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Abstract

Both inter- and intra-specific diversity has been described for trichome patterning in fruits, which is presumably involved
in plant adaptation. However, the mechanisms underlying this developmental trait have been hardly addressed. Here
we examined natural populations of Arabidopsis (Arabidopsis thaliana) that develop trichomes in fruits and pedicels,
phenotypes previously not reported in the Arabidopsis genus. Genetic analyses identified five loci, MALAMBRUNO 1-5
(MAU1-5), with MAU2, MAU3, and MAUS5 showing strong epistatic interactions that are necessary and sufficient to display
these traits. Functional characterization of these three loci revealed cis-regulatory mutations in TRICHOMELESS1 and
TRIPTYCHON, as well as a structural mutation in GLABRA1. Therefore, the multiple mechanisms controlled by three MYB
transcription factors of the core regulatory network for trichome patterning have jointly been modulated to trigger tri-
chome development in fruits. Furthermore, analyses of worldwide accessions showed that these traits and mutations only
occur in a highly differentiated relict lineage from the Iberian Peninsula. In addition, these traits and alleles were associated
with low spring precipitation, which suggests that trichome development in fruits and pedicels might be involved in cli-
matic adaptation. Thus, we show that the combination of synergistic mutations in a gene regulatory circuit has driven evo-
lutionary innovations in fruit trichome patterning in Arabidopsis.

Introduction indirectly influence transpiration, water use efficiency, and
Trichomes, or plant hairs, are epidermal cells highly differen-  photosynthesis (Bickford, 2016). In addition, trichomes pro-
tiated as outgrowths involved in adaptation to multiple abi-  vide a defensive barrier against a wide range of herbivores

otic and biotic environmental factors (Hauser, 2014). They (Dalin et al., 2008; Firstenberg-Hagg et al., 2013). In the past
directly protect from sunlight, heat, and UV radiation, while  two decades, the development of trichomes has extensively
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Background: Trichomes, or plant hairs, are specialized epidermal cells that protect different organs from sunlight or
water loss, and act as defensive barriers against herbivores. Historically, the model plant Arabidopsis thaliana has
been taxonomically characterized by the presence of trichomes in vegetative organs (leaves) and their absence from
reproductive ones (fruits). However, in this work we have identified natural populations of A. thaliana that develop
trichomes in fruits, which appears as a new trait for this plant.

YA N A LTV T AR TR VY

Question: We wanted to find the genetic mechanisms that allowed the evolution of trichomes in fruits of Arabidopsis

plants.

Findings: We found that the formation of trichomes in fruits requires a combination of mutations in three genes
regulating trichome development, TRICHOMELESS1 (TCL1), TRIPTYCHON (TRY) and GLABRA1 (GL1), all
encoding core transcription factors of the regulatory network for trichome development. TCL71 and TRY are
repressors of trichome formation and carry mutations that reduce their expression. By contrast, GL7 promotes
trichome development and bears a mutation that increases the activity of the protein. Plants carrying mutations in
only one or two of these genes do not develop trichomes in fruits, indicating that these genes interact to regulate
trichome formation. In addition, we show that this new trait has evolved specifically in an ancient relict lineage from
the Iberian Peninsula, where it is associated with spring precipitation. Hence, our results suggest that trichome
development in fruits might be involved in climatic adaptation.

Next steps: On one hand, we plan to study the ecological relevance of trichomes in fruits of Arabidopsis. On the
other hand we want to determine if the evolution of this trait in other plants has been achieved by similar or different

molecular mechanisms.
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been studied to disentangle the mechanisms controlling cel-
lular morphogenesis and differentiation, including cell cycle
and fate (Ishida et al, 2008; Balkunde et al, 2010; Grebe,
2012).

Trichomes are developed in leaves of most plants, but
they also can be found in other aerial organs, such as stems,
pedicels, sepals, petals, or fruits. The distribution of tri-
chomes in different organs has classically been used as a
morphological character to describe inter- and intra-specific
patterns of variation in Angiosperms (Judd et al, 1999). In
particular, the presence of trichomes in fruits provides a
qualitative trait for plant taxonomy that reflects a differen-
tial regulation in leaves and fruits, with a developmental
boundary between reproductive and vegetative organs
(Tutin et al, 1993; Hilskamp and Schnittger, 1998; Serna
and Martin, 2006; O’Maoiléidigh et al, 2013). The qualitative
robustness of trichome production in different organs is
compatible with the quantitative phenotypic plasticity ob-
served for the density of trichomes in response to environ-
mental factors, such as herbivores or water stress (Guimil
and Dunand, 2006; Ziist et al, 2012; Bloomer et al, 2014;
Bickford, 2016). Accordingly, genetic and molecular studies
in the model plant Arabidopsis have revealed a complex reg-
ulatory network that integrates endogenous signals from
hormones such as jasmonic acid and gibberellins (Pattanaik
et al, 2014). Currently, more than 40 proteins have been
identified as positive or negative regulators of trichome pat-
terning (Balkunde et al, 2010; Doroshkov et al, 2019).
In particular, MYB, bHLH, and WDR transcription factors
play an essential role in trichome initiation because they
form a central trimeric complex encoded by GLABRAT
(GL1), GLABRA3 (GL3)/ENHACER of GL3 (EGL3), and
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TRANSPARENT TESTA GLABRAT1 (TTG1). This complex indu-
ces trichome initiation by activating the expression of the
homeodomein protein GLABRA2 (GL2; Grebe, 2012
Pattanaik et al, 2014). In addition, seven single repeat R3
MYB transcription factors have been reported to repress tri-
chome formation by disrupting the function of the trimeric
complex (Wang and Chen, 2014).

Despite the tight regulation of trichome patterning, sub-
stantial intraspecific variation has also been described for
leaf trichome density, which is presumably involved in adap-
tation to different environments (Hauser, 2014). In particu-
lar, GL1 accounts for the glabrous phenotype occurring
occasionally in multiple Brassicaceae plants (Hauser et al,
2001; Bloomer et al, 2012; Li et al, 2013). In addition,
ENHANCER of TRIPTYCHON and CAPRICE 2 (ETC2) and
ATMYC1 contribute to the quantitative natural variation for
leaf trichome density in Arabidopsis (Hilscher et al, 2009;
Symonds et al, 2011). However, the molecular mechanisms
underlying the intra- and interspecific diversity for trichome
patterning in other organs remain mostly unknown.

Like many other wild and crop plants, all species of the
Arabidopsis genus have taxonomically been characterized by
the absence of trichomes in fruits (Al-Shehbaz and O’Kane,
2002). However, artificial gene perturbations have led to fruit
trichome formation, indicating that the underlying regula-
tory pathway is not completely absent in Arabidopsis
(Schnittger et al, 1998; O'Maoiléidigh et al, 2013). In agree-
ment with the differential trichome patterns of fruits and
leaves, these studies have also shown that the key regulator
of reproductive organ formation, AGAMOUS (AG), sup-
presses the leaf and trichome developmental programs dur-
ing flower development (O’Maoiléidigh et al, 2013).
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Therefore, Arabidopsis trichome formation is precisely re-
stricted to sepals, while it is silenced in other flower organs.
Refuting this archetype, here we identify Arabidopsis natural
populations that develop trichomes in fruits and pedicels.
As new qualitative traits likely involved in adaptation, such
phenotypes appear as evolutionary innovations for this wild
plant (Wagner, 2011).

In this study, we address the genetic, molecular, and evo-
lutionary mechanisms underlying Arabidopsis diversity for
fruit and pedicel trichome patterning. Functional dissection
of these traits identified regulatory and structural mutations
in three genes encoding MYB transcription factors, TCL1,
TRY, and GL1, which showed strong synergistic interactions.
In addition, we found that these traits and mutations are re-
stricted to an ancient relict lineage of Arabidopsis, and they
correlate with climate precipitation. Together, our results re-
veal that such novel fruit trichome patterns have evolved
from standing and new variation at the core regulatory
network.

