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Abstract

Functional genomic elements, including transposable elements, small RNAs and non-coding RNAs, are involved in
regulation of gene expression in response to plant stress. To identify genomic elements that regulate dehydration and
alkaline tolerance in Boea hygrometrica, a resurrection plant that inhabits drought and alkaline Karst areas, a genomic DNA
library from B. hygrometrica was constructed and subsequently transformed into Arabidopsis using binary bacterial artificial
chromosome (BIBAC) vectors. Transgenic lines were screened under osmotic and alkaline conditions, leading to the
identification of Clone L1-4 that conferred osmotic and alkaline tolerance. Sequence analyses revealed that L1-4 contained a
49-kb retroelement fragment from B. hygrometrica, of which only a truncated sequence was present in L1-4 transgenic
Arabidopsis plants. Additional subcloning revealed that activity resided in a 2-kb sequence, designated Osmotic and Alkaline
Resistance 1 (OAR1). In addition, transgenic Arabidopsis lines carrying an OAR1-homologue also showed similar stress
tolerance phenotypes. Physiological and molecular analyses demonstrated that OAR1-transgenic plants exhibited improved
photochemical efficiency and membrane integrity and biomarker gene expression under both osmotic and alkaline stresses.
Short transcripts that originated from OAR1 were increased under stress conditions in both B. hygrometrica and Arabidopsis
carrying OAR1. The relative copy number of OAR1 was stable in transgenic Arabidopsis under stress but increased in B.
hygrometrica. Taken together, our results indicated a potential role of OAR1 element in plant tolerance to osmotic and
alkaline stresses, and verified the feasibility of the BIBAC transformation technique to identify functional genomic elements
from physiological model species.
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Introduction

Drought, alkaline and high calcium are major environmental

factors in South-west China Karst landforms that limit plant

growth and crop productivity [1,2]. Improving crop tolerance to

environmental stresses is thus beneficial for both the agriculture

and ecosystem dynamics in the region. Drought stress has been

intensively studied in plants, resulting in the identification of a

large number of genes that play a potential role in tolerance

mechanisms [3]. In contrast, tolerance to alkaline and high

calcium stress has not been intensively studied in plants.

Many plant species in the Gesneriaceae family such as Boea

hygrometrica, Haberlea rhodopensis, Ramando myconi, Metape-

trocosmea peltata, Chirita heterotricha, Oreocharis flavida, and

Paraboea rufescens [4] are well adapted to the Karst region, and

grow in shady limestone crevices where the soil is alkaline [5,6]. B.

hygrometrica, H. rhodopensis and R. myconi, are also known as

resurrection plants, a category of plants that are able to tolerate

full desiccation (leaf relative water content ,10%) and are viable

after rehydration within 48 h [7–9].

Previously, it was reported that the thylakoid pigment-protein

complexes and pigment contents were highly stable during

desiccation and rehydration in B. hygrometrica, but were irreversibly

lost in the desiccated leaves of a non-resurrection Gesneriaceae

species Chirita heterotrichia [7]. The stabilization of photosynthetic

apparatus during water deficit had also been reported on

resurrection plants in Haberlea spp. and Ramando spp. [8,9],

indicating that these plants may have evolved distinct adaptive

mechanisms to cope with desiccation. Plant responses to water

deficit are complex, and these responses can be synergistically or

antagonistically modified by the superimposition of other stresses

[13]. It is unknown whether the concurrent environment factors

such as high calcium and alkali evoke common adaptive
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mechanisms that dehydration triggers in these Gesneriaceae

resurrection plants.

Genome-level regulation such as chromatin modification and

assembly, transposable elements, small RNAs, and non-coding

RNAs are involved in plant stress responses [14,15].With the

exception of CDT-1 from Craterostigma plantagineum [16–18],

genomic elements that regulate stress tolerance in resurrection

plants have not been identified, which is largely due to the lack of

genome sequence data and genetic analysis tools.

Binary bacterial artificial chromosome (BIBAC) vectors were

developed for transformation of large genomic DNA fragments

into plants. This technology can be used overcome the technical

limitations in species where genetic transformation and genome

sequences are not available [19–21]. Therefore it became a useful

tool for phenotype-based screening of genomic elements. For

example screening of a BIBAC library from Thellungiella halophila

led to the identification of a clone with a 120–130-kb insert that is

associated with improved salt tolerance [22]. Screening of a

BIBAC library from Leavenworthia alabamica also led to the

identification of 84 20-kb genomic clones with phenotypic effects

such as short fruit and aborted seeds [23]. In this study, a BIBAC

library was constructed with B. hygrometrica genomic DNA and used

for generation of transgenic populations. A BIBAC clone that

conferred osmotic or alkaline tolerance was identified, and the

resident functional element that might be responsible for the

improved osmotic and alkaline tolerance was assigned.

Materials and Methods

BIBAC library construction
B. hygrometrica plants were collected from a self-bred population

grown in green house conditions in our lab. Therefore no specific

permission was required for these collections. This study did not

involve endangered or protected species. Leaves of young B.

hygrometrica plants were ground in liquid nitrogen. The isolation of

the nuclear DNA was conducted as described by Zhang et al. [24].

Nuclear DNA in the plugs was partially digested by BamHI and

analyzed by pulsed-field gel electrophoresis (PFGE) using a WD-

2010 apparatus (Beijing Liuyi Instrument Factory, China) on 1%

agarose gels in 0.56TBE buffer at a 5-s pulse time of 6 V/cm, at

15uC for 15 h. Restriction fragments in a range from 40 to 90-kb

were collected and ligated with the vector pCLD04541 [25],

which was completely digested and dephosphorylated. Ligated

DNA was transformed into E. coli strain DH10B electrocompetent

cells (Gibco-BRL, USA) by electroporation using a Cell Porator

and Voltage Booster System (Gibco-BRL, USA) as described by

Zhang et al [26]. About 4,600 clones were obtained from selection

media, and were arrayed in 126384-well microtiter plates and

maintained in 280uC.

Analysis of BIBAC clones
Random clones from the BIBAC library were grown overnight

at 37uC in LB medium containing 15 mg/L tetracycline

(Amresco, USA). Plasmid DNA was isolated with the alkaline

lysis method. Insert fragments were released from the pCLD04541

vector by digestion with NotI (TaKaRa, Japan) and subjected to

PFGE performed as described above. The insert sizes of these

clones were estimated using a lambda DNA ladder as the

molecular-weight standard.

Estimation of nuclear genome size
The absolute amount of nuclear DNA (i.e. genome size) in B.

hygrometrica was estimated using flow cytometry analysis. The

experimental material consisted of leaves of B. hygrometrica, with

Arabidopsis thaliana serving as an internal reference standard. The

histogram of relative DNA content was obtained after flow

cytometric analysis of nuclei of B. hygrometrica and Arabidopsis, which

were isolated, stained, and analyzed simultaneously. B. hygrometrica

2C DNA content = (Boea G1 peak mean)/(Arabidopsis G1 peak

mean)6Arabidopsis 2C DNA content (Arabidopsis 1C = 125 Mb)

[27].

