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Triplet repeat expansions underlie several human genetidsbases such as Huntington's
disease and Friedreich's ataxia. Although such mutations ra primarily known from
humans, a triplet expansion associated genetic defect haslao been reported at the
[IL1 locus in the Bur-0 accession of the model plantArabidopsis thaliana. The IIL1
triplet expansion is an example of cryptic genetic variatioas its phenotypic effects are
seen only under genetic or environmental perturbation, withigh temperatures resulting
in a growth defect. Here we demonstrate that thellL1 triplet expansion associated
growth defect is not a general stress response and is speci @o particular environmental
perturbations. We also con rm and map genetic modi ers that suppress the effect of
[IL1 triplet repeat expansion. By collecting and analyzing acasions from the island of
Ireland, we recover the repeat expansion in wild populatiasuggesting that the repeat
expansion has persisted at least 60 years in Ireland. Throliggenome-wide genotyping,
we show that the repeat expansion is present in diverse Irishopulations. Our ndings
indicate that even deleterious alleles can persist in popations if their effect is conditional.
Our study demonstrates that analysis of groups of wild popuitions is a powerful tool for
understanding the dynamics of cryptic genetic variation.

Keywords: triplet expansion, cryptic genetic variation, n
genetic modi er, polynucleotide repeat

atural variation, ambient temperature, QTL analysis,

INTRODUCTION

Allelic di erences in simple polynucleotide repeats are asged with phenotypic variation in
several species/érstrepen et al.,, 2005; Levdansky et al., 2007; Michael ,e2Cf)7; Vinces
et al., 200R In extreme cases, this variation can lead to genetic diseas exempli ed by the
triplet expansion diseases in humans. Only one example of @trippeat expansion-associated
phenotype is known outside of humans, tineegularly impaired leavesl) phenotype, which was

discovered in the Burren-0 (Bur-0) accessionAaabidopsis thaliandL.) Heynh. (Brassicaceae;
hereafterA. thaliang (Sureshkumar et al., 2009The il phenotype occurs due to a dramatic
expansion of a GAA/TTC trinucleotide repeat in the third intraf the ISOPROPYL MALATE