Results

Fruit trichome development has evolved in the
Arabidopsis relict lineage

Analysis of a worldwide collection of 420 Arabidopsis acces-
sions identified 24 wild strains that develop trichomes in
fruits, all coming from local populations in the Iberian
Peninsula (Figure 1). Branched and simple trichomes were
initiated during flower development, since they appear fully
developed in carpels at anthesis (Figure 1, A-C). All but
three of these accessions also displayed trichomes in pedi-
cels, whereas 15 additional genotypes from the same world
region had trichomes in pedicels but not in fruits (Figure 1,
D and F). Genome-wide analysis of the genetic structure of
235 Iberian accessions included in this study showed that
88% of the populations with trichomes in fruits belong to
the highly differentiated genetic group previously described
as relict in this region (Figure 1F, 1001 Genomes
Consortium, 2016; Tabas-Madrid et al, 2018). Relict acces-
sions define an ancient lineage that originated in Africa and
was isolated from the nonrelict Eurasian populations about
90 kya (Durvasula et al., 2017). However, all relict accessions
analyzed from Africa, as well as 40% of the relict Iberian
accessions, did not bear trichomes in fruits or pedicels.
Therefore, fruit trichome development appears as a new
trait evolved within the Iberian relict lineage.

Development of trichomes in fruits requires

multiple MAU loci interacting synergistically

To determine the genetic bases of Arabidopsis fruit tri-
chome patterning, we carried out quantitative trait locus
(QTL) mapping in a population of recombinant inbred lines
(RILs) derived from an accession showing trichomes in fruits,
Don-0, and the reference strain Landsberg erecta (Ler;
Figure 1E). To this end, we qualitatively phenotyped 375
RILs for the absence/presence of trichomes in fruits and
compared these data with the 118 markers of the Ler/Don-0
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genetic map (Mendez-Vigo et al, 2016). A total of five loci
were identified and named as MALAMBRUNO (MAU) 1-5
(after Cervantes’ sorcerer who gave beards to the countess
and her maidservants in Don Quixote). Don-0 alleles in all
MAU loci increased fruit trichome density, but MAU2,
MAUS3, and MAUS5 showed the largest effects. To character-
ize these major loci, we developed introgression lines (ILs)
carrying Don-0 alleles at MAU2, MAU3, and/or MAUS in a
Ler genetic background. Phenotypic analyses showed that
fruit trichome development requires Don-0 alleles in all
three MAU loci (Figure 1G), although lines with Don-0
alleles in MAUS5 and MAU2 or MAU3 occasionally displayed
a few trichomes (<5) in the first fruits. These results indi-
cated that the three loci show strong synergistic epistasis
(P <0.001; Supplemental Data Set 1) to control fruit tri-
chome formation. In contrast, the development of tri-
chomes in pedicels was mainly determined by the large
additive effect of MAU2 and its genetic interaction with
MAUS3 (Figure 1G; Supplemental Data Set 1). Thus, the same
loci account for the distinct genetic architectures of fruit
and pedicel trichome traits.

Regulatory variation causing hypofunction of TCL1
underlies MAU2

To find candidate genes for the MAU loci, we carried out
genome-wide association (GWA) analyses for fruit and pedi-
cel trichome traits using 235 Iberian accessions (Figure 2;
Supplemental Figure S1). Comparison of the qualitative fruit
trichome pattern and the 2.2 million single nucleotide poly-
morphisms (SNPs) segregating in these accessions detected
several significant genomic regions around the locations of
MAU2 and MAUS. However, as expected for the complex
epistatic architecture of this trait, the most prominent statis-
tical significances did not overlap with MAU mapping
regions (Supplemental Figure S1). On the contrary, in agree-
ment with a simpler genetic basis, the most significant geno-
mic region detected for pedicel trichome pattern
overlapped with MAU2, which suggests the presence of a
frequent allele with large additive effect (Figure 2). The
strongest associations were located around a cluster of three
genes, TRICHOMELESS1 (TCLT1), TCL2, and ETC2 (Figure 2B),
all encoding R3 MYB transcription factors that negatively
regulate trichome formation (Wang and Chen, 2014). A pre-
vious study identified an ETC2 missense mutation contribut-
ing to the natural variation for leaf trichome density
(Hilscher et al,, 2009). Although this polymorphism was seg-
regating in the Iberian Peninsula, Don-0 and Ler accessions
carried the same allele, and it was not significantly associ-
ated with fruit or pedicel trichome traits. In contrast, the
most significant SNPs in this cluster were located around
TCL1 (At2g30432), whose artificial loss-of-function mutant
specifically develops trichomes in pedicels (Wang et al,
2007; Supplemental Figure S2). Furthermore, gene expression
analyses showed that only TCL1 differed significantly be-
tween the parental accessions in reproductive organs
(Figure 3; Supplemental Figure S3).
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Figure 1 Genetic bases and geographic distribution of trichome patte

rn variation in fruits and pedicels of Arabidopsis. A-D, Photographs of car-

pels (A, B), fruits (C), and pedicels (D) of Don-0 and Ler accessions taken under stereomicroscope (A, C, D) or by scanning electron microscopy
(B). In (D), Moj-0 accession is also included to illustrate the development of trichomes in pedicels but not in fruits. E, QTL mapping of fruit tri-
chome pattern in the Don-0/Ler RIL population. Genetic maps of Arabidopsis linkage groups are shown in the abscissa and LOD scores in the or-
dinate. The LOD threshold used for QTL detection is shown as a hatched horizontal line, and the 2-LOD support intervals of the detected QTL
are depicted as gray horizontal lines on the genetic maps. For each QTL, its name and the percentage of explained phenotypic variance is in-
cluded. F, Geographic distribution of Iberian populations classified according to their genetic group (relicts and nonrelicts) and the development

of trichomes in fruits and pedicels. The number of accessions in each
upper panel), and pedicel trichome pattern measured as the number

class is indicated in the legend. G, Trichome number in the first fruit (FTN;
of hairy pedicels in the first 30 fruits (PTP; lower panel), of ILs differing in

MAU2, MAU3, and MAUS Don-0/Ler alleles. Dots and bars correspond to means + 0.95 confidence intervals of three lines per genotype (10-24
plants per line). Graphical genotypes of ILs are depicted in the lower part of the panel. Differences among genotypes were tested by mixed linear

models, and the same or different letters indicate nonsignificant and si

To test the functionality of TCLT Don-0 and Ler alleles, we
developed genomic constructs including the promoter, cod-
ing and 3'-untranslated region (3'-UTR) regions from each
accession, and we used them to generate transgenic lines in
tclT mutant genetic background (Figure 4). Phenotypic char-
acterization of 12-14 T; homozygous independent trans-
genic lines for each construct showed that both alleles

gnificant differences as tested by Tukey’s test (P <0.05).