Transformation of BIBAC clones into Agrobacterium and
Arabidopsis

The BIBAC clone was sequenced to obtain terminal sequences

that were used to design primers for clone-specific designation.

Plasmid DNA of BIBAC clones was isolated with the alkaline lysis

method and transformed into A. tumefaciens strain GV3101 via

electroporation. The electroporated GV3101 clones were selected

on YEB medium containing 50 mg/L rifampincin, 50 mg/L

kanamycin, and 35 mg/L gentamycin. Random colonies were

incubated in liquid YEB medium with antibiotics (as above) for 2

days at 28uC with shaking at 170 rpm and confirmed by PCR

using primer pairs designed according to the appropriate clone-

specific terminal sequences. Agrobacterium clones transformed with

L1-4 were incubated in liquid YEB medium with antibiotics (as

above) at 28uC, with shaking at 170 rpm. When the OD600 value

of the culture increased to about 0.8, 500 ml of the culture was

transferred to a 50 ml culture for continued growth. These

cultures were subcultured 4 times, for approximately 10 hours for

each passage. 1 mL of the first culture and 1 mL of the fifth culture

were used to analyze the integrity of the BIBAC DNA in

Agrobacterium using the multiple-marker PCR-based method [20].

Floral-dip transformation of Arabidopsis was conducted using the

Columbia ecotype [28]. Transgenic plants were confirmed by

PCR amplification using the BIBAC terminal specific primers.

Homozygous lines were selected through two further rounds of

selection on plates containing 50 mg/L kanamycin. Kanamycin-

resistant T1 plants were transferred to soil and seeds were

collected. These T2 seeds were sown on plates containing 50 mg/

L kanamycin. The ratio of green to yellow seedlings of each line

was analyzed with a Chi-square test. The lines with a 3:1 ratio of

survival on kanamycin were selected and grown to maturity. T3

seeds were collected and sown again on plates containing 50 mg/L

kanamycin, and lines with 100% survival were considered as

homozygous. The relative copy numbers and expression levels of

the transgenes were checked by quantitative real-time PCR using

genomic DNA and reversed transcribed DNA from RNA from the

transgenic plants as templates, respectively. Only T3 seeds of

homozygous lines were used for further experiments.

Thermal asymmetric interlaced PCR (Tail-PCR) [29] was used

to determine the insertion site of L1-4 in transgenic line L1-4-2.

Genomic DNA was extracted using the CTAB method [30], and

used as the template for Tail-PCR. Three primers, SP1, SP2, and

SP3 were designed according to the adjacent sequences of the

multiple cloning site of pCLD04541, using AD1 as the degenerate

primer (Table S1 in File S1.).

Examination of stress tolerance in transgenic lines
T3 seeds of transgenic lines were surface sterilized and placed on

1/2 Murashige & Skoog (MS) agar plates, and then cultivated

vertically at 22uC for germination with a 16 h light/8 h dark cycle.

3 day-old seedlings were transferred to 1/2 MS agar plates that

were saturated overnight with different concentrations of PEG

8000 (25% and 40% (w/v) PEG) for osmotic screening [31]; to 1/

2 MS agar plates which were adjusted with potassium hydroxide to

pH 5.6, 8.5, or 9.0 respectively, for alkaline screening; and to agar

plates containing 60 mM or 80 mM CaCl2 for high-calcium stress
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screening. The location of the seed lots were kept consistent in

each treatment in one set of experiments but arranged randomly

in different sets of repetitions. For each treatment, at least three

independent experiments were conducted with at least three plates

with 6 seedlings per line per plate was assayed. Photographs were

taken, total root length and physiological parameters were

determined after 2 weeks of growth. The total length of primary

root and lateral roots were measured with ImageJ software. The

empty vector control (pCLD04541) transformed plants showed no

difference compared to the wild-type (Col-0) on PEG and alkali

stress condition (Figure S1 in File S1.), therefore were not included

in the subsequent phenotyping test. For soil dry treatment, T3

seeds of transgenic lines were germinated on 1/2 MS agar plates

and 5 day-old seedlings were transferred to soil in pots for

dehydration for 7 days. Three replicates of 25 seedlings were tested

in each treatment. In all cases, wild-type seed batches that were

generated at the same time as the transgenic seed lines were

germinated and transferred in parallel with the transgenic plants as

controls.

Physiological parameter determination
Leaf relative water content (RWC) was estimated according the

following formula: (RWC, %) = (fresh weight 2 dry weight)/

(turgid weight 2 dry weight)6100. Photochemical efficiency (Fv/

Fm), and the extent of electrolyte leakage were measured as

described previously [10]. Leaves were fixed with absolute ethyl

alcohol for 2–3 min and used for stomata observation with light

microscopy (B204LED, China). The experiments were performed

twice, with three independent leaves for each treatment at each

time point.

Shotgun sequencing
The BAC plasmid of L1-4 was purified using the QIAGEN

Large-Construct Kit. Ultrasonically-broken and sheared BAC

DNA (1.5–3-kb) was ligated into the pUC19 vector and

transformed into E. coli strain Top10. The generated shotgun

subclones were then sequenced from both ends using the dideoxy

chain termination method using BigDye Terminator Cycle

Sequencing V3.1 Ready Reaction (Applied Biosystems) on

ABI3730xl Capillary Sequencing machines (Applied Biosystems).

The subclones were sequenced to generate 8–10 fold coverage.

The Phred-Phrap program (University of Washington, Seattle,

WA, USA; http://www.phrap.org/phredphrapconsed.html) was

used to assemble the shotgun sequences and gap-closing of each

BAC [32,33].

Subclone library construction
The plasmid DNA of BIBAC L1-4 was partially digested by

Sau3A. Fragments between the sizes of 5 and 8-kb were collected

and ligated into the pCLD04541 plasmid which was completely

digested by BamHI and dephosphorylated. The recombinant DNA

was transformed into E. coli EPI300 competent cells by electro-

poration. S3, S21, S32, and S35 were identified by PCR with

different pairs of primers: 1 kF and 1 kR, 3 kF and 3 kR, 4 kF and

4 kR, 5 kF and 5 KR, 14 kF and 14 kR, 19 kF and 19 kR, 44 kF

and 44 kR, 46 kF and 46 kR, and 47 kF and M13R-48,

respectively (Table S1 in File S1.).