ISOMERASE LARGE SUBUNIT(I1L1, At4g13430) gene. The trinucleotide repeat expansion,
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when present in a homozygous state, causes @llect and analyzA. thalianaaccessions and demonstrate that
temperature-dependent reduction idlL1 transcript levels the IIL1 triplet has persisted in multiple independent natural
and severely impairs growth of this accession under shos day populations for over 50 years. Our results signi cantly expand
elevated temperatureS(reshkumar et al., 2009 our understanding of the persistence of cryptic genetic vinat
ThellL1 locus was mapped and cloned using ampBpulation  within plant species.
derived from the Bur-0 Pf-0, in which theiil phenotype
segregated as a large e ectlocus. However, in a Bu@|-0 R
such segregation could not be observed indicating the peeseh  MATERIALS AND METHODS
genetic modi ers Gureshkumar et al., 20%urthermore, theil
phenotype could be observed only upon elevated temperatur&lant Growth, DNA Extraction, and
(27 C, short days) and not in standard growth conditions Sequencing
(23 C, long days). Thus, the phenotypic impact of the repeathe Bur-0 Col-0 recombinant inbred lines (RILs) have been
expansion could be seen only upon genetic or environmentalescribed previouslySimon et al., 2008 The collection of
perturbation, indicating that this repeat expansion represemt wild accessions from Ireland is described below. Plants were
cryptic genetic variationHaaby and Rockman, 2014There is  grown either in long days (LD, 16 h light/8 h dark) at 23
considerable interest in the analysis of cryptic genetitat@n, for seed collection and in short days (SD, 8 h light/16h
as it can represent either adaptive potential or a source qfark) at 23C or 27 C for iil phenotyping, QTL analysis and
deleterious alleles that require constant suppression. Bidden  temperature assays as described previouShn¢hez-Bermejo
genetic substrates could become important upon a change inthe al., 2015 For Diversity Arrays Technology sequencing
environment and may play a critical role in shaping evolution(DArT-seq), DNA from the plant from which the seeds were
(Gibson and Dworkin, 2004; Ledon-Rettig et al., 2014; Paably apulked was extracted as described previouBlylgsubramanian
Rockman, 2014 The strong deleterious nature of th&1 triplet et al., 2006 GAA/TTC repeat expansion was analyzed through
repeat expansion is consistent with our previous ndingsthet Polymerase chain reaction (PCR) using primers described in
GAAITTC triplet repeat expansion is rare, and may be uniqueTable S1 For sequencing the microsatellite repeats, puri ed PCR
to Bur-0. products were sequenced (Micromon, Monash University) and
Bur-0 is the only accession &. thaliana collected from analyzed through Seqgman (DNAStar-Lasergene).
Ireland, which is available from stock centers and part oft@@l
genome project{lonso-Blanco et al., 20).8ur-0 was originally
collected more than 50 years ago (1959) in the Burren region &tress Assays
County Clare and County Galway in western Ireland. The Burrerfifty seeds of the accession Bur-0 and a natural suppressor in
is a region of karsti ed limestone with unique botanical fig@es the Bur-0 background were grown under di erent environmehnta
(McNamara and Hennessy, 2010he Burren region supports perturbations. These included drought, salt stress, osmotic
an unusual array of Mediterranean and Arctic-Alpine plantsstress, abscisic acid treatment, oxidative stress, UV-Bsexpp
growing side by side at close to sea leVétpb, 1961; Webb and wounding, pH variation and high temperature. Previously
Scannell, 1993Given the cryptic nature of thid phenotype we published treatment methods were used for each of the stress
considered whether the GAA/TTC repeat expansion might stilassaysXing and Rajashekar, 2001; Xiong and Zhu, 2002; Kilian
persist in the wild. Regional populationsAfthalianahave been et al., 2007; Walley et al., 2007; Huang et al., 2008; Galpaz and
shown to be complementary to the global collection of acoessi Reymond, 2010; Fujita et al., 2)1E2ach assay is brie y described
particularly for analyzing forces that shape evolution ataloc below. For drought assays, watering was stopped from 2-weeks
levels (e Corre et al., 2002; Pico et al., 2008; Bomblies et aafter germination until the soil was dry{uang et al., 2003 Salt
2010; Long et al., 2013; Méndez-Vigo et al., 2015; Sasakj et sfress was assayed at 150 mM sodium chloride concentration
2015. For instance, while the analysis of global populations hasither in plates or by pouring 100 mL of the solution on the
revealed common allelic variation contributing to owegrime  soil surface and then allowing the same to diga(paz and
di erences, analysis of local populations has uncoveredtetec Reymond, 201)0 Similarly for osmotic stress 400 mM mannitol
operating at a local level for early owering through an exxessolution was poured over the soil. Plants were also assayed in
of non-synonymous divergence polymorphisnisiianson et al., plates containing 300 mM mannitokK(ong and Zhu, 2002 ABA
2000; Le Corre et al., 2002; Méndez-Vigo et al., pOlterefore, treatment was done by spraying, as described previoushg(
we reasoned that the analysis of Irish populations would allownd Rajashekar, 20 For oxidative stress, plants were assayed in
us to assess whether the GAA/TTC repeat expansion stiMlS plates containing 10 or 0.3 uM methyl viologeén(ita et al.,
persists, and whether it is unique to the environs of the Buarre 20129. By incising rosette leaves using a forceps, wounding was
region. carried out {Valley et al., 2007 For UV-B treatment, 2-week
In this paper, we demonstrate that thk1 repeat expansion old plants were irradiated for 5-10 min with UV-B light with a
is a cryptic genetic variation that is revealed only under spec biologically e ective quantity of 1.18 W n? (Kilian et al., 200Y.
environmental conditions such as high temperature and UV-The plants were then transferred back to the growth chambers
B exposure. We also demonstrate that genetic modi ers caand the phenotypes were assayed after 2 weeks. To vary the pH
mask theiil phenotype and present Quantitative Trait Locussodium bicarbonate was added to MS plates making the plates
(QTL) mapping for one of these modi ers. Furthermore, we slightly alkaline.
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QTL Analysis of the Modi er Locus Health, Bethesda, Maryland, USA). Temperature sensitivities i
To analyze germination and owering time, six bulked seeds peroot length and hypocotyl elongation among wild accessions
accession were sown in a fully randomized design in indiglju  were calculated from regression of hypocotyl/root lengthoont
numbered positions of multiple-well soil ats. For phenotyping temperature means (23SD vs. 27SD). The impact of repeat
eight plants of each of the 344 RILs were grown in a growth roonexpansion, soil type or the genotype on phenotypes as well as
at 27 C in short days. Plants were grown as single individualgenotype environment interactions were analyzed using JMP
in 30-well trays in a completely randomized design as desdrib (SAS Institute, USA) through appropriate analysis of variance
previously (empe et al., 2005 The trays were repositioned (ANOVA) models. For example, the e ect of repeat expansion
systematically on a weekly basis to minimize the e ect of micr was assessed using a model with the repeat expansion as thie facto
environmental variation. Theil phenotype was rst assessedand hypocotyl length or temperature sensitivity as a response.
against the parental Bur-0 line. We rst photographed all theDegree of leaf serration was based on a relative scale ¢gethera
variant phenotypes and generated a scale of 1Figufe S3. from within the dataset ranging from 1 to &{gure S12. Asingle
Using this scale, every plant was scored and a quantitativepresentative image of each of the 131 accessions was ffaken o
score for theiil phenotype was obtaineddble SJ. Flowering week old plants and three independent volunteers were asked to
time was measured as Days To Flower (DTF), as describedore the degree of serration of all rosette leaves, and geanm
previously Eanchez-Bermejo et al., 201®TL mapping was serration value calculated for each accession.

done using R/qgtl package through simple interval mapping or

two-dimensional scans3foman et al., 2003 Genotyping of the Irish Arabidopsis

. . . : Accessions
Collection of Arabidopsis Accessions from Genotyping of 131 plants, which were bulked, was performed
Ireland by Diversity Arrays Technology Pty Ltd (DArT P/L, Canberra,