reduced the number of pedicels developing trichomes.
However, the two types of transgenic lines differed signifi-
cantly in their pedicel trichome pattern (P <0.001;
Supplemental Data Set 1). These results indicate that both
TCL1 alleles, Don-0 and Ler, are functional, but Don-0 carries
a partial loss-of-function (or hypomorphic) allele compared
with Ler and Col backgrounds. To further determine if TCL1
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Figure 2 GWA analyses of pedicel trichome pattern. A, Manhattan plots from a GWA study carried out with 235 Iberian accessions phenotyped
qualitatively for the absence/presence of trichomes in pedicels. The heritability of the trait, as well as the number of associated SNPs and genes,
are indicated in the upper part of the panel. Mapping intervals of MAU2, MAU3, and MAU5 are shown as red boxes. B and C, Zooms of
Manhattan plots in MAU2 genomic region (B) and along TCLT gene (C). In (B), genes across the ~50-kb MAU2 region displaying the most signifi-
cant associations are depicted in the lower part of the panel, including the gene cluster of ETC2, TCL2, and TCL1. In the lower part of (C), TCL1
structure in introns, exons, and UTRs is presented, depicting the SNPs, indels, and missense mutations found between Don-0 and Ler. The effect
of the 3’-UTR deletion of TCL1 (Don-0 del 168 bp) is included in (C) but not in (A) and (B), which were based on segregating SNPs. The red dot-
ted line of each panel indicates the significance threshold of —log(P)=7.64 (corresponding to 5% with Bonferroni correction for multiple testing);

SNPs above this threshold are red colored in (B) and (C).

is MAU2, we also transformed the IL-235. We selected this
genetic background because Don-0 alleles in MAU2, MAU3,
and MAUS5 are required to develop high fruit trichome den-
sity. Since TCLT is a negative regulator of trichome develop-
ment, it can be expected that TCL1-Ler and TCL1-Don-0 will
differentially reduce fruit trichome number (FTN). Analysis
of 6-7 homozygous transgenic lines showed significant dif-
ferences in pedicel trichome pattern (PTP), similar to those
observed in the tcl1 background (Supplemental Figure S4B).
In addition, both classes of transgenic lines differed quantita-
tively in FTN, TCL1-Ler showing, on average, a five-fold larger
reduction than TCL1-Don-0 (Figure 4C). Hence, we con-
cluded that TCLT underlies MAU2 effects on pedicel and
fruit trichome patterning.

To reveal if the partial loss of function of TCL1-Don-0
is caused by structural or regulatory polymorphisms, we
analyzed TCL1 nucleotide diversity. Don-0 and Ler parents
differed only in one amino acid substitution (Lys*® to Glu®®),
but also in numerous polymorphisms across noncoding
regions (Figure 5). In particular, Don-0 carried a 168-bp
deletion spanning almost the complete 3'-UTR, which
was in strong linkage disequilibrium (LD) with the missense
mutation, a small indel, and three other noncoding SNPs
(Supplemental Table S1). Clustering analysis of TCL1

sequences showed that these six polymorphisms define a
haplogroup that includes most accessions developing tri-
chomes in fruits or pedicels (Figure 5A). However, several
additional analyses supported TCL1-Don-0 deletion as a cis-
regulatory causal polymorphism. First, association tests in-
cluding Don-0/Ler indels in the 235 Iberian accessions
showed that TCL1-Don-0 deletion was the most significant
polymorphism linked to pedicel trichome pattern (-
log(P)=24.3; Figure 2C). In fact, all accessions carrying TCL1-
Don-0 deletion developed trichomes in pedicles, and 67% of
them also in fruits. Second, Don-0 and Ler parents strongly
differed in gene expression, especially in the reproductive
organs where TCLT had two- to three-fold higher expression
than in leaves (Figure 3A). This expression variation was
largely determined by MAU2/TCL1 as shown by the analysis
of ILs (Figure 3B; Supplemental Data Set 1). To distinguish
the effects of the missense mutation and the 3/-UTR dele-
tion, we developed two chimeric genomic constructs be-
tween Don-0 and Ler TCL1 alleles, which split both
polymorphisms (Figure 4, A-D; Supplemental Figure S4, B
and C). Phenotypic analyses of transgenic lines for the chi-
meric alleles, in tc/1 and IL-235 backgrounds, showed that
transgenes carrying only the TCL1 3'-UTR deletion behave
similar to lines carrying the complete TCL1-Don-0 allele.
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tested by Tukey’s test (P < 0.05).

Quantitative differences among transgenic lines correlated
with TCL1 expression (Figure 4B, D; Supplemental
Figure S4C), TCL1-Don-0 deletion accounting for 41%-68%
of the variation for fruit and pedicel trichome pattern, as
well as for TCL1 expression (Supplemental Data Set 1).
Therefore, the partial loss of function of the TCL1-Don-0 al-
lele is caused by a 3'-UTR regulatory deletion, which reduces
gene expression and the repression of trichome develop-
ment in pedicels and fruits. In agreement with the

geographic distribution of accessions developing trichomes
in fruits, this TCL1 deletion is present only in Iberian relicts;
it was not found in any other Arabidopsis genome from
Eurasia or Africa (Supplemental Table S1).

Regulatory variation causing TRY hypofunction
underlies MAU5

As a first step to find the gene underlying MAUS, we fine
mapped this locus by genotyping a segregating family of
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Figure 4 Trichome pattern and gene expression of transgenic lines for TCL1, TRY, and GL1. A, C, Pedicel (A) and fruit (C) trichome phenotypes of
independent homozygous transgenic lines carrying parental (left side) or chimeric (right side) genomic constructs of TCL1, in tc/T mutant (A) or
IL-235 (C) genetic backgrounds. B, D, Linear regressions between pedicel or fruit trichome patterns and TCL1 expression in flower buds, for TCL1
transgenic lines in tcl1 (B) or IL-235 (D) backgrounds. E, G, Fruit trichome number of independent homozygous transgenic lines carrying Ler or
Don-0 parental genomic constructs of TRY (E) or GL1 (G) in 1L-235 (left side of E), IL-1235 (right side of E), or tcl1 try (G) genetic backgrounds. F,
H, Relationship between fruit trichome number and TRY (F) or GL1 (H) expression in flower buds, for TRY (F) or GL1 (H) transgenic lines. Gene
expressions of transgenic lines are relative to the expression of untransformed controls. Pedicel trichome pattern was measured as the number of
hairy pedicels in the first 30 fruits (A, B), whereas fruit trichome number (FTN) is the number of trichomes in the first fruit (C-H). In (A, C, E, and
G), transgenic lines are arranged from low to high mean FTN, and 95% confidence intervals for untransformed controls are shown as blue-shaded
areas. Phenotypic differences among genotypes were statistically tested by mixed linear models; the same or different letters on top of each panel
indicate nonsignificant or significant differences, as tested by Tukey’s test (P < 0.05).
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Figure 5 Genetic diversity of TCL1, TRY, and GL1. A-C, Nucleotide diversity in Iberian accessions (left panels), and neighbor-joining (NJ) trees dis-
playing the genetic relationships among accessions (right panels), for TCL1 (A), TRY (B), and GL1 (C). Left panels show sliding window plots of the
nucleotide diversity in nonrelict accessions, and relicts classified according to their Don-0/Ler alleles. The average nucleotide diversity (1) of each
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1,350 plants with 18 genetic markers around MAU5 and
subsequently phenotyping FTN in the offspring of 83 recom-
binant plants selected from this population (Supplemental
Figure S5, A-C). MAUS was thus located in a small genomic
region of 3.5 kb where the genome sequence of Arabidopsis
Col-0 reference strain predicts that there is only an open
reading frame, which corresponds to TRY (At5g53200;
Supplemental Figure S5, A-C). Like TCL1, TRY encodes for
another R3 MYB transcription factor that negatively regu-
lates trichome development (Schellmann et al, 2002).
However, an induced try null mutation affects mainly tri-
chome development in leaves, leading to increased trichome
branching and density with an aggregated pattern
(Supplemental Figure S2). To test if a TRY loss-of-function
allele may underlie MAUS, we introgressed the try mutation
into a Ler line carrying Don-0 alleles of MAU2 and MAU3
(Supplemental Figure S6). Phenotypic analyses of homozy-
gous ILs showed that try causes fruit trichome formation
when combined with natural Don-0 alleles in MAU2 and/or
MAUS3 (Figure 3C). Similar to MAU5-Don-0 alleles, try inter-
acted significantly with MAU2 and MAU3 (Supplemental
Data Set 1). However, try mutation had a stronger effect
than the natural MAU5-Don-0 allele, because try lines dis-
played not only fruit trichomes with an aggregated pattern,
but also higher fruit trichome density.