Sequence analysis
The open reading frames (ORFs) in the genomic sequences

were predicted with the gene-finding tools FGENESH (http://

linux1.softberry.com) using the Arabidopsis dataset with default

settings. Repetitive elements were searched with the program

RepeatMasker (http://www.repeatmasker.org/cgi-bin/WEBRepeat

Masker). The retrotransposons were identified with LTR_ Finder

(http://tlife.fudan.edu.cn/ltr_finder/). The gene identities were

predicted with BLAST analysis (http://blast.ncbi.nlm.nih.gov).

RNA isolation and Real-time PCR
Total RNA was isolated using the TRIzol method with RNAiso

Plus (Takara, D9108B). After digestion with DNase I, it was

reverse transcribed into cDNA with Oligo(dT)18 primer using M-

MLV reverse transcriptase, and used as template for PCR

amplification. ACTIN2 and 18S were used as internal references

for transgenic lines and B. hygrometrica gene expression determina-

tion, respectively. Real-time PCRs were performed in a Master-

cycler ep realplex apparatus (Eppendorf, Hamburg, Germany)

with SYBR Green Realtime PCR Master Mix (TOYOBO, Japan).

Specific primers were listed in Table S1 in File S1.

Determination of OAR1 relative copy number
Relative copy number of OAR1 was assessed by quantitative

real-time PCR using OAR1-1F and OAR1-1R primers and

genomic DNA from B. hygrometrica and transgenic Arabidopsis lines

S21-3 and S21-14. NPTII gene in the transgene cassette was used

as an internal control for determination of the relative copy

number of OAR1 in transgenic Arabidopsis lines. NPTII gene in the

plasmid DNA of the empty vector pCLD04541 was used as an

external control for determination of the relative copy number of

OAR1 in the B. hygrometrica genome.

Accession numbers
The OAR1 nucleotide sequence has been submitted to NCBI

with accession number KF425673.

Results

Construction and characterization of a B. hygrometrica
BIBAC library

A BIBAC genomic library was constructed for B. hygrometrica

from nuclear DNA, containing about 4,600 clones in total. To

estimate the quality of this library, the insert sizes of 50 randomly

selected clones from the library were analyzed by digesting the

plasmid DNA with NotI and subsequent separation by pulsed-field

gel electrophoresis (PFGE). The results are presented in Figure 1

(A–D). The majority of these clones contained inserts with sizes

ranging from 40 to 90-kb. Because 10% of the clones have inserts

larger than 100-kb, the average insert size was 62-kb. Among

these 50 clones, one did not contain an insert, accounting for 2%

of the clones analyzed. Thus the frequency of clones lacking an

insertion was lower than that of the BIBAC libraries made for

tomato [34], petunia [35], rice [36], Arabidopsis thaliana ecotype

Landsberg [37], or chickpea [38], which were 10%, 6.5%, 4.8%,

17.6%, and ,5%, respectively. The low frequency of empty

constructs and the fact that each BAC clone contained different

insertion sizes implies that the B. hygrometrica BIBAC library was

of good quality.

To determine the genome coverage of this library, the

nuclear DNA content of B. hygrometrica was estimated by flow

cytometry. Using Arabidopsis as an internal reference, the

haploid genome size of B. hygrometrica was calculated to be

240 Mb (Figure 1E). Based on the average insert size of 62-kb

the coverage of the library is approximately 1.18 haploid

genome equivalents.
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Construction of populations of transgenic Arabidopsis
lines carrying B. hygrometrica BIBAC clones

288 BIBAC clones were subjected to BAC terminal sequencing

to obtain sequence information for designing primers that could be

used to generate markers of each clone. Among these, 172 unique

BIBAC plasmids were selected for transformation into Agrobacter-

ium and subsequently into Arabidopsis, as indicated by distinct PCR

products using the clone-specific primers. In total, 43 BIBAC

clones were successfully transformed into Arabidposis and 213

transgenic lines were generated. For 37 of these lines, .3

independent transformants were obtained and subsequently used

for phenotypic analyses.

BIBAC clone L1-4 conferred osmotic and alkaline
tolerance in transgenic Arabidopsis

To identify genomic DNA fragments of B. hygrometrica that are

able to improve osmotic, alkali, and/or high calcium tolerance, T3

generation transgenic plants were subjected to screening under

osmotic, alkaline, or high calcium stress conditions. The results

revealed that transgenic lines carrying the BIBAC clone L1-4

exhibited tolerance to both osmotic and alkali stresses. These

transgenic plants grew well on 1/2 MS plates (pH 5.6), showing no

obvious difference from the wild-type. However, transgenic plants

exhibited better growth as shown by the bigger rosette, longer total

roots (primary and more lateral roots together) on alkaline media

(pH 8.5) or media with 25% PEG, as compared to the wild-type

and ‘‘empty vector’’ control plants (Figure 2, Figure S1 in File S1.).

The alkali resistant phenotype was further confirmed by the higher

ratio of plant survival in transgenic lines on alkaline media

(pH 9.0) than that in wild-type (Figure S2 in File S1.). On PEG-

mediated osmotic stress conditions, the transgenic plants exhibited

thicker and longer lateral roots compared to the wild type

(Figure 2). The osmotic resistant phenotype was further supported

by the higher survival rates of the transgenic plants of L1-4 than

the wild-type under soil drought conditions (Figure S3 in File S1).

However, these transgenic lines did not show tolerance to high

calcium (data not shown). These data suggested that a functional

fragment of genomic DNA carried by BIBAC clone L1-4 was able

to confer osmotic and alkaline tolerance in Arabidopsis.

To check if the observed phenotypes of transgenic plants

resulted from an insertional mutagenesis event, the insertion site of

L1-4 in transgenic line L1-4-2, which exhibited the strongest

osmotic and alkaline tolerance among the transgenic lines, was

examined. The result indicated that L1-4 DNA inserted in the

interval of a non-coding region between two alpha tubulin (TUA)

genes in Arabidopsis chromosome 5,897 bp up-stream of TUA3

(reverse orientation) and 1703 bp up-stream of TUA5 (forward

orientation) on chromosome 5 (Figure S4A in File S1). Semi-

quantitative RT-PCR revealed that TUA3 and TUA5 expression

was reduced in L1-4 transgenic plants (Figure S4B in File S1).

L1-4 contained a cluster of nested LTR-retrotransposons
The insert size of BIBAC L1-4, as determined by a complete

NotI digestion and PFGE, was approximately 50-kb (Figure S5 in

File S1). To identify the specific genetic element that is responsible

for the osmotic and alkaline pH-resistant phenotypes, shotgun

sequencing was performed to obtain the full sequence information

of the insert DNA in L1-4. Sequence assembly resulted in a

continuous 49,387 bp contig with the GC content of 45.49%.

Using the sequence to query the GenBank nucleotide database, we

detected several discontinuous DNA fragments with similarities to

the genomic sequences of Mimulus guttatus, grape, tomato,

populous, and pineapple, with the highest similarity of 70% and

query coverage of up to 17%. Besides, TBLASTX analysis did not

detect any similarity to known proteins with the exception of gag-

pol polyproteins [39], which are generally components of retro-

transposons (retroelements).