Plants and seeds &f thalianaplants growing wild were collected Australia) as described previoushsgnsaloni et al., 20).0
from the island of Ireland. Our rst collection was made from Samples with> 10% missing data were excluded. Minor allele
the Burren region from which the Bur-0 strain is reported to frequency (MAF) was set to 0.05% and all taxa markers missing
have been originally collected (http://www.arabidopsig)ofhis  data in over 20% of loci were excluded from the analysis. The
region was de ned as the areas of north Co. Clare and adjacestlected DArT markers had Call Rate (percentage of samples
parts of southeast Co. Galway associated with visible kadsti that could be scored as “0” or “1"y 80%, Reproducibility
limestone. Wild plants were sourced from all roadsides, eld{reproducibility of scoring between replicated samplesp7%
sides, churchyards and graveyards, accessible open paanaes,and were polymorphic with frequencies of samples scored as
other places suitable for the growth of weedy ruderals. Ouf0” or “1” ranging between 0.95 and 0.05. We also ensured that
second set of collections comprised additional accessioms f the genotypic data contained SNPs that are uniquely mapping.
other areas of the island of Ireland, chosen from recentm@so This ltering resulted in a dataset of 4556 SNP markers for a
of A. thaliana obtained from the Botanical Society of Britain total of 131 accessions, which was then used in further aeslys
and lIreland (BSBI; http://www.brc.ac.uk/plantatlas/inggyp? The repeat number was quanti ed for each accession that thcke
g=node/2250). In each case, multiple individuals were ctec the expansionTable S4. For the strains containing the repeat
from the same stand, with seed from 5 to 10 plants sampled froraxpansion (more than 2@ repeats), the copy number of the
each wherever available. The entire Iri8habidopsis thaliana repeats was estimated based on the molecular size of PCR
collection, consisting of 529 samples that represent 15@itotsa  amplicons.

is listed in Table S3 Seeds from plants representing di erent

stands were rst grown and we bulked the seeds by growing\nalysis of Population Structure of Irish
plants at 23C long days. After bulking, we consolidated aArabidopsis Accessions

BOIEg['l%n ?;811351 a;rfsscsllglr-](s))(]é_znzatcf]?sesssé?nv?/;;%:ezoﬁﬁ[?jrth Population structure was analyzed using the model-based
’ ! ' eéayesian clustering algorithm implemented by STRUCTURE

analysesfable S3. v.2.3.4Pritchard et al., 20Q@nd the kinship procedure of Hardy

. . . . (Hardy, 2003 using SPAGeDi Hardy and Vekemans, 20)2
Phenotyping of the Irish Arabidopsis respectively. STRUCTURE analyses were performed assuming
Accessions an admixture model with default settings (no informative pso

Seeds were strati ed for 4 days in the dark aC4then moved were used). STRUCTURE was run from 1 to 10 inferred clusters
to di erent growth conditions depending on the experiment. (K) with 4 independent runs for eack, each run starting with
For plate assays (hypocotyl elongation/root length), seezte w a burn-in period of 100,000 steps followed by 100,000 Markov
sterilized in 1.5 ml tubes in 70% ethanol with 0.1% Triton X-Chain Monte Carlo iterations. The most probable valuekof
100 for 3-5 min and washed in 95% ethanol for 1-2 min. Seedsas selected according to the Evanno methadanno et al.,
were then spotted onto 0.5 MS media plates. Root length 2009, implemented through the Structure Harvester web tool
was measured 5 days post-germination and hypocotyl elongatiqEarl and vonHoldt, 2012 To assess population structure at the
measured 10 days post-germination from photographic imageshromosomal level we calculated genetic distances to cartstru
using ImageJ64 software for Macintosh (National Institubés genome-wide and chromosome unrooted neighbor-joiningte
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from maximum-likelihood distances inferred with a TN93 were quantitatively scored~{gure S2and Table S2 for their

substitution model constructed for all using Perl scriptglahe iil phenotype at 27C in short days. Using this quantitative
package Ape v3.3@radis et al., 2004n RStudio v0.00.467 for phenotypic score, we mapped the QTLs controlling variation
4556 uniguely mapping non-duplicate sites. in the iil phenotype. A single QTL with a very high LOD
score was detected at chromosome 4 co-localizing with the
RESULTS GAA/TTC repeat expansion, consistent with previous ndings
(Figure 2A, Sureshkumar et al., 2009To assess other loci that
High Temperatures and UV-B Exposure in uence variation in theiil phenotype, we selected lines that
Unmask Cryptic Genetic Variation in Bur-0 are homozygous across the GAA/TTC repeat expansion and

