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Abstract

Despite the adaptive and taxonomic relevance of the natural diversity for
trichome patterning and morphology, the molecular and evolutionary mecha-
nisms underlying these traits remain mostly unknown, particularly in organs
other than leaves. In this study, we address the ecological, genetic and
molecular bases of the natural variation for trichome patterning and branching
in multiple organs of Arabidopsis (Arabidopsis thaliana). To this end, we
characterized a collection of 191 accessions and carried out environmental
and genome-wide association (GWA) analyses. Trichome amount in different
organs correlated negatively with precipitation in distinct seasons, thus
suggesting a precise fit between trichome patterning and climate throughout
the Arabidopsis life cycle. In addition, GWA analyses showed small overlapping
between the genes associated with different organs, indicating partly indepen-
dent genetic bases for vegetative and reproductive phases. These analyses
identified a complex locus on chromosome 2, where two adjacent MYB genes
(ETC2 and TCL1) displayed differential effects on trichome patterning in several
organs. Furthermore, analyses of transgenic lines carrying different natural
alleles demonstrated that TCL1 accounts for the variation for trichome
patterning in all organs, and for stem trichome branching. By contrast, two
other MYB genes (TRY and GL1), mainly showed effects on trichome patterning

or branching, respectively.
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ENVIRONMENTAL AND GENOMIC BASES OF ARABIDOPSIS TRICHOME DIVERSITY

1 | INTRODUCTION

Trichomes, or plant hairs, are highly differentiated epidermal cells
that outgrow from plant aerial surfaces, to closely interact with the
surrounding environment. They have been shown to protect from
sunlight and heat, hence providing adaptations to draught and UV
radiation (Bickford, 2016; Hauser, 2014). In addition, trichomes
provide active physical and chemical barriers against herbivore
insects, thus becoming a developmental mechanism for plant defense
(Dalin et al., 2008; Furstenberg-Hagg et al., 2013; Zhou et al., 2017).

Trichomes are present in most Angiosperms, but the morphol-
ogy, as well as the amount and distribution (trichome patterning) in
different organs, are highly variable among species. Most plants
develop trichomes in leaves, although they can also be formed in any
aerial organ, including all floral whorls (Judd et al., 1999). Trichomes
can also vary from uni- to multicellular structures, from simple
(unbranched) to highly branched, and can be glandular or not
(Balkunde et al, 2010; Chalvin et al., 2020; Z. Wang, Yang,
et al., 2019). Owing to the broad interspecific diversity existing for
trichome patterning and morphology, these features have been
classically used as plant taxonomic characters (Judd et al., 1999; Tutin
et al., 1993). However, trichome patterning also shows substantial
genetic and environmental intraspecific variation. On one hand,
individuals from natural populations may differ largely in the density
of trichomes in particular organs, which is presumed to reflect
adaptations to their local environments (Hauser, 2014). On the other
hand, trichome density is a highly plastic trait, and wide genetic
intraspecific variation has been described in response to multiple
environmental factors, including herbivores, light or water stress
(Hahn et al., 2019; Kooyers et al., 2015; Mediavilla et al., 2019; Zist
et al., 2012).

In the past two decades, the genetic and molecular bases of
trichome development have been elucidated, mainly in the wild
model plant Arabidopsis (Balkunde et