Figure 1. Analysis of insert size for the Boea hygrometrica BIBAC library and determination of genome size of B. hygrometrica by flow
cytometry. (A–C) Pulsed-field gel electrophoresis (PFGE) patterns of 32 representatives of the 50 random BIBAC clones that were digested with NotI.
PFGE gels were stained with ethidium bromide. M1, marker with bands of size 3, 5 and 8-kb; M2, Lamda ladder PFG marker with band sizes of 48.5, 97,
145 and 194-kb. (D) Insert size distributions of the 50 clones randomly selected from the B. hygrometrica BIBAC library. (E) Determination of genome
size of B. hygrometrica by flow cytometry. Arabidopsis served as internal reference standard. B. hygrometrica 2C DNA content = (Boea G1 peak mean)/
(Arabidopsis G1 peak mean) 6Arabidopsis 2C DNA content, the ratio of G1 peak means (B. hygrometrica: Arabidopsis) was 1.86, hence the 2C DNA
amount of B. hygrometrica was estimated as 480 Mb (Arabidopsis 1C = 125 Mb).
doi:10.1371/journal.pone.0098098.g001
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To identify possible protein-coding sequences, the FGENESH

algorithm was used for ORF prediction in the L1-4 insert. This

resulted in the identification of 11 ORFs, 10 of which were

complete (Figure 3A). Standard BLASTP analysis failed to find

any homologues for ORF2, 3, or 8; but it revealed homologues to

long terminal repeats (LTRs) for ORF1, 4, and 9, as well as gag-

pol polyproteins of LTR-retrotransposons for ORF5, 6, 7, and 11,

suggesting that L1-4 may indeed consist of LTR-retrotransposons,

which is a major type of transposons (transposable elements, TEs)

in higher plants [40]. In total, 3 gypsy (TE1, TE3 and TE4), and 1

copia (TE2) were predicted in the L1-4 contig according to the

organization of the gag and pol genes. LTR finder and

RepeatMasker were then used to predict the corresponding

LTR of the identified retrotransposons. Only one pair of LTRs

was identified as clamped LTRs of TE1, while the others were

solo-LTR or incomplete. TE1 and TE4 were highly homologous

(.95%) in different orientations. TE2 and TE3 were located

inside the LTR pair-clamped region downstream of the 39

terminus of TE1 (Figure 3A). Thus the whole contig of L1-4 was

constituted of four nested and truncated retrotransposons. Such

genomic structure has been reported previously in both plants and

animals [41–43]. The middle sections of both TE1 and TE4 show

a remarkable resemblance to Arabidopsis LTR-retrotransposons

AtGP1 and AtGP2 [44]. Besides, 130 dimer- and 42 trimer-

microsatellites were detected in the 49-kb sequence. These data

showed that L1-4 contained a region of the B. hygrometrica genome

with short tandem repeated transposons and nested transposons.

L1-4 became truncated in the transgenic Agrobacterium
and Arabidopsis

Large DNA fragments are unstable after transformation into

Agrobacterium [45]. The existence of multiple transposon-coding

sequences in L1-4 raised the possibility of DNA deletion, re-

insertion, and rearrangement. To check if the transgenic plants

carried an intact fragment of the L1-4 BIBAC clone, primers were

designed according to the shotgun sequence to amplify individual

regions of the L1-4 sequence. As shown in Figure 3B, correct PCR

products were obtained with all tested primer pairs when L1-4

plasmid DNA was used as template. However, when genomic

DNA from three independent L1-4 transgenic lines were used as

templates, correct PCR products were produced only with the

primers within 0–4 and 47–49-kb of L1-4 insert. This suggested

that only two terminal sequences of L1-4 had been integrated into

the Arabidopsis genome in the transgenic lines. The loss of the

middle part of the L1-4 sequence in transgenic plants was further

confirmed by sequencing of the amplified products, which showed

continuous sequence homology from 4,096 to 4,298 bp and from

47,317 to 48,145 bp in the L1-4 contig. Thus it was evident that

the transgenic lines harbor only an internally truncated L1-4

sequence, which was 6,369 bp in length, as shown in Figure 3C.

To distinguish it from the intact plasmid L1-4 sequence, the

truncated 6,369 bp fragment was designated as L1-4*.

Because all three independent transgenic lines exhibited the

same deletion, we speculated that the deletion had occurred in

Agrobacterium. To address this possibility, the insert DNA in the L1-

4 transformed Agrobacterium strain stored in 280uC for different

periods was analyzed. The PCR amplification of different regions

of L1-4 indicated that the inserted DNA was intact in Agrobacterium

cultured directly from the stock in 280uC for both six months and

three years (Figure S6A–C in File S1). However, when Agrobacter-

ium were continuously subcultured in liquid medium at 28uC,

some regions of L1-4 were no longer detectable in some of the

randomly selected clones (Figure S6D–E in File S1). These results

indicated that the large insert DNA in the plasmid of Agrobacterium

was stable when stored in 280uC for three years, but not during

sequential liquid subculturing at 28uC. This is probably the reason

for the truncation of L1-4 in transgenic Arabidopsis.

Identification of the subclones containing partial
sequences of L1-4*

To dissect the particular genomic element that was responsible

for the improved osmotic and alkaline tolerance of transgenic

Arabidopsis, a subclone library was constructed containing 5–8 kb

fragments of the L1-4 large insert DNA produced by partial

digestion using Sau3A. The library consisted of 200 clones and

covered .20 times of the L1-4 insert sequence. Subclones

Figure 2. Phenotypes of L1-4 transgenic plants under alkaline
and osmotic stress. (A) Seedlings grown on agar plates containing 1/
2 MS with pH5.6 (control), pH8.5 and soaked with 25% PEG 8000. (B)
Total root length of transgenic and wild-type plants grown on alkaline
media (pH 8.5) and osmotic stress with 25% PEG 8000 for 14 d. 3 day-
old seedlings were transferred to control media or media with alkaline
pH or 25% PEG 8000 media. Wild-type seed batches that were
generated at the same time as the transgenic seed lines were
germinated and transferred in parallel with the transgenic plants as
controls. n = 18, Bar = 1cm, data are shown as means 6 SD.
doi:10.1371/journal.pone.0098098.g002
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containing partial sequences of L1-4* were identified by PCR and

confirmed by sequencing. The identified subclones S32 and S35

carried sequence corresponding to 1–4,298 bp of L1-4. Subclone

S21 carried sequence corresponding to 46,317–49,387 bp of L1-4

(Figure 4). These constructs were transformed into Arabidopsis, and

20, 12, and 2 transgenic lines were obtained for the S21, S32, and

S35, respectively.