Theiil phenotype, caused by the GAA/TTC triplet expansionerformed QTL analysis. Through this analysis, we detected
is observed only under elevated temperatures in Bur-6h€ modier QTL to be present in the 8-10 Mb region of
(Sureshkumar et al, 20p9To investigate whether théil ~ Chromosome 2Rigure 2B). Another modi er locus was detected
phenotype is a general stress response, we subjected the Bu#t¢he top of chromosome Jgure 2B). Two-dimensional scans
accession to multiple stresses at lower temperatureGpand reyealed that both' mod| er loci exhibit epIStf’;ltIC. interaatio
assessed for the appearance of iihgohenotype. Among the with the QTL Iocall_zmg to the repeat expansmﬁ@ur_e _2C).
tested conditions (drought, salinity, osmotic stress, mitsi ~HOwever, the modier on chromosome 2 also exhibited an
treatment, abscisic acid treatment, oxidative stress,nafing, ao!dmve e ect with the QTL localizing to the rgpeat expansion
nutrient deprivation, alkalinity stress, UV-B exposure), wid d (Figure 20). RILs that harbor a Col-0 allgle at this locus app'earto
not observe theil phenotype in any stress condition exceptSUPPress the e ect of'_[hg repeat_expansm_)n atthe phenotypic level.
for the UV-B exposureRigure 1A). At 23 C short days in our _'_rhus, comple>_< genetic interactions modify the_ appearance of the
conditions, we observed 2 out of 28 Bur-0 plants displayindf! Phenotype in the Bur-0 Col-0 RIL population. To con rm
any resemblance to thé phenotype. In contrast, we observed his QTL, we analyzed anotherset. of F2 populat|on's derived from
17 out of 26 UV-B exposed plants displaying tilephenotype & Cross betwe(_en Bur-0 Col-0. U;lng plants that dlsplayt_ed the
at 23 C (Figure 1B). Analysis of the repeat expansion in theselil Phenotype in the F2 population, we con rmed the linkage
plants revealed that the UV-B exposed plants displayed highdp chromosome 2kigure 2D). Although, the observed linkage
level of variability in the repeat expansion compared to thé® €cts the underlying genetic complexity, the modi er loewas
un-treated plants Figure S3. Therefore, the appearance of the Mapped between 8.6 and 10.7 Mb on chromosontfé@re 2D).

iil phenotype does not appear to be a general stress response, but

somewhat speci ¢ to temperature (high temperature) and lighiRecovery of the [IL1 Repeat-Expansion in

(UV-B) alterations. Wild Irish Accessions of Arabidopsis

. . . Since our studies with the Bur-0 accession indicated thah bo
Genetic Modi ers Mask the il Phenotype genetic and environmental factors could mask ilh@henotype,
in Varied Genetic Backgrounds we reasoned that thélL1 repeat expansion may still persist

We have previously shown that thié phenotype segregates in wild Irish Arabidopsis populations. Bur-0, the only availabl

in a Mendelian manner only in certain genetic crosses (e.gaccession oA. thalianafrom Ireland is reported to have been
Bur-0  Pf-0) but not in others (e.g., Bur-0 Col-0), which collected near a wall by a roadside in the Burren, Co. Clare,
suggested the presence of genetic modiers that can maskeland by Albert Kranz in 1958. To assess the persistence of
the phenotypic impact of the GAA/TTC repeat expansionthe repeat expansion, two targeted collectionsAofthaliana
(Sureshkumar et al., 20T 0 investigate the genetic architecturewere made from populations in Ireland during the springs
of the modi er(s), we analyzed RILs derived from Bur-0Col-0 and summers of 2011 and 2012. The rst collection was
cross. A total of 2752 plants belonging to 344 RILs (8 plant)lin targeted on the region of the Burren itself, the second from

-UV-B +UV-B

-iil 26 9

+iil 2 17

Bur-0 Bur-0 + UV Chi-square p-value <0.0001

FIGURE 1 | UV-B can induce the iil phenotype even at lower temperature conditions in the Bur-0 a ccession. (A) Bur-0 plants growing at 23 C either with or
without UV exposure.(B) The number of plants that display theil phenotype with CUV-B) or without ( UV-B).
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there was a clear correlation between the presence ofilthe
phenotype and the repeat expansion, while the plants that lacked
theiil phenotype typically harbored shorter repeats. This suggests
that some of the 10 original accessions were heterozygotisefo
repeat expansionF{gure 3D). To ensure that the accessions we
recovered in the wild do not represent contamination from seed

|" of the Bur-0 lab accession, we genotyped At322 with 23 SSLP
markers distributed across the genome. This analysis coad

that At322 is distinct from Bur-0 as well as Col-Bigure 3§
Table S5. Thus, we have recovered the GAA/TTC expansion at
c D thellL1 locus, from at least 10 distinct will. thalianastands in
Ireland out of a total of 131 samples.

50 101

404

©
1

30

LOD Score
id

201

s

Chromosome

0.6 8.6 10.7 18.15
| ] | |

Expanded Repeats Occur in Genetically

Diverse Irish A. thaliana populations

To determine whether the accessions that carry the repeat
UL S SO S expansion are genetically similar to each other, we analiized

0 genetic diversity among Irish accessions using DArT-§&fan

et al.,, 201p From the DArT-Seq data, we compiled data for

4556 SNPs for which genotypic information was available for

over 90% of the accessions and utilized this data to anaheze t

genetic architecture of the samples that we collected irame!

|
54/216 28‘212 31\/208 49/180

40 4 Ve ~ N
v, N
4 9i8 10,|08 10,[26 ~

Chromosome

Chromosome

FIGURE 2 | Mapping of a modi er of iill in the Col-0  Bur-0
recombinant inbred lines. (A) QTL map of theiil phenotype in the Bur-0
Col-0 RIL population.(B) QTL analysis of the modi er using RILs, which

harbor the Bur-0 allele in Chromosome 4. The red lines i(A,B) represent LOD
thresholds determined through 1000 permutations(C) Two-dimensional scan
of the QTLs representing genetic interactions between theti. The top
triangle represents epistatic interactions. The bottom tangle represents
additive interaction. The color scale bar represents LOD swes for epistatic
(scale 0 to>10) and additive (scale 0 to> 60) interactions. The QTL on
chromosome 2 exhibits both additive and epistatic interadgons. (D) Linkage

(Table S§.

