mismatch. Reads that
did not match any barcode were discarded. Array coordinate
identifiers were then assigned to reads matching a barcode, and the
reads were trimmed to remove LTR, IA and barcode sequences,
leaving only genomic sequence. Trimmed reads were then mapped
to L. japonicus MG20 genome release version 2.5 (Sato et al., 2008)
using BWA (Li and Durbin, 2009). BWA was used to allow gapped
alignments using the options ‘bwa aln -t 6 -I 28 -k 2 -I’ and ‘bwa
sampe -P -a 450 -N 3’. Insertion site information was extracted only
from pairs where both reads were successfully aligned, and
mapped read information was then summarized by position.

FSTpoolit_filter was then used to eliminate noise. To achieve this,
we required a barcode read abundance of at least five in both
columns and rows, and an above-average abundance at the
position in question. Positions of original LORE1 elements were
identified by their large abundance and presence in all pools.
Identified original elements and any other insertions within 20 bp
from them were filtered out. Next, a mis-mapping filter was applied
to remove insertions supported by a low number of reads compared
to other insertions within 10 bp in the same plant. The remaining
insertion sites were then annotated as the position of the first base
upstream of the LORE1 5¢ LTR, and traced back to individual plants
based on the pooling scheme.

2000 bp genomic regions centered on the new LORE1 insertions
were extracted, and, based on these, Primer3 release 2.2.3 (Rozen
and Skaletsky, 2000) was used within FSTpoolit_primer to batch-
design genotyping primers. For each insertion site, forward and
reverse primers were designed. Both primers were designed to
yield a single PCR product of between 300 and 700 bp. Detailed
settings are shown in the ‘primer3_LORE1_settings’ file included in
the FSTpoolit package.

Analysis of insertion site distribution. Original elements were
identified from the FSTpoolit ‘coordinate_abundance_summary’
file as positions present in all barcoded pools. Sequences 50 bp

long upstream of the 5¢ LTR of original LORE1 elements were
extracted and used for BLAST database construction. Mis-mapped
original elements were identified by BLAST search using BLAST+
2.2.14. (NCBI, ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
LATEST/).

Similarly, BLAST searches were used for identification of inser-
tions in repetitive elements. Information about barcode abundances
was retrieved from the FSTpoolit ‘coordinate_abundance_sum-
mary’ file. Insertion sites were annotated based on the L. japonicus
gene model release 2.5 (http://www.kazusa.or.jp/lotus).

The insertion distribution was visualized using R by plotting a
histogram for L. japonicus chromosomes with breaks every 20 kbp.
Insertion site flanking sequences were queried for over-represented
motifs using MAST (http://meme.sdsc.edu/meme4_6_1/cgi-bin/
mast.cgi).
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