Identification of the genetic loci responsible for osmotic
and alkaline tolerance

Two transgenic lines from each construct of S21, S32, and S35

were assayed for osmotic and alkaline tolerance along with L1-4

transgenic and wild-type plants. Most of these transgenic lines

grew similarly to the wild-type on 1/2 MS plates with or without

PEG, or adjusted to pH 5.6 or 8.5. Only the plants harboring S21

Figure 3. Annotation of insert sequence in BIBAC clone L1-4 and truncation of L1-4 in the transgenic plants. (A) ORFs predicted with
the program FGENESH were annotated by TBLASTX, transcriptional orientation is indicated with an arrow. A schematic diagram was drawn to show
the position of the predicted LTRs (grid arrows) and retrotransposons. The intact LTR-retrotransposon identified by LTR-finder is indicated in bold.
gag, capsid-like protein; pol, polpolyprotein; IN, integrase; PR, pepsin-like aspartate proteases; RH, RNase H; RT, Reverse transcriptase; LTR, long
terminal repeat; TE, transposable element. (B) Assay of PCR amplification using specific primers corresponding to different regions in L1-4. Primers
were designed to amplify fragments located at 1, 3, 4, 14, 29, 42, and 47–49-kb of L1-4, as indicated on the bottom of each picture and listed in (C)
and Table S1 in File S1. M, DNA marker with the size of 100, 250, 500, 750, 1000 and 2000 bp; 1–4, plasmid DNA of BIBAC clone L1-4; WT, genomic
DNA of Arabidopsis wild-type Col-0; 1, 2, 3, genomic DNA of three independent transgenic lines of L1-4. The PCR fragments were separated on 1%
agarose gels. (C) Schematic diagram of L1-4 and L1-4*. The positions and orientation of primers are indicated by arrows.
doi:10.1371/journal.pone.0098098.g003
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displayed tolerance to alkaline and osmotic stresses, similar to the

L1-4 transgenic plants, as indicated by the vigorous growth of

shoots and improved root growth, including longer primary roots

and more lateral roots, on the alkaline and PEG plates (Figure 5).

The transgenic plants grow normally in soil, showing no obvious

difference from the wild-type under unstressed conditions.

However, when the seedlings were grown under soil drought

condition in parallel with line L1-4-2 and the wild-type plants, the

survival rates of S21 and L1-4 transgenic plants were significantly

higher than the wild-type (Figure S3 in File S1), despite that the

drought-resistant phenotype was observed only when the plants

were young.

These observations indicated that the genetic element that

conferred plant alkaline and drought tolerance in L1-4* was also

located in S21 subclone. Alignment of the L1-4* and S21

sequences revealed that an overlapping sequence of 2076 bp,

representing the 47,317–49,387 bp region of L1-4, hereby

designated Osmotic and Alkaline Resistance 1 (OAR1). OAR1

contains part of ORF11 of L1-4, which encodes a partial gag-pol

transcript for RNase H, reverse transcriptase and protease

(Figure 4).

Because OAR1 is highly homologous to TE1 that is located in

the 14–19-kb region of L1-4, subclone S3 containing TE1

(containing an OAR1-homologous sequence in the middle,

OAR1H) was identified and transformed into Arabidopsis

(Figure 4). Similar to the S21 transgenic plants, transgenic plants

carrying S3 also displayed the improved tolerance to alkaline and

osmotic stress treatments (Figure 6). Furthermore, over-expression

of OAR1 under the control of the 35S promoter revealed a similar

osmotic and alkaline stress tolerance phenotype (Figure S7 in File

S1). In total, 4 independent transgenic lines of L1-4, 4 transgenic

lines of S21, 5 transgenic lines of S3 and 3 lines of 35S::OAR1

displayed similar phenotypes, which suggested that the phenotype

was not simply the result of positional effects. Thus, our results

demonstrate that OAR1 and OAR1H in L1-4 and its subclones are

functional elements to confer plant tolerance to alkaline pH and

drought stresses.

On the other hand, no difference was detected when the

transgenic plants harboring S32 and S35 were compared to the

wild-type under non-stressed or PEG/alkaline-stressed conditions

(Figure S8 in File S1). As these plants were produced, propagated

and phenotypic assayed in parallel with S21 transgenic plants, the

failure of detecting visible PEG and alkaline resistant phenotypes

in S32 and S35 transgenic plants not only enabled us to define the

functional genetic element in L1-4* to OAR1 that was common

with L1-4* and S21, but also provided good negative controls to

help to eliminate the possible effects of the antibiotic resistance

marker on the PEG and alkaline resistant phenotypes of the L1-4

and S21 transgenic plants.

Physiological characterization of the osmotic and alkaline
tolerance in transgenic plants harboring OAR1

Transgenic plants harboring OAR1 were further analyzed by the

electrolyte leakage and photochemical efficiency using two

representative lines that displayed the strongest osmotic and

alkaline tolerance, L1-4-2 and S21-3, in parallel with the wild-

type. The results revealed no difference in electrolyte leakage or

photochemical efficiency (Fv/Fm) between the transgenic and

wild-type plants grown under unstressed conditions. However,

under alkaline or osmotic stresses, the electrolyte leakage increased

to 51–53% and the Fv/Fm declined to 0.4 and 0.6 in wild-type

plants under osmotic and alkaline stresses, while that of transgenic

lines remained around 29–35% and 0.7, respectively (Figure 7).

The difference between the wild-type and transgenic plants

harboring OAR1 was significant, indicating that the stress-triggered

decline of cytomembrane integrity and photochemical efficiency

was prevented in the transgenic plants harboring OAR1, which was

consistent with the observed growth phenotype. Examination of

the relative water content (RWC) and the stomata in the plants

surviving on PEG plates showed no difference in these parameters

between transgenic line S21-3 and the wild-type plants under

unstressed and PEG-stressed conditions (Figure S9 in File S1).

Thus, the survival of OAR1-containing transgenic plants on PEG

plates might be due to the maintenance of membrane integrity and

Figure 4. Schematic diagram of subclones containing partial sequences of L1-4*. Pairs of primers were designed according to sequence of
L1-4, as indicated in Figure 3C. Subclone S21 contains 46–49-kb of L1-4 and 4–6-kb of L1-4*; subclones S32 and S35 contain 0–4-kb of L1-4 and L1-4*;
subclone S3 contains 14–19-kb of L1-4. gag, capsid-like protein; pol, polpolyprotein; IN, integrase; PR, pepsin-like aspartate proteases; RH, RNase H;
RT, Reverse transcriptase; LTR, long terminal repeat; TE, transposable element.
doi:10.1371/journal.pone.0098098.g004
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photochemical efficiency and not due to differences in rates of

water loss.