STRUCTURE analysisP(itchard et al., 20Q0using the
admixture model for multilocus genotype data suggested that
the wild Irish A. thaliana populations consist of two main
clusters K D 2, Figure 4A). The majority of accessions were
primarily associated with one cluster, while the other clustes wa

relatively small. We therefore analyzed only the subsethef t
accessions that fell in the major cluster through STRUCTURE
to decipher whether there are further sub-clades. This aisly
identi ed that the major cluster itself consisted of two sub-

other parts of Ireland Figure 3A, Table S3. In their natural . .
habitats plants exhibited phenotypic di erences, for exampleCIUSterS K D 2, Figure 48 Figure S3. To assess whether the

in leaf morphology and plant statureFigure S3. The seeds accessions that harbor the repeat expansion are con _ned to
. one of the sub-clusters, we mapped the distinct accessions on
were collected and plants were re-grown in the lab to generat[e

. ) ; 0 the STRUCTURE Harvester outpuE#rl and vonHoldt,
single-seed descendent plants, which resulted in a coradetid . o

. . . . . 2012. In the non-expanded range, the bimodal distribution of
collection of 131 accessions representing dierent location

the repeat number was re ected in the STRUCTURE analysis.
across Irelandfable S3. The accessions that harbored 26 repeats predominantly fell in
To determine whether thélL1 triplet repeat expansion still P P y

L . . one sub-cluster and the accessions that carried 9 repedts fel
persists in Irish populations, we analyzed the accessiorected! in another sub-cluster Rigure 48). We could detect that the
from Ireland through PCR analysis for thBL1 expansion, g :

phenotyping at 27C in short days and sequencing. Most of theaccessions carrying thie.1 repeat expansion in both sub clusters

accessions did not contain thi1 repeat expansion as expected..(':Igure 4A), suggesting that the repeat expansion is present

. . in diverse genetic backgrounds. Chromosomal level argalysi
Sequencing of the repeat region revealed thatthEGAA/TTC also conrmed the same Rigures S6S19, which suggests

:de:tcjl?rnegt(z;?l(t;e ticize;zﬁgrst\ﬁﬂg%f_rgén rs tga%sgsrgsgzﬂtaesﬁlgqhat population structure alone cannot explain the observed
9 P g P genetic patterns; and that the expansion either predates the

populations previouslygureshkumar et al., 20However, the sub-division of the Irish accessions of Arabidopsis or has

distribution of the repeats revealed a bimodal distributisith a spread throuah the population after originating in one of the
prevalence of 9 and 26 repeats in a majority of accessionshwhicIO 9 Pop 9 9

di ers from what is seen in global populationEigure 3B). sub-populations.

Through this analysis we identi ed a total of 10 accessions i )
(At216, At249, At319, At322, At369, At370, At379, At434ee-  Changes in Triplet Repeat Length Is
462, and At533) from seven geographic locations that coethin Associated with Phenotypic Variability
thellL1 repeat expansion along with the typidélphenotype at As the iil phenotype caused by triplet expansion is visible
27 C short daysFigure 3C Figure S9. In some accessions, not only under high temperature or UV-B stress, it is likely that
all plants displayed th&l phenotype Figure 3C). Nevertheless, this phenotype is not commonly manifest in the wild under

analysis of theiil phenotype in Bur-0  Col-0 F, population.
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FIGURE 3 | Recovery of the IIL1 repeat expansion in wild accessions from Ireland. (A) The geographic locations of accessions collected from Irefed. The
yellow dot indicates the possible location at which the origpal Bur-0 accession was collected in 1958; red dots indica¢ approximate locations of wild accessions
collected in 2011/2012. (B) Distribution of thellL1 GAA/TTC repeat-numbers in wild accessions. The distributiois restricted to those accessions that do not harbor
the expansion.(C) The il phenotype recovered in the segregating progeny of plants ofollected line At322 along with plants that lacked theil phenotype. (D) PCR
analysis of repeat length on segregating progeny of At322 wi and without the iil phenotype. (E) PCR analysis for two SSLP markers on At322. B- Bur-0, C-Col-0
At322—four plants from the segregating progeny of the wild ecession At322 that display theiil phenotype. The two markers are LUGSSLP531 (left) and

MSat2.36 (right).