To validate that TRY from Don-0 and Ler differ function-
ally, we developed two genomic constructs corresponding
to Don-0 and Ler alleles, and we used them to generate
transgenic lines in try mutant background (Supplemental
Figure S4D). The two transgenes complemented the aggre-
gated trichome pattern observed in try leaves, indicating
that both natural TRY alleles are functional. In addition, we
tested the differential function of TRY Don-0 and Ler alleles
in the reproductive phase by generating transgenic lines in
IL-235 and IL-1235 backgrounds with high FTN. Phenotypic
analyses of 3-8 homozygous independent lines for each
transgene and background showed significant differences in
FTN between both TRY alleles (P < 0.008; Figure 4E and
Supplemental Data Set 1). Overall, TRY-Don-0 transgenes
showed a weaker reduction of fruit and pedicel trichome
number than TRY-Ler lines (Supplemental Figure S4E).
Hence, we concluded that TRY underlies MAUS, for which
Don-0 carries a partial loss-of-function allele.

Analyses of TRY sequences showed that Don-0 and Ler
do not differ in any missense mutation, indicating that
their functional variation is not caused by structural poly-
morphisms (Figure 5B). In agreement, Don-0 displayed sig-
nificantly lower TRY expression than Ler mainly in
reproductive organs, with a two-fold higher TRY expression

Figure 5 (Continued)
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than in leaves (Figure 3A). Analysis of gene expression in ILs
differing in MAU2, MAU3, or MAUS5 alleles further showed
that the lower TRY-Don-0 expression is mostly determined
by MAUS/TRY (Figure 3B). Likewise, transgenic lines differed
in TRY expression (P =0.01), which correlated marginally
with FTN (Figure 4F and Supplemental Data Set 1). In addi-
tion, TRY expression was also regulated by TCL1/MAU2 be-
cause MAU2-Don-0 ILs had significantly lower expression
than MAU2-Ler (P < 0.001; Figure 3B and Supplemental
Data Set 1). Col and the tc/T mutant, however, did not differ
in TRY expression, suggesting that TRY trans-regulation
depends on the TCL1 allele and/or the genetic background
(Supplemental Figure S2D). Therefore, Don-0 and Ler not
only vary in TRY cis-regulatory polymorphisms, but also in
TRY trans-regulation mediated by TCL1.

To identify potential cis-regulatory TRY polymorphisms,
we carried out an association analysis for fruit trichome
pattern including all Don-0/Ler SNPs and indels segregat-
ing in the Iberian Peninsula. An intronic SNP located 701-
bp downstream from the start codon (SNP-701) displayed
the strongest association (-log(P)=11.0; Supplemental
Figure ST1E). This SNP showed strong LD with seven other
polymorphisms, which together defined a TRY haplogroup
present in 75% of the accessions developing trichomes in
fruits (Figure 5B). Don-0 alleles in all these SNPs show
high frequency in Iberian relict accessions, whereas they
are not present in African relict populations and are
nearly absent in the rest of Eurasia (Supplemental Table
S1). Thus, Don-0 allele at SNP-701, and/or other Iberian
relict polymorphisms in LD, likely reduce TRY expression
in the reproductive organs, leading to trichome develop-
ment in fruits.

Structural variation causing GL1 hyperfunction
underlies MAU3

Fine mapping using a segregating population of 362 plants
located MAU3 within a genomic region of 38 kb, which in-
cluded the positive regulator of trichome development GL1
(Supplemental Figure S5, D-F). GL1 (At3g27920) encodes a
R2R3 MYB transcription factor whose multiple natural loss-
of-function mutations account for the glabrous phenotype
observed at very low frequency across Arabidopsis geo-
graphic range (Hauser et al, 2001; Bloomer et al, 2012).
Sequence analysis showed that GLT from Don-0 carries a
nonsense mutation (Tyr226 to Stopzze) producing a trun-
cated protein that lacks the last three amino acids. In addi-
tion, Don-0 and Ler also differed in two missense mutations
located in GL71 region encoding the C-terminal domain, as

underlined Val/Phe-224 amino acid substitution differentiating subhaplogroup 1-Phe is polymorphic between Ler and Don-0 accessions. In NJ
trees, branches corresponding to partitions reproduced in <50% (A, B) or <40% (C) bootstrap replicates are collapsed, and branches corre-
sponding to relict accessions are colored in green. A lower cut-off value was used for GL1 tree condensation due to its larger nucleotide diversity.
Accessions developing trichomes in fruits, pedicels, or none of these organs, are depicted as magenta, orange, or gray colored dots, respectively.
Clusters of accessions differentiated by TCLT or TRY mutations associated with fruit trichome patterning (A, B), or major GL1 haplogroups differ-

entiated by missense mutations (C), are highlighted with colored lines.
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well as in other polymorphisms in noncoding regions
(Figure 5C).

To functionally characterize GL1 from Don-0 and Ler we
developed genomic constructs including the promoter, cod-
ing and 3'-regions of each accession. Transgenic lines gener-
ated with these constructs in the genetic background of the
null mutant gl1 showed that Don-0 and Ler GL1 alleles are
active, because both transgenes complemented the gl1 gla-
brous phenotype (Supplemental Figures S2C and S4G). We
then aimed to test by genetic reconstruction of Don-0 fruit
trichome patterning, if GL1-Don-0 might be a gain-of-
function allele. Since this trait requires loss-of-function alleles
of TCL1 and TRY, we first obtained the double mutant tcl1
try, which shows the additive effects of both mutations, but
absence of trichomes in fruits (Supplemental Figure S4H).
We used this genetic background to generate 6-10 homozy-
gous independent transgenic lines for each GL1 genomic
construct, and we quantified them for FTN (Figure 4G).
The two classes of transgenic lines developed at least a
few trichomes per fruit, in agreement with previous gene
perturbation studies (Schnittger et al., 1998; C)'Maoiléidigh
et al, 2013). Hence, GLT overexpression produced by dou-
bling the number of natural GL1 alleles is sufficient to
trigger the development of trichomes in fruits, in the
absence of the repression mediated by TCLT and TRY.
Furthermore, quantitative analyses showed that GL7 alleles
from Don-0 and Ler are functionally different because
GL1-Don-0 induced significantly more trichomes than
GL1-Ler (P =0.016; Figure 4G; Supplemental Figure S4H
and Supplemental Data Set 1). We thus concluded that
GL1 is MAU3, for which Don-0 carries a gain-of-function
(or hypermorphic) allele.

To explore whether the Don-0 allele is caused by struc-
tural or regulatory polymorphisms, we also analyzed GL7T ex-
pression in parental accessions, as well as in introgression
and transgenic lines. In contrast to the reference strains Ler
and Col showing about half the expression in reproductive
than vegetative organs, Don-0 accession had similar expres-
sion in leaves and fruits (Figure 3A). Accordingly, Don-0 dis-
played twice the expression of Ler in reproductive organs.
However, all introgression and transgenic lines showed com-
parable GL1 levels (Figures 3B and 4H), indicating that the
differential GL7 expression between Don-0 and Ler is not
due to GLT cis-regulatory polymorphisms or trans-regulation
mediated by TCL1/MAU2 or TRY/MAUS5, but by another un-
known locus. Therefore, mutations altering the structure of
GL1 protein most likely account for GL7-Don-0 gain of
function.