The expression and copy number of OAR1 in transgenic
Arabidopsis

To understand the molecular mechanisms that OAR1 may

function in osmotic and alkaline resistance, we first determined if

OAR1 element was transcribed in transgenic Arabidopsis. Despite

that there was no any known promoter sequence adjacent to S21

insert in the BIBAC vector, quantitative RT-PCR had detected

high levels of two short transcripts corresponding to 0.4–0.5 kb

(designated as OAR1-2, by primer pair of OAR1-2F and OAR1-

2R) and 1.7–1.9 kb (designated as OAR1-1, by primer pair of

OAR1-1F and OAR1-1R) regions of OAR1 sequence in both S21-

3 and S21-14 under unstressed condition and osmotic and

alkaline-stressed conditions (Fig. 8A, B). No product was amplified

when primers OAR1-1F and OAR1-2R were used to amplify the

long transcript corresponding to 0.4–1.9 kb regions of OAR1

sequence in transgenic plants under unstressed or stressed

condition, indicating that OAR1-1 and OAR1-2 were either

transcribed separately, or spliced from a long unstable transcript

of OAR1 in the transgenic plants. It is noticed that expression levels

of OAR1-1 and OAR1-2 was higher in osmotic and alkaline stressed

plants compared to that in unstressed plants (Fig. 8A, B).

Furthermore, relative gene copy number was examined by

genomic quantitative PCR to check if the phenotype of the

transgenic lines were dependent on copy number and if OAR1

element was capable of transposition. Data indicated that the

relative copy number was ,1 in both S21-3 and S21-14 after

normalized to NPTII gene which was co-transformed with OAR1

within the T-DNA left and right borders in the same vector

(Fig. 8C). Considering that the two transgenic lines exhibited a 3:1

ratio of survival on kanamycin in T2 generation and 100%

survival on kanamycin in T3 generation, it was likely that only

single copy of OAR1 existed in the genome of S21-3 and S21-14

plants and no transposition of OAR1 had occurred. Furthermore,

the copy number of OAR1 in S21-3 and S21-4 remained unaltered

under osmotic stress but slightly decreased under alkaline stress.

Because retrotransposons usually transpose in a ‘‘copy-paste’’

manner, the unchanged copy number indicated that OAR1

element was not transposed in S21 transgenic plants.

Marker gene expression in S21 transgenic Arabidopsis
plants

To examine whether the insertion of OAR1 element influenced

stress responsive gene expression, several marker genes in osmotic

Figure 5. Phenotype comparison of the wild-type and trans-
genic plants harboring L1-4 and S21 under alkaline and
osmotic stresses. (A) Seedlings grown on 1/2 MS agar plates adjusted
to pH 5.6 and pH 8.5, and 1/2 MS agar plates saturated with 25% PEG
8000. (B) Total root length of plants on 1/2 MS agar plates adjusted to
pH 5.6 and pH 8.5, and 25% PEG 8000 agar plates for 14 d.
doi:10.1371/journal.pone.0098098.g005

Figure 6. Phenotype comparison of the wild-type and trans-
genic plants harboring L1-4 and S3 under alkaline and osmotic
stresses. (A) Seedlings grown on 1/2 MS agar plates adjusted to pH 5.6
(control) and pH 9.0, and 1/2 MS agar plates saturated with 40% PEG
8000. (B) Total root length of the wild-type and transgenic plants on 1/2
MS agar plates adjusted to pH 5.6 and pH 9.0, and on PEG 8000 agar
plates for 10 d. n = 18, Bar = 1 cm. Data are shown as means 6 SD.
doi:10.1371/journal.pone.0098098.g006
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and alkaline stress pathways were checked for expression changes,

along with 4 genes related to photosynthesis. The data have shown

that all test genes, with an exception of AHA2, increased

transcription in S21-3 plants under unstressed conditions, and

remained higher than that in the wild type under both osmotic and

alkaline stresses (Fig. 9D). This is consistent to the observed stress

tolerant phenotype and the stabilized photosynthetic apparatus in

the transgenic plants.

OAR1 transcription and copy number in B. hygrometrica
To understand the molecular nature and the mechanisms that

OAR1 functions in its native host genome of B. hygrometrica, the

Figure 7. Physiological characterization of the L1-4 and S21 transgenic plants. (A) Electrical conductivity and chlorophyll fluorescence Fv/
Fm characteristics (B) of seedlings grown on 1/2 MS (control) and alkaline (pH 9.0), or PEG plates (40% PEG 8000) following 2 weeks of growth. n = 18.
Data are shown as means 6 SD.
doi:10.1371/journal.pone.0098098.g007

Figure 8. The expression and relative copy numbers of OAR1 element, and marker gene expression in transgenic Arabidopsis under
osmotic and alkaline stresses. (A, B) The expression of OAR1 element in S21-3 (A) and S21-14 (B); (C)The relative copy numbers of OAR1 element
in S21-3 and S21-14; (D) The expression of stress marker gene and photosynthesis related gene in S21-3 and S21-14. Data are shown as means 6 SD.
doi:10.1371/journal.pone.0098098.g008
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expression levels of OAR1 and the relative copy number have been

determined. The results showed that OAR1 transcription levels

were increased slightly in response to alkaline and significantly

under dehydration stresses in B. hygrometrica (Fig.9A). B. hygrometrica

genome contained as high as .10 copy numbers of OAR1, and the

relative copy number was increased to 2–3 fold under alkaline and

PEG treatments (Fig. 9B). Considering that OAR1 was located

within a stretch of nested retroelement regions in the B. hygrometrica

genome, as revealed by the sequence of BIBAC clone L1-4, our

data indicated that OAR1 might locate in an active retroelement

cluster in its host genome.

Discussion

In species which survive in extreme natural environments,

certain adapted traits are expected to be established during

evolution, to allow the species to cope with harsh conditions, such

as osmotic, alkaline, and salt stresses [46–48]. Recent studies have

shown the involvement of chromatin modification and assembly,

distantly located regulatory elements, complex loci, transposable

elements, small RNAs, and non-coding RNAs in the regulation of

various plant stress responses [49,50]. Unraveling stress-associated

genomic regulatory mechanisms in these plants will enable future

molecular manipulation of highly stress-tolerant crops. Limestone-

inhabiting B. hygrometrica is one of the few resurrection species in

the Gesneriaceae family that the vegetative tissues can survive

desiccation and recover upon rehydration [7,10]. Thus it is a good

resource for isolation of functional genes and genomic elements for

crop breeding to improve tolerance to drought and alkaline

stresses. In this paper, we identified OAR1, a functional element

located in a 49-kb nested LTR-retrotransposon fragment that

conferred osmotic and alkaline stress tolerance in transgenic

Arabidopsis, taking the advantage of BIBAC library transformation

system. This finding provides the first insight into the role of nested

LTR-retrotransposon clusters in the genome of B. hygrometrica in

environmental adaptation of this resurrection plant.