FIGURE 4 | The IIL1 triplet repeat expansion is present in genetically diverse accessions in Ireland. (A) STRUCTURE bar plot colors show the fraction of
ancestry assigned to each of theK D 2 populations. The blue arrow represents the accessions theharbor the repeat expansion(B) Bar plot of the major sub-cluster
of accessions (shown in blue imA) fall intoK D 2 groups. Red and black arrows represent accessions that hdror either 9 or 26 GAA/TTC repeats at the third intron of

the lIL1locus.
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Irish growth conditions. To investigate whether the repeatwe were unable to detect an impact on owering time, we
expansion is associated with any other phenotypes, we undertoobserved signi cant associations between the copy number
a phenotypic analysis of our Irish collection root length,of the repeats and the degree of leaf serratipn<( 0.02,
hypocotyl elongation, degree of leaf serration and owering8% of variation), temperature sensitivity in root length €
time. Since theil phenotype is temperature-sensitive, we als®.01, 10% of variation) and hypocotyl elongatigm € 0.01,
measured temperature sensitivity root and hypocotyl lengti3% of variation). In addition, we observed an impact of
(Figures 5A-D. Considerable genetically controlled phenotypicsoil type on root length at both temperaturep K 0.0008
variation was found Table S7. ANOVA analysis with repeat (23 C) andp < 0.001 (27C), 20% variation] and leaf serration
expansion (i.e., whether the repeat is normal range or expgndedp < 0.0001, 26% of variation) consistent with the observed
detected a signi cant association between the repeat expansigeographic patternHigure 5E). Furthermore, we observed that
and hypocotyl length at 2T, which accounted for 13% of the one of the markers (Marker 1D:100017906) at position 7.85
variation (p < 0.001), which was also re ected in temperatureMb was strongly associated with leaf serratidfigre 5F p
sensitivity p < 0.01) Figures S13A,BTable S4. QTL analysis < 0.0001). However, with the major groups of repeats (9 or
of owering time at 27C revealed a minor QTL spanning 26 repeats) mapping to specic sub-clusters, this could also
the repeat expansiorF{gure S130. In addition, we observed be explained by a strong e ect of population structure. Thus,
the natural suppressor NS15 (NS15 lacks the repeat expansigaographic di erentiation and population structure accounts
in an otherwise Bur-O background) owered earlier in long for most of the variation in leaf serration in the Irish
days Figure S13D. Thus, plants with the repeat expansionaccessions.
appeared less sensitive to temperature changes in hypocotyl
length, and potentially owering time as well, which suggest
that the expanded repeats can have additional phenotypDISCUSSION
consequences. .
Variation in triplet repeat length, even in their non-expanded_ljjv'B and High Temperatur_e Unmasks the
ranges, has been shown to be associated with phenotydié Phenotype Caused by Triplet Repeat
di erences in other speciesL¢vdansky et al., 2007; Michael VVariation
et al., 200). To assess the impact of the repeat length inve have demonstrated that thi#é phenotype is not a generic
the non-expanded range, we explored a model with di erentstress associated phenotype but is instead specic to certain
phenotypes as response and repeat number as a factor, hypes of environmental modulations. We have shown that plants
excluding accessions with the expansiofsble S4. While grown at 23C have a propensity to display thié phenotype

FIGURE 5 | Phenotypic variation in wild accessions from Irela  nd. (A) Distribution of owering time expressed as days to owering in23 C in long days. Asterisk
indicates accessions with extremely later oweringX5 months, presumed to be winter annuals)(B) Distribution of root length (R23, R27) and hypocotyl lengt(H23
and H27) at 23 and 27 C in short days shown as box plots.(C) Box-plots for temperature sensitivity in root and hypocotllength. (D) Distribution of leaf serration
among 131 Irish accessions.(E) Geographic distribution of leaf serration across Ireland, kere light green to dark green represents low to high serratn. (F)
Differences in the distribution for leaf serration among $hi accessions correlated with the genotype at 7.85 Mb of chrmmosome 4 (DArT-seq marker ID: 100017906).
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associated with the repeat expansion when exposed to Uv-Bhe IILLGAA/TTC Repeat Expansion

The association between UV-B exposure and ith@henotype Displays Conditional Neutrality

was statistically signi cantp( < 0.0001, chi-square test) and Theiil phenotype is conditional and displayed only under speci ¢
was correlated with an increase in the instability of the &#pe enyironmental conditions. However, it has been previously
expansion. UV-B exposure is known to have many e ects olshown that the loss of function dfL1 in the Col-0 background
plant growth and development such as decreased plant heigh{ayses retarded growth even in standard growth conditiemsi(
decreased leaf area, reduced stomata number and curling of al., 2009; Sureshkumar et al., 200Bherefore, it is also
leaves, as well as an increase in axillary branchiagsen et al., possible that thelL1 repeat expansion could still reduce tness.
1999. Indeed leaf development is one of the key phenotypeg, thjs study, we have demonstrated that thil triplet repeat

that can be a ected through UV-B exposure. In addition, it is expansions are recoverable from the wild even 50 years hter t
also known that the Arabidopsis photolyase, which is inducegriginal collection of the Bur-0 accession. The recoverghef
upon UV-B exposure and is responsible for the photo reactivatiomepeat expansion at multiple populations suggests thatltie
mechanisms is also temperature sensitiver(g and Hays, 1991  yepeat expansion is unlikely to be as detrimental as seen under
Our analysis ofIL1 repeats revealed that upon UV-B exposureoyr unusual lab conditions in natural habitats. The phenotypic
there was an increased propensity to expand associated wigdnsequences of this repeat expansion are possibly masked in the
increased instability Kigure S). This is consistent with the temperate Irish environment, in which temperatures of 2o
increase in the number dfl plants and it is possible that UV- nt typically occur during short days.