Comparative analysis of GL1 protein in 13 Brassicacea spe-
cies showed a high conservation of the last three amino
acids (Supplemental Figure S7), thus supporting GL1-Don-0
nonsense mutation as the functional polymorphism.
This mutation was found only in another Iberian accession
(Bon-61) that also develops trichomes in fruits and that was
collected 8-km distant from Don-0 (Figure 1F). In addition,
GL1 showed higher nucleotide diversity than TCL1 or TRY,
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with most nonsynonymous and silent variation occurring in
the 3'-region (Figure 5C). However, the two accessions carry-
ing the nonsense mutation had substantially lower GL1 di-
versity than the rest of relict accessions, indicating that
Don-0 and Bon-61 alleles are very similar and diverged
rather recently (Figure 5C). Clustering analysis of Iberian GL1
diversity identified two main haplogroups, 1 and 2, previ-
ously described (Bloomer et al, 2012), as well as two subha-
plogrous, all differentiated by missense mutations
(Figure 5G Supplemental Figure S7). The two haplogroups
differed in GL1 amino acid substitutions in positions 149,
222, and 224, and they are distributed at high frequency
(0.19-0.43) throughout Africa and Eurasia (Supplemental
Table S1). Subhaplogroups were differentiated by substitu-
tions Val’** to Phe”®* (subhaplogroup 1-Phe) and Glu®*® to
Asp>®> (subhaplogroup 2-Asp), but these appeared to be
segregating only in Iberia. In fact, 37% of the accessions de-
veloping trichomes in fruits belong to subhaplogroup 2-Asp,
suggesting that the structural mutations differentiating this
allele might also produce GL7 gain of function. However,
contrary to TCL1 and TRY, no GL1 polymorphism was asso-
ciated with fruit trichome pattern (-log(P) <3.1;
Supplemental Figure S1A). Low GL1 allele frequency and/or
allelic heterogeneity might, nevertheless, strongly reduce the
GWA statistical power to detect large-effect alleles in
Arabidopsis (Atwell et al,, 2010; Barboza et al., 2013). Hence,
several GL1 gain-of-function alleles, likely caused by indepen-
dent structural mutations, might have occurred in the
Iberian relict lineage.

Fruit trichome development is associated with low
precipitation climates

To identify environmental factors that might drive
Arabidopsis evolution of fruit and pedicel trichome pattern-
ing, we analyzed the relationships between both traits and
climate parameters from the population locations of the
235 lberian accessions (Figure 6). Autologistic regressions
showed that fruit trichome pattern correlates negatively
with all climate variables measuring winter and spring pre-
cipitation, whereas it correlates less and positively with
spring and summer temperatures (P < 0.01; Figure 6A).
Furthermore, pedicel trichome pattern also showed maxi-
mum correlations with spring precipitations. These associa-
tions were not determined by the overall geographic
distribution of relict populations in Iberia because similar
results were found when analyzing only these populations
(Supplemental Figure S8 and Supplemental Data Set 2). In
agreement with these results, both trichome traits were also
significantly associated with spring precipitation when in-
cluding the genetic structure as covariate in general linear
models (GLMs; P < 107% Supplemental Data Set 2).
Moreover, genotype—environment associations showed that
Don-0 alleles at TCLT 3’-UTR and TRY SNP-701 were distrib-
uted mainly in locations with low spring precipitation
(Figure 6C). Don-0 alleles for GLT nonsense and Asp>*®> mis-
sense polymorphisms were also linked to low precipitation,
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Figure 6 Relationship between fruit or pedicel trichome pattern and
climate in Arabidopsis. A, B, Logistic regression coefficients between
fruit (A) or pedicel (B) trichome pattern, and monthly precipitation
(green line), minimum temperature (blue line), or maximum temper-
ature (red line), along the year. Months in the abscissa are indicated
with the first letter of the month. Filled circles and asterisks depict
significant regressions (P < 0.05 or 0.01, respectively), while white
circles are nonsignificant coefficients. C, Geographic and climatic dis-
tribution of TCL1 and TRY polymorphisms associated with fruit tri-
chome pattern and April precipitation. Map shows the distribution
of populations classified according to trichome development in fruits
and/or pedicels, and their alleles in TCL1 3/-UTR deletion and TRY
SNP-701 (see legend below the map). Number of accessions with
Don-0 allele, and statistical significances of the logistic regressions
between polymorphisms and spring precipitation, are shown over
the map.
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although their low frequency hampered statistical tests
(Supplemental Data Set 2). Finally, we tested gene—environ-
ment associations by applying the latent factor mixed model
(LFMM) method aimed to remove the confounding effects
of genetic structure in these correlations. Genome-wide
analysis of the 2.2 million SNPs segregating in the Iberian
accessions detected 119 genes significantly associated with
spring precipitation, including TCL1 (-log(P)=5.04) but not
GL1 or TRY. Thus, trichome development in fruits and pedi-
cels, as well as the TCL1 gene, appear to be associated with
low precipitation in spring season, which is the reproductive
period for these relict populations (Exposito-Alonso et al,
2018).

Discussion

Evolution of fruit trichome patterning by synergistic
mutations in the core regulatory network

In this study, we demonstrate that Arabidopsis has evolved
trichome development in fruits and pedicels, which has not
previously been found within the Arabidopsis genus. Genetic
analyses showed that the combination of synergistic alleles
in three epistatic loci, MAU2/TCL1, MAU3/GL1, and MAUS5/
TRY, is necessary and sufficient for the evolution of these
traits in Don-0 population. These alleles release the leaf tri-
chome program in reproductive organs, as indicated by the
branched morphology of trichomes of carpels, fruits and
pedicels, in contrast to the simple trichomes of stems and
sepals (Hiilskamp and Schnittger, 1998, O'Maoiléidigh et al,,
2013). The isolation of these MAU loci reveals mutations in
the core transcription factors of the regulatory network un-
derlying trichome patterning (Figure 7). In particular, the de-
velopment of trichomes in fruits involves the concurrence
of cis-regulatory mutations causing partial loss of function in
two negative regulators, TCLT and TRY, together with a
structural gain-of-function mutation in the positive regulator
GL1. The R2R3 MYB transcription factor encoded by GL1 is
part of the trimeric complex that activates the expression of
GL2, a downstream homeodomain gene inducing trichome
differentiation (Ishida et al., 2008; Pattanaik et al, 2014). The
C-terminal region of GL1 contains the transcription-
activating domain (Wang and Chen, 2008), supporting the
conclusion that the GL7-Don-0 nonsense mutation may al-
ter the transcriptional activation properties. In addition, this
carboxy region appears to be a target for GL1 structural evo-
lution, as shown by the large intra- and inter-specific diver-
sity. In contrast to GL1, the function of the small single R3
MYB transcription factors encoded by TCLT and TRY has
been modified through regulatory mutations that reduce
their expression in reproductive organs. Both proteins are
thought to move intercellularly and negatively regulate tri-
chome differentiation in neighbor epidermal cells by com-
peting with GL1 for GL3/EGL3 binding (Figure 7; Pattanaik
et al, 2014 Pesch et al, 2014 Wang and Chen, 2014).
However, regulatory mutations in these repressor genes
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Figure 7 Molecular model for the natural variation in the regulation of fruit trichome patterning in Arabidopsis. Panels depict the main regulators
of trichome differentiation in epidermal precursor and neighboring cells (reviewed in Pattanaik et al, 2014; Wang and Chen, 2014) of wild acces-
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affect different developmental components of trichome re-
pression. This is illustrated by the large additive effect dis-
played specifically by TCL1-Don-0 allele on pedicel trichome
patterning. In addition, TCL1 represses GL1 expression
(Wang et al, 2007), whereas we have also found that TCL1
may regulate TRY (Figure 3B) and TRY might affect GL1 ex-
pression (Supplemental Figure S2). Regulatory feedbacks
among these transcription factors further depend on the
plant organ, allele, and/or genetic background, in agreement
with the complex regulation of R3 MYB genes (Wang et al,,
2008; Pesch et al, 2014 Wang and Chen, 2014).
Interestingly, it has been shown that the master regulator of
flower organ identity AG suppresses trichome initiation dur-
ing carpel development by controlling the expression of GL1
and TCL1, but not that of TRY, which represses carpel tri-
chome formation in parallel with AG (O’'Maoiléidigh et al,
2013). Thus, the multiple mechanisms regulating trichome
initiation through the MYB transcription factors GL1, TCL1,
and TRY need to be jointly modulated to trigger trichome
development in fruits of Arabidopsis. On the contrary, a

reduction of only TCLT expression is sufficient for trichome
formation in pedicels, indicating that a weaker repression is
acting in this structure.