Transformation of large genomic DNA fragments into recipient

plants has been used primarily to identify genes or quantitative

trait loci (QTL) in species in which map-based cloning is not

practical, allowing for the isolation of the FILAMENTOUS

FLOWER gene [51,52]. This technique was soon applied for the

discovery of novel genes and genomic elements from species

lacking genome sequence information, genetic transformation

methods, or mutation tools [21,22]. In this paper, this laborious

approach has been successfully applied to identified the 49-kb

fragment that conferred stress tolerance, and herein the 2-kb

OAR1 element from B. hygrometrica by combination with shotgun

sequencing, subcloning and phenotypic screening.

Photosynthesis has been recognized as the most sensitive process

that was affected by water stress and other abiotic stresses such as

salt and alkali [53]. The carbon balance, ROS homeostasis, energy

generation, growth and survival of a plant under water stress

depend heavily on the degree and velocity of photosynthesis

decline during water depletion. Accumulating evidence demon-

strated that in resurrection plants, complex mechanisms involving

compatible solutes and desiccation-associated proteins such as

LEAs and sHSPs, antioxidants, membrane protectants were

triggered by water loss, which contribute to the stabilization of

photosynthetic pigment-protein complexes and chlorophyll con-

tent, protection of photosynthetic apparatus and prevention of

ROS accumulation from photosystems (PSI and PSII)

[7,10,11,12,54,55]. For example, BhLEA1 and BhLEA2 are two

dehydration-inducible LEA genes from B. hygrometrica. When

overexpressed in tobacco, they conferred improved drought

tolerance, higher photosystem II activity, lower membrane

permeability and more stable ribulose-bisphosphate carboxylase

(large subunit), light-harvesting complex II and photosystem II

extrinsic proteins under drought stress [11]. Similarly, in this

paper, the transgenic plants harboring OAR1 from B. hygrometrica

also displayed higher survival rates, better growth, high levels of

membrane integrity and photochemical efficiency, and stable

expression of photosynthesis related genes and drought-induced

marker genes under PEG-mediated osmotic stress.

Drought tolerance and drought avoidance are two major

mechanisms in drought resistance of higher plants [56]. No

difference in rate of water loss was detected between transgenic

and the wild-type plants, indicating that the transformation of the

B. hygrometrica genome fragments containing OAR1 into Arabidopsis

conferred plant osmotic tolerance via stabilization of photosyn-

thetic apparatus, instead of drought avoidance.

Transposable elements can modulate gene expression and

regulatory patterns in various ways, and have been described as

‘‘distributed genomic control modules’’ [57] at the core of

regulatory networks to specific stimuli [58]. The identification of

an OAR1 element that confers osmotic and alkaline stress

tolerance, isolated from native desiccation and calcarenite tolerant

B. hygrometrica has provided the first reverse genetics evidence for

Figure 9. The expression and relative copy numbers of OAR1 element in B. hygrometrica under osmotic and alkaline stresses. (A) The
expression of OAR1 element, OAR1-1 and OAR1-2 in B. hygrometrica; (B) relative copy number of OAR1. Data are shown as means 6 SD.
doi:10.1371/journal.pone.0098098.g009
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the possible function of this type of retroelements in plant

tolerance to abiotic stresses. It is not clear so far by what

mechanisms that OAR1 function to maintain photochemical

efficiency in stress tolerance in transgenic plants. What we have

known is that OAR1 is a part of an active LTR-retrotransposon

cluster, and this type of retroelement had been identified from

another resurrection plant C. plantagineum by T-DNA activation

tagging, namely CDT-1 (desiccation-tolerant-1) and its homologue

CDT-2 [16,17]. CDT-1 could direct the synthesis of a double-

stranded 21 bp short interfering RNA (siRNA), which triggered

the regulatory pathway for desiccation tolerance through activa-

tion of stress-responsive genes [18]. Small-RNA coding as

described for CDT-1 present a possible analogous mechanism by

which OAR1 might regulate gene expression under stress

conditions in transgenic plants.

Transcription of transposon genes without any known promot-

er-like sequence had been observed with retrotransposons such as

Sadhu elements [59,60]. In this study, short transcripts generated

from OAR1 could be detected in both transgenic Arabidopsis and B.

hygrometrica, suggesting this 2-kb element itself is capable of

activating its transcription. Despite that both the transposition

activity and transcription of OAR1 were activated in B. hygrometrica

in its dry and alkaline native habitat, the unchanged relative copy

numbers in osmotic and alkaline-stressed plants indicated that the

2-kb OAR1 element alone in S21 transgenic Arabidopsis plants was

not transposable. Thus OAR1 may function in a transposition-

independent manner to confer plant osmotic and alkaline

resistance in the transgenic plant. In other words, OAR1 element

may have an impact on the expression of certain category of genes,

probably via encoding short transcripts. Further investigation on

the function of these elements in plant stress tolerance, will aid

further understanding of the possible mechanisms which gave rise

to the evolution and development of desiccation tolerance in B.

hygrometrica (and possibly also other Gesnericeae resurrection

plants) in alkaline and dry habitats.
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21. Ábrahám E, Salamó IP, Koncz C, Szabados L (2011) Identification of Arabidopsis

and Thellungiella genes involved in salt tolerance by novel genetic system. Acta

Biologica Szegediensis 55(1): 53–57.

22. Wang W, Wu Y, Li Y, Xie J, Zhang Z, et al. (2010) A large insert Thellungiella

halophila BIBAC library for genomics and identification of stress tolerance genes.
Plant Mol Biol 72: 91–99.

23. Correa R, Stanga J, Larget B, Roznowski A, Shu GP, et al. (2012) An assessment
of transgenomics as a tool for identifying genes involved in the evolutionary

differentiation of closely related plant species. New Phytol 193: 494–503.

24. Zhang HB, Zhao XP, Ding XL, Paterson AH, Wing RA (1995) Preparation of

Megabase-Size DNA from Plant Nuclei. Plant J 7: 175–184.

25. Jones JD, Shlumukov L, Carland F, English J, Scofield SR, et al. (1992) Effective

vectors for transformation, expression of heterologous genes, and assaying
transposon excision in transgenic plants. Transgenic Res 1: 285–297.

26. Zhang HB, Scheuring CF, Zhang M, Zhang Y, Wu CC, et al. (2012)
Construction of BIBAC and BAC libraries from a variety of organisms for

advanced genomics research. Nat Protoc 7: 479–499.

27. Dolezel J, Bartos J (2005) Plant DNA flow cytometry and estimation of nuclear

genome size. Ann Bot 95: 99–110.

28. Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis thaliana. Plant J 16: 735–743.

29. Liu YG, Whittier RF (1995) Thermal asymmetric interlaced PCR - automatable

amplification and sequencing of insert end fragments from P1 and YAC clones

for chromosome walking. Genomics 25: 674–681.

30. Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh tissue. Focus 12:

13–15.

A Retroelement Confers Osmotic and Alkaline Tolerance

PLOS ONE | www.plosone.org 11 May 2014 | Volume 9 | Issue 5 | e98098



31. Verslues PE, Agarwal M, Katiyar-Agarwal S, Zhu JH, Zhu JK (2006) Methods

and concepts in quantifying resistance to drought, salt and freezing, abiotic
stresses that affect plant water status. Plant J 45: 523–539.

32. Ewing B, Hillier L, Wendl M, Green P (1998) Basecalling of automated

sequencer traces using phred. I. Accuracy assessment. Genome Res 8: 175–185.
33. Ewing B, Green P (1998) Basecalling of automated sequencer traces using phred.

II. Error probabilities. Genome Res 8: 186–194.
34. Hamilton CM, Frary A, Xu YM, Tanksley SD, Zhang HB (1999) Construction

of tomato genomic DNA libraries in a binary-BAC (BIBAC) vector. Plant J 18:

223–229.
35. McCubbin AG, Zuniga C, Kao TH (2000) Construction of a binary bacterial

artificial chromosome library of Petunia inflata and the isolation of large genomic
fragments linked to the self-incompatibility (S-) locus. Genome 43: 820–826.

36. Jones JDG, Shlumukov L, Carland F, English J, Scofield SR, et al. (1992)
Effective vectors for transformation, expression of heterologous genes, and

assaying transposon excision in transgenic plants. Transgenic Res. 1(6):285–97.

37. Chang YL, Henriquez X, Preuss D, Copenhaver GP, Zhang HB (2003) A plant-
transformation-competent BIBAC library from the Arabidopsis thaliana Landsberg

ecotype for functional and comparative genomics. Theor Appl Genet 106: 269–
276.

38. Zhang X, Scheuring CF, Zhang M, Dong JJ, Zhang Y, et al. (2010) A BAC/

BIBAC-based physical map of chickpea, Cicer arietinum L. BMC Genomics 11:
501.

39. Flavell AJ, Pearce SR, Heslop-Harrison JSP, Kumar A (1997) The evolution of
Ty1-copia group retrotransposons in eukaryote genomes. Genetica 100: 185–

195.
40. Havecker ER, Gao X, Voytas DF (2004) The diversity of LTR retrotransposons.

Genome Biol 5.

41. Abe H, Sugasaki T, Terada T, Kanehara M, Ohbayashi F, et al. (2002) Nested
retrotransposons on the W chromosome of the wild silkworm Bombyx mandarina.

Insect Mol Biol 11: 307–314.
42. Leigh F, Kalendar R, Lea V, Lee D, Donini P, et al. (2003) Comparison of the

utility of barley retrotransposon families for genetic analysis by molecular marker

techniques. Mol Genet Genomics 269: 464–474.
43. Piegu B, Guyot R, Picault N, Roulin A, Saniyal A, et al. (2006) Doubling

genome size without polyploidization: Dynamics of retrotransposition-driven
genomic expansions in Oryza australiensis, a wild relative of rice. Genome Res 16:

1262–1269.
44. Lippman Z, May B, Yordan C, Singer T, Martienssen R (2003) Distinct

mechanisms determine transposon inheritance and methylation via small

interfering RNA and histone modification. Plos Biol 1: 420–428.
45. Song J, Bradeen JM, Naess SK, Helgeson JP, Jiang J (2003) BIBAC and TAC

clones containing potato genomic DNA fragments larger than 100 kb are not
stable in Agrobacterium. Theor Appl Genet 107: 958–964.

46. Bohnert HJ, Nelson DE, Jensen RG (1995) A daptations to environmental

stresses. Plant Cell 7: 1099–1111.

47. Zheng J, Fu JJ, Gou MY, Huai JL, Liu YJ, et al. (2010) Genome-wide

transcriptome analysis of two maize inbred lines under drought stress. Plant Mol

Biol 72: 407–421.

48. Gao P, Bai X, Yang LA, Lv DK, Pan X, et al. (2011) osa-MIR393: a salinity-

and alkaline stress-related microRNA gene. Mol Biol Rep 38: 237–242.

49. Boyko A, Kovalchuk I (2011) Genome instability and epigenetic modification -

heritable responses to environmental stress? Curr Opin Plant Biol 14: 260–266.

50. Gutzat R, Scheid OM (2012) Epigenetic responses to stress: triple defense? Curr

Opin Plant Biol 15: 568–573.

51. Liu YG, Shirano Y, Fukaki H, Yanai Y, Tasaka M, et al. (1999)

Complementation of plant mutants with large genomic DNA fragments by a

transformation-competent artificial chromosome vector accelerates positional

cloning. Proc Natl Acad Sci USA 96: 6535–6540.

52. Sawa S, Watanabe K, Goto K, Kanaya E, Morita EH, et al. (1999)

FILAMENTOUS FLOWER, a meristem and organ identity gene of Arabidopsis,

encodes a protein with a zinc finger and HMG-related domains. Genes Dev 13:

1079–1088.

53. Wardlaw I, Porter H (1967) The redistribution of stem sugars in wheat during

grain development. Aust J Biol Sci 20: 309–318

54. Quartacci MF, Glisic O, Stevanovic B, Navari-Izzo F (2002) Plasma membrane

lipids in the resurrection plant Ramonda serbica following dehydration and

rehydration. J Exp Bot 53: 2159–2166.

55. Georgieva K, Sarvari E, Keresztes A (2010) Protection of thylakoids against

combined light and drought by a lumenal substance in the resurrection plant

Haberlea rhodopensis. Ann. Bot 105: 117–126.

56. Yue B, Xue WY, Xiong LZ, Yu XQ, Luo LJ, et al. (2006) Genetic basis of

drought resistance at reproductive stage in rice: Separation of drought tolerance

from drought avoidance. Genetics 172: 1213–1228.

57. Shapiro JA (2005) Retrotransposons and regulatory suites. Bioessays 27: 122–

125.

58. Bui QT, Grandbastien MA (2012) LTR Retrotransposons as controlling

elements of genome response to stress? Plant Transposable Elements, Top Curr

Genet 24: 273–296.

59. Rangwala SH, Elumalai R, Vanier C, Ozkan H, Galbraith DW, et al. (2006)

Meiotically stable natural epialleles of Sadhu, a novel Arabidopsis retroposon. Plos

Genet 2: e36.

60. Suoniemi A, Narvanto A, Schulman AH (1996) The BARE-1 retrotransposon is

transcribed in barley from an LTR promoter active in transient assays. Plant

Mol. Bio. 31, 295–306.

A Retroelement Confers Osmotic and Alkaline Tolerance

PLOS ONE | www.plosone.org 12 May 2014 | Volume 9 | Issue 5 | e98098