B exposure increases instability, resulting in further e)gams QTL analysis for owering time in the Bur-0 Col-0 RILs

that can lead to thdil phenotype. It has been previously shownreyealed a major QTL mapping to the same region as the
that the transmission of UV-B on the epidermal surface of lsave|| 1 |ocus (not shown). This may simply be a re ection of

is dependent on temperature with lower temperatures displayinghe ji| phenotype, which prevents the plants from reaching the
reduced transmittance, due to the accumulation of the UV-Bowering stage and noper sean e ect of owering. However,
absorbing hydroxy cinnamic acid{lger et al., 2007 While it natyral suppressors with reduced numbers of repeats in the Bur-
is possible to separate the UV-B and temperature e ects undey phackground owered earlier compared to Bur-0 in long day
|ab0rat0ry COﬂdItIOﬂS, in the wild it is ||ke|y that plants Mvi conditions (:|gure 813 This Suggests that the repeat expansion
experience a combinatorial impact of both these factors. Thuggyid delay owering time. However, it is not yet clear what etec

it is plausible that at elevated temperatures, there is also &hrly owering would have in the environment of the Burren,
impact of UV-B that leads to the observation of tilephenotype.  \yhere the repeat expansion appears to be most prevalent. One
Taken together, our ndings suggest that speci ¢ environrt@n possibility is that it could expose owering plants to the risk of
changes unmask thél phenotype in the Bur-O accession of |ate frosts. Hence, we cannot exclude that a seemingly destah

Arabidopsis thaliana allele could provide an advantage in certain environments in
the form of antagonistic pleiotropy, as described recentlthim
Epistatic Interactions Modify the case of loss-of-function alleles for tteARUSIgene Zhu et al.,
. . 2015. ThellL1 GAA/TTC polymorphism could thus be an ideal
Phenotypic Imp_aCt _Of the 1IL1 Triplet model for analyzing the underlying mechanisms and roles for
Repeat Expansion in Col-0 such mutations in environmental adaptation.

We demonstrated that there are genetic modi ers present ifr Co

0 that suppress thél phenotype. Theil phenotype does not . .
segregate as a monogenic trait but it was di cult to discernA New Island Collection of Genetlca"y

whether it was digenic, simply based on the analysis of thiVerse Local Populations for Evolutionary
phenotypes. We detected a strong epistatic interaction with Analysis

locus on chromosome 2. Epistatic interactions can eithengba Our study has generated a new collection of genotyped strains
the magnitude of the e ect or can change the direction of e ectsfrom an island population that is suitable for studying natural
(Mackay, 201 A change in the magnitude of the e ect can variation in ruderal plants. We have also provided evidence tha
also be detected as an additive e ect due to the second locuke Irish population displays both genotypic and phenotypic
Consistent with this, we also observe that there is an adgliti diversity, as other regional populationsg Corre et al., 2002;
interaction detected between chromosome 2 and chromosomntéico et al., 2008; Bomblies et al., 2010; Long et al., 2013;
4 for theiil phenotype. Therefore, it appears, while the repeaBrennan et al., 20)4Native to Eurasia and Northern Africa,
expansion determines whether thiephenotype is conferred or A. thalianais believed to have colonized Ireland in the post-
not, its magnitude is altered by genetic modi ers. It appedatt glacial period Erancois et al., 2008this Irish collection will

the modi er on chromosome 2 suppresses its phenotypic impactlso serve as an additional resource for genetic analytsighie

In addition, the modi er on chromosome 5 also appears displayhistory of the post-glacial colonization of Ireland By thaliana

a mild epistatic interaction that modi es the phenotype. We bav The genetic diversity among the Irish population is extensive
con rmed at least the small e ect QTL in chromosome 2, and theboth in terms of genetic (SNP-based) diversity, and the rdite
molecular isolation of this small e ect QTL should revealthgr  within the phenotypic traits analyzed. This notion is further
interesting insights onto the underlying mechanisms foetth  supported by the measured phenotypic traits of owering time,
phenotype. hypocotyl elongation, degree of leaf serration and gernimell
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of which span response ranges similar to those observed betwefer their insightful comments. This work is supported by

populations from other geographical regions. Australian Postgraduate Awards (AT, CD), Australian Resear
Council (Discovery Project DP1095325 and Future Fellowship

Variability of the Non-expanded 1IL1 Triplet FT100100377 to SB) and funds from Monash University through

Repeats in Irish Populations a Larkins Fellowship to SB.