Adaptation of the Arabidopsis relict lineage by
evolution of fruit trichome patterning

As shown by the geographic distribution and genomic pat-
terns of populations, the development of trichomes in fruits
has specifically evolved in the Iberian relict lineage after its
split from the North Africa relicts about 70-45 kya
(Durvasula et al, 2017). In contrast to nonrelict accessions
often found in agricultural and urban landscapes, relict pop-
ulations live in less disturbed environments, such as holm
oak and pine tree Mediterranean forests (Marcer et al., 2016;
1001 Genomes Consortium, 2016). Supporting the ancient
demographic history of Iberian relicts in this region, relict
habitat suitability has been correlated with stable vegetation
dynamics since the last glacial maximum and during
Holocene (Toledo et al, 2020). Hence, the evolution of
these new fruit trichome patterns in relict populations
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further supports an old adaptive history of this lineage, while
it provides mechanisms for its adaptation. In addition, com-
parisons of traits, genes, and climate variables showed signifi-
cant associations suggesting that trichomes in fruits and
pedicels might be involved in local adaptation to low pre-
cipitation  during  Arabidopsis  reproductive  season.
Accordingly, trichomes might be maintained in these popu-
lations as fruit protection from water stress or defense
against herbivores showing a climate-dependent distribution.
We cannot, nevertheless, discard that these traits are neutral
in their populations, but most likely they are selected
against in other locations due to trade-offs between tri-
chome formation and fitness related traits (Mauricio, 1998;
Zist and Agrawal, 2017). Demonstration of the ecological
role of trichome development in fruits and pedicels awaits
further studies addressing their effects on fitness under natu-
ral conditions differing in potential selective forces, such as
water availability, temperature stress, or herbivory.

Several results indicate that local adaptation mediated by
fruit trichome patterning likely occurred from standing ge-
netic variation in TCL7 and TRY, together with new muta-
tions in GL1. First, Don-0 alleles at TCL1 and TRY segregate
among relict accessions without trichomes in fruits
(Figure 6C), which is in agreement with the trigenic epistasis
underlying fruit trichome development. Although the causal
mutations at each gene might be neutral when they are sep-
arated, the TCL1-Don-0 allele is probably maintained by nat-
ural selection acting on the presence of trichomes in
pedicels. Second, in contrast to TCLT and TRY, the prema-
ture stop codon of GL1-Don-0 is restricted to two nearby
local populations. As expected for local adaptation from
new mutations (Barrett and Schluter, 2008), accessions bear-
ing GL71-Don-0 alleles showed a drastic reduction in GL1
nucleotide diversity, which is 10-fold larger than the reduc-
tion observed in accessions with Don-0 alleles in TCL1 or
TRY (Figure 5).

Furthermore, despite the fact that genetic variation in
TCL1, TRY, and GL1 largely accounts for the evolution of
fruit trichome patterning in Arabidopsis, our results indicate
that other loci also fine tune this trait. In particular, MAU1
and MAU4 will likely explain some relict populations show-
ing trichomes in fruits but carrying Don-0 mutations only in
TCL1 or TRY. Moreover, additional alleles of GL1, TCL1, or
TRY might affect gene function and contribute to the devel-
opment of trichomes in fruits and pedicels. This is suggested
by the segregation of several GL1 structural polymorphisms
specifically among Iberian relict accessions, and by the oc-
currence of a few accessions showing trichomes in pedicels
but lacking TCL7-Don-0 allele. Finally, the development of
trichomes in fruits is not an exclusive trait of Arabidopsis,
but it has also evolved in plants of multiple dicotyledonous
families, including other Brassicaceae (e.g. hoary stock, black
mustard), Rosaceae (e.g. peach), or Cucurbitaceae (e.g. cu-
cumber), where MYB transcription factors have been in-
volved in fruit trichome formation (Vendramin et al., 2014;
Yang et al,, 2018). Hence, future studies are needed to assess
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the convergence of mechanisms underlying fruit trichome
development in different wild and crop species (Serna and
Martin, 2006) and to uncover the precise evolutionary
processes maintaining this trait in nature.

Materials and methods

Plant material

We analyzed an Arabidopsis collection of 235 genetically dis-
tinct wild accessions from the Iberian Peninsula, including
170 previously described genotypes (Manzano-Piedras et al.,
2014; Vidigal et al, 2016; Tabas-Madrid et al, 2018) and 65
new samples (Supplemental Data Set 3). Each accession
comes from a different georeferenced local population, ex-
cept a pair that comes from the same location (< 1-km dis-
tance; Supplemental Data Set 3). Together they span a
region of 800 km x 700 km and an altitudinal range be-
tween 1 and 2,662-m above sea level. Populations showed
an average pairwise distance of 353+196 km, with a mini-
mum and maximum of 1.5 and 1,042 km, respectively.
These accessions are publicly available through Nottingham
Arabidopsis Stock Centre (NASG http://arabidopsis.info). In
addition, we phenotyped a collection of 185 Arabidopsis
accessions from the rest of world, which included most na-
tive areas of Eurasia and Africa (Supplemental Data Set 4).

For QTL mapping, we used a population of 375 RILs de-
rived from a cross between Don-0 accession, with trichomes
in fruits, and the reference laboratory strain Ler (Mendez-
Vigo et al, 2016; Supplemental Data Set 5).

The gl1-1 spontaneous mutant (N1688) and the T-DNA
insertion mutants tc/1 (N675198) and try (N6518), all in the
Col background, were obtained from NASC. The double
mutant tcl1 try was selected from a F, population derived
from a cross between both single mutants, which was geno-
typed using mutant allele-specific markers (Supplemental
Table S2).

Growth conditions and phenotypic analyses

Plants were grown in pots with soil and vermiculite at 3:1
proportion using growth chambers at 21°C and a long-day
photoperiod (16 h of cool-white fluorescent light, photon
flux of 100 pmol/m? s).

For phenotypic analyses, all RILs, ILs, accessions, or trans-
genic lines carrying transgenes of the same gene were grown
simultaneously in the same experiment. To this end, we
used two (RILs and accessions) or three (ILs and transgenic
lines) complete block designs with randomization, each
block containing one pot with six plants per line.

Overall, first developed fruits displayed the highest tri-
chome density in valves and pedicels, which decreased in an
acropetal fashion. For GWA analysis and QTL mapping, tri-
chome patterning in fruits and pedicels was scored in a
qualitative manner. Fruits were classified in three categories,
corresponding to absence of trichomes in fruit valves, low
trichome density (1-30 trichomes per fruit), and high tri-
chome density (>30 trichomes per fruit), respectively.
Similarly, plants were classified according to the absence or
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the presence of trichomes in the pedicels of all first five
fruits or more. In introgression and transgenic lines, tri-
chome patterning was analyzed quantitatively. FTN was
scored as the number of trichomes in the two valves of
the first fully fertile fruit (positions 1-3 of the main inflores-
cence), which was counted under a stereomicroscope ( X 30
magnification). PTP was quantified as the number of pedi-
cels developing trichomes in the first 30 flowers of the main
inflorescence.