The non-expanded GAA/TTC tracts in the lIrish population

spanned 3-28 repeatsFigure 3B), quite similar to that

previously reported (0—36 repeats) across a global populatioﬁUF"Pl—EMENTARY MATERIAL

set Sureshkumar et al., 2009nusually, the Irish population

exhibits a bimodal distribution in repeat lengths with pea

frequencies of 9 and 26 repeats. This could indicate thatlttie

repeat in the Irish populations is comprised of two conserved1311

genetic groups. We determined that certain repeat Iengths wefigure S1 | UV-B increases genetic instability of expanded r  epeats. The

favored over others. For example, in our sequenced samples, rngon encompgssing thellL1 repeat ampli ed through PCR is shown for several
. . lants treated with UV-B compared to control plants.

accessions had nine repeats, 14 had 11 repeats and only two fad

10 repeats. It has been hypothesized that the number of repeﬁgu_re S2 | The visible comparative scale u_sec_i for qu_antitativ _ ely sForing

the iil phenotype. A-J represents plants with increasing severity of thél

may re ect adaptatlons to the internal genetic enVIronmentSphenotype beginning with a normal plant (score of 1 il\) to the plant with the

(Undurraga et a_l-: _2032_A_ previous StUdy on po'VQIUtamine most severeiil phenotype (score of 10 inJ). Each of the 2752 plants representing
(polyQ) tract variation within theELF3gene Undurraga et al., 344 RILs were scored against this scale to obtain a quantitate score for theiil
2012 demonstrated that variation in coding repeats (e.g., polyQphenotype and the average scores for each of the RILs was usedhithe QTL
depend on genetic background, our results indicate the repe&Pping reported inFigure 2.
lengths of non-coding trinucleotide repeats may also be c@al  Figure S3 | Variation observed among wild accessions at vario  us
i _ collection sites in Ireland.  Arrows point to the plants. The leaves shown in J
in a background-dependent manner.
Overall. our study sheds Iight on the complex genetiqdepict the variation observed between plants harboring seated and non-serrated

. ] 4 . R eaves in natural conditions.
interactions that modify the triplet repeat expansion asseda _ ) )
il henotype. We have demonstrated the cryptic nature Oflgure S4 | Recovery of accessions with the  1IL1 repeat expansion from

. P . ype. yp . . _Ireland. (A) PCR analysis of few wild accessions displayingL1repeat expansion.
this il phenOtype and conclude t_hat_ ever_] mutan_on; W|th(B) Theiil phenotype recovered from the Irish accessions through a scen for the
very strong phenotypes can be maintained in the wild if theiril phenotype at 27 C. Scale barsD 1 cm.
e ects are Condltlonal'_Thdﬂ!‘l trlplet repeat expansmn, which Figure S5 | The Structure Harvester output that provides sup ~ port for K D 2
causes severe growth impairments at high ambient tempersturgopulations in all Irish accessions. (A) ~ Graphical output of Evanno method as
has been maintained in the lIrish populations for over 50implemented in Structure Harvester for differenk-values (from 1 to 8).(B)
years. Though it is di cult to rule out balancing selectiorr o Quantitative output of the Evanno method as implemented in tBucture harvester.
uctuating selection, our data suggests that, within Iredathe  Figure S6 | Phylogenetic tree of genome-wide SNPs for all 131sa  mples.
allele might be neutral or bene cial. The Irish accessioiis OB_Iue.arrows shoyv the accessions with the repeat expansionsDifferent colors
A. thaliana, along with the natural suppressors "nes’ providehlghhght accessions Bur-0 (blue), Burren2011 (red), anddl-0 (green).
an excellent resource to further analyze mechanisms thaltico Figure S7 | Phylogenetic tree of based on SNPs in Chromosome 1. Blue
explain the high frequency of the repeat expansion in therrows show the accessions with the repeat expansions. Difent colors highlight
Irish populations. In addition, this genotyped collection of 2eessions Bur-0 (blue), Burren2011 (red), and Col-0 (gres.
Irish strains will aid future studies to decipher the post- Figure S8 | Phylogenetic tree of based on SNPs in Chromosome 2. Blue

glacial colonization of the island of Ireland b9( thaliana arrows show the accessions with the repeat expansions. D#fent colors highlight
’ accessions Bur-0 (blue), Burren2011 (red), and Col-0 (greg.

K The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10389/fpls.2016.

accessions.
Figure S9 | Phylogenetic tree of based on SNPs in Chromosome 3. Blue
arrows show the accessions with the repeat expansions. D#fent colors highlight
AUTHOR CONTRIBUTIONS accessions Bur-0 (blue), Burren2011 (red), and Col-0 (greg.
Figure S10 | Phylogenetic tree of based on SNPs in Chromosome 4. Blue

Performed experiments (AT, SV, ES, and LC). Analyzed Datg (Arows show the accessions with the repeat expansions. Difent colors highlight
SV, AS, PM, TD, CD, ES, CS, and SB). Computational analysisatessions Bur-0 (blue), Burren2011 (red), and Col-0 (greg.
the data (AS’ TD, and CD)' Wrote the manuscript (AS* PM, CSliigure S11 | Phylogenetic tree of based on SNPs in Chromosome 5. Blue

and SB). Designed and Supervised the study (CS and SB). arrows show the accessions with the repeat expansions. Difent colors highlight
accessions Bur-0 (blue), Burren2011 (red), and Col-0 (greg.
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largely excluded as they do not reach the owering staggD) Loss of repeat
expansion in Bur-0 leads to early owering.

Table S1 | Primers used for analyzing and sequencing the repeat region of
IIL1.
Table S2 | Genotypic and phenotypic data used for QTL analysis of the

modi er of [IL1.

Table S3 | Details of the collection of accessions in Ireland
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