Cryo-scanning electron microscopy

Carpels and fruits of Ler and Don-0 were analyzed in a cryo-
scanning electron microscope (cryo-SEM) Zeiss 960, using
the protocol described elsewhere (Ascaso et al, 2003).
Briefly, fresh flowers were collected and dissected one day af-
ter anthesis and carpels were individually placed on the
sample holder of the CT1500 Cryotrans instrument
(Oxford). Samples were plunge-frozen immediately in super-
cooled nitrogen and transferred to the pre-chamber of the
microscope precooled at -180°C. Subsequently, samples
were sputter-coated with gold and transferred to the cryo-
SEM chamber.

QTL mapping and development of ILs

QTL mapping was carried out using qualitative estimates of
fruit trichome pattern derived from 5 to 12 plants per RIL
(Supplemental Data Set 5). The multiple-QTL-model
method was applied as implemented in MapQTL v.4.0 soft-
ware (van Ooijen, 2000) on the 118 genetic markers of the
available genetic map of Ler/Don-0 RIL population (Mendez-
Vigo et al, 2016). QTLs were detected with a logarithm of
the odss (LOD) threshold of 2.5, which corresponds to a
genome-wide significance o =0.05, as estimated with
MapQTL permutation test. The additive allele effects, the
percentage of variance explained by each QTL, and the total
variance explained by the additive effects of all detected
QTL were obtained from the final multiple QTL model.

Fine mapping of MAU5 and MAU3 was carried out using
self-progenies of 1,350 and 362 plants derived from RIL-380
and IL-253het, respectively (Supplemental Methods and
Supplemental Figure S5).

ILs carrying Don-0 alleles of MAU2, MAU3, or MAUS, in a
Ler genetic background, were developed by phenotypic and
genotypic selection during recurrent backcrossing of four
Ler/Don-0 RILs, to Ler (Supplemental Methods and
Supplemental Figure S9). We obtained a total of 21 ILs,
which correspond to three independent lines for each of the
seven different combinations of one to three MAU genomic
regions from Don-0. ILs were named as IL followed by the
numbers of the MAU loci carrying Don-0 alleles (IL-2, IL-3,
IL-5, IL-23, IL-25, IL-35, and IL-235). An additional IL carrying
Don-0 alleles in MAU1, MAU2, MAU3, and MAUS5 was
obtained and named as IL-1235.

The try mutation from Col accession was introgressed
into Ler background by three successive backcross genera-
tions using Ler as female parent. In each generation, a het-
erozygous try plant was selected by genotyping with an
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allele-specific marker (Supplemental Table S2). A single BC;
plant was then crossed to IL-23 carrying Don-0 alleles at
MAU2 and MAU3 in Ler genetic background, to derive a
F,BC4(IL-23 x try) population of 344 plants (Supplemental
Figure S6). ILs carrying different alleles in MAU2, MAU3, and
try were obtained from this population by genotypic selec-
tion (Supplemental Table S3).

Genome sequencing, genetic structure, and GWA
analyses

DNA for genome sequencing was isolated from mature
leaves as previously described (Mendez-Vigo et al, 2016).
Genome sequences of 65 wild accessions from the Iberian
Peninsula were obtained from paired-end libraries using a
HiSeq 3000 sequencer (lllumina, San Diego) through the ge-
nomic facility of the Centre for Gene Regulation (https://
www.crgeu/) and are available at NCBI SRA under the
BioProject accession number PRINA646494. These sequences
were analyzed by the Service of Bioinformatics for Genomics
and Proteomics (CNB-CSIC) together with similar sequences
previously generated for the remaining 170 Iberian acces-
sions (1001 Genomes Consortium, 2016; Supplemental Data
Set 3). Quality control, SNP calling and genotyping, as well
as functional annotation of each genome were carried out
following the pipelines described in Tabas-Madrid et al.
(2018; Supplemental Methods). Thus, we generated a variant
call format (VCF) file with 2186721 SNPs for GWA analyses
using 235 Iberian accessions.

The population structure of the 235 Iberian accessions
was estimated by the model-based clustering algorithm
implemented in ADMIXTURE (Alexander et al, 2009) using
the 761133 nonsingleton SNPs with no missing data
(Supplemental Methods). In agreement with previous struc-
ture studies of Iberian genomes (1001 Genomes
Consortium, 2016; Tabas-Madrid et al, 2018), this analysis
identified 48 accessions belonging to the highly differenti-
ated genetic group named as relict and 187 genomes fitting
into three nonrelict Iberian genetic groups (Supplemental
Data Set 3).

GWA analyses were carried out using the standard mixed
linear model implemented in Tassel v.5 (Bradbury et al,
2007). The genetic kinship matrix included as covariate to
control for population structure was estimated from the
proportion of shared alleles (Atwell et al, 2010). A high sig-
nificance threshold of —log(P)=7.64, corresponding to 5%
with Bonferroni correction for multiple tests, was applied to
detect associations. Given the low frequency of accessions
with trichomes in fruits (10%) or pedicels (15%), an excess
of SNPs were found as showing significant associations.
Therefore, these analyses were mainly applied to detect can-
didate genes within QTL mapping intervals. Additional
GWA analyses were carried out for TCL1, TRY, and GL1 in-
cluding the deletions and insertions segregating between
Don-0 and Ler as detected by standard Sanger sequencing
of parental accessions. Structural variants in these genes
were genotyped in the 235 Iberian accessions by reanalyzing
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the alignments in the nucleotide positions of Don-0/Ler
polymorphisms. Allele frequencies of TCL1, TRY, and GL1
polymorphisms were also estimated in the 1,135 worldwide
genomes (1001 Genomes Consortium, 2016) and the
80 African genomes (Durvasula et al, 2017) previously
sequenced.

The number of genes detected by GWA analyses was de-
rived from positions of significant SNPs, including the two
flanking genes when SNPs were located in intergenic regions.
Broad sense heritabilities (h}) of trichome traits, explained
by the kinship matrix, were estimated by genomic best
linear unbiased prediction as implemented in Tassel
(Bradbury et al.,, 2007).

Genomic constructs and transgenic lines

Genomic fragments of 3.8, 6.7, and 5.1 kb from TCL1, TRY,
and GL1, respectively, were sequenced from Don-0 and Ler
accessions, including the following regions: 2.0, 3.9, and 1.7
kb of promoter and 5-UTR; 12, 1.0, and 1.5 of coding
sequences; and 0.6, 1.8, and 1.9 kb of the 3'-regions of each
gene, respectively. For sequencing, 6-13 overlapping frag-
ments of 0.8-1.2 kb were PCR amplified (Supplemental
Table S2) and products were sequenced using an ABI PRISM
3730xI DNA analyser. DNA sequences were aligned using
DNASTAR v.15.0 (Lasergene) and alignments were inspected
and edited by hand with GENEDOC (Nicholas et al.,, 1997).

The six TCL1, TRY, and GL1 genomic fragments sequenced
from Don-0 and Ler were cloned in the pCAMBIA 1300 bi-
nary vector (CAMBIA, Canberra, Australia) by standard
molecular biology techniques. These fragments were
PCR amplified using Phusion high fidelity DNA polymerase
(New England Biolabs, Beverly, USA), cloned in Kpnl/BamHI,
Sacl/Sall or BamHI/Sall cloning sites, and checked by
sequencing (Supplemental Table S2). Two additional TCL1
chimeric constructs were developed by reciprocally changing
a 3'-fragment of 13 kb released with Bgll/Xbal restriction
enzymes, between Don-0 and Ler TCL1 constructs.

The eight genomic constructs were transferred by electro-
poration to AGLO Agrobacterium tumefaciens strain (Lazo
et al, 1991) and plants of the following Arabidopsis geno-
types were transformed by the floral dip method: mutant
tcl1 and line IL-235 were transformed with the four TCL1
genomic constructs; try mutant, as well as lines IL-235 and
IL-1235, were used for the two TRY genomic constructs; mu-
tant lines g7 and tcl1 try, for the two GL1 genomic con-
structs. T, transformants were screened by hygromycin
resistance and lines carrying single insertions were selected
based on resistance segregation in T, families. Three to 14
independent homozygous T; lines were selected for each
construct and genetic background, their transgene and
endogenous TCL1, TRY, or GL1 alleles being verified by PCR
before phenotypic analyses (Supplemental Tables S2 and S3).

Phylogenetic analyses

The intraspecific relationships among TCL1, TRY, or GL1 ge-
nomic sequences derived from the 235 Iberian genomes an-
alyzed in this study (Supplemental Data Set 3) were
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determined by constructing neighbor-joining trees using
MEGA v.7 (Tamura et al, 2011) and applying 10,000 boot-
strap permutations for statistical significances.

GL1 sequences from Brassicaceae plants were obtained
from  Phytozome v.12  (https://phytozome,gi.doe.gov;
A. thaliana, A. lyrata, A. halleri, Boechera stricta, Capsella ru-
bella, Capsella grandiflora and Brassica rapa); GenBank
(Camelina sativa, Arabis alpina, Brassica napus, and Brassica
villosa); or from Cardamine hirsuta genome project (http://
chimpipzmpg.de/). The alignment of proteins was obtained
with CLUSTAL (https://www.ebi.ac.uk/Tools/msa/clustalo/)
and edited by hand with GENEDOC (Nicholas et al, 1997;
Supplemental Data Set 6).

Gene expression

To measure the expression of TCL1, TRY, and GL1 genes,
plants were grown as described for phenotypic analyses, but
pots contained ~50 or 9 plants for vegetative or reproduc-
tive samples, respectively. After sowing, pots were placed at
4°C and short-day photoperiod (8 h light:16 h darkness) for
seed stratification. Thereafter, pots were transferred to a
growth chamber with long-day photoperiod and 21°C.
Genotypes to be compared (parental accessions, ILs, or
transgenic lines with transgenes of the same gene) were
grown simultaneously in a single experiment, including three
pots per genotype (or nine pots for controls), organized in
three randomized blocks. For vegetative samples, 14- to 18-
day-old rosettes were harvested, whereas for reproductive
samples the flower buds of the main inflorescences were col-
lected 3-5 days after flowering initiation (30- to 40-day-old
plants depending on the genetic background). Tissue from
the three blocks of each genotype was mixed before RNA
isolation using TRIzol reagent according to manufacturer’s
protocol (Invitrogen). Potential DNA contamination was
removed by DNAse digestion and subsequent RNA purifica-
tion was carried out with high pure RNA isolation kit
(Roche). cDNA was synthesized from 3 pg of total RNA
using AMV reverse transcriptase (Invitrogen) and dT15
oligonucleotides. TCL1, TRY, and GLT1 expressions were
analyzed by RT-quantitative PCR (Supplemental Table S2).
To avoid amplification differences caused by DNA poly-
morphisms, primers were designed in gene regions carry-
ing no polymorphism among Col, Ler, and Don-0. The
genes encoding ubiquitin-conjugating enzyme 21 (UBG
At5g25760) or protein phosphatase 2A (PP2A; At1g13320),
described as highly steady among organs and environ-
ments (Czechowski et al,, 2005), were used as endogenous
control for RNA sample standardization (Supplemental
Table S2). All genes were amplified with Power SYBR green
mix in a 7300 real-time PCR system (Applied Biosystem)
and quantified using the standard curve method. Mean
and standard errors were derived from three biological
replicates (RNA isolated from plants grown in different
pots) for parental accessions and ILs, or from three techni-
cal replicates (RT-quantitative PCR wells from the same
cDNA sample) for transgenic lines.
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Environmental and statistical analyses

A total of 87 environmental variables were obtained from a
geographic information system previously developed for the
Iberian collection of Arabidopsis accessions (Manzano-
Piedras et al., 2014), which contains climate, habitat, and soil
pH variables from population locations. The relationship be-
tween qualitative (binary) trichome traits and the environ-
mental variables was tested by autologistic regression
models (Dormann, 2007) using SAM software v.3.1 (Rangel
et al, 2010). These models follow the principles of classical
logistic regression but include an additional explanatory vari-
able, the autocovariate, to correct for the effect of spatial
autocorrelation of the response variable. Autocovariate val-
ues depend on the response variable and the geographical
distances among observations (Dormann, 2007). Thus, stan-
dardized regression coefficients were estimated for the envi-
ronmental variable and the spatial autocorrelation in the
same model. The overall fit of the autologistic model is
given as a pseudo R’ which corresponds to the estimated
McFadden’s Rho-squared value (x 100). Regression models
were applied to the complete Iberian collection and to the
set of relict populations (Supplemental Data Set 2). The as-
sociation between binary nucleotide polymorphisms and en-
vironmental variables was tested similarly (Supplemental
Data Set 2).

The associations between the most significant environ-
mental variables (spring precipitation as dependent variable)
and trichome traits (explanatory variable) were also tested
by GLMs that include the ancestry membership to genetic
groups as covariates to reduce the confounding effect of ge-
netic structure. To ensure independence, only three out of
the four genetic groups detected with Admixture were used
as covariates in these models.

Gene—environment association analyses were also carried
out by applying the LFMM method (Caye et al, 2019) on
spring precipitation variables and the genome-wide data set
of 2186721 SNPs described above. In the LFMM method,
the allele frequency at a locus is the dependent variable
explained by a fixed environmental factor and by the ran-
dom effects of hidden (latent) factors representing residual
levels of population structure (Frangois et al., 2016). LFMMs
were applied using the LFMM 2 method as implemented in
the R package Iffm, with K = 4 latent factors because this is
the number of genetic groups estimated in the Iberian col-
lection. Adjusted P-values were obtained for each SNP using
the genome inflation factor method, and Benjamini-
Hochberg algorithm was applied at a false discovery
rate (FDR)=0.1 to correct for multiple testing (Francois
et al, 2016). This resulted in a significance threshold of —
log(P)=4.86 for detection of potential environmental associ-
ations. The number of genes affected by associated SNPs
was estimated as described for GWA analyses.

Phenotypic and gene expression differences between acces-
sions and organs were tested by mixed GLMs including geno-
types and organs as fixed-effect factors and replicates as
random effect factor. Differences between transgenic lines
were also tested by mixed GLMs including transgenes as fixed
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factor, and lines (nested within transgenes) as random factor
(Supplemental Data Set 1). In ILs, the additive and interaction
effects of MAU2, MAU3, and MAUS loci were tested by GLMs
including the three loci as fixed effect factors. MAU2, MAU3,
and try effects were tested similarly in the F,BC,(IL-23 X try)
and derived ILs. These analyses were carried out with the sta-
tistical packages SPSS v.24 or Statistica v.8.

Accession numbers

Raw sequences of the 65 Arabidopsis genomes generated in
this article are available at NCBI SRA repository under the
BioProject accession number PRJNA646494. Gene sequence
data from this article can be found in the GenBank/EMBL li-
braries under the accession numbers MT439837-MT439842.
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Supplemental Data Set 6. Alignment of GL1 proteins
from Brassicaceae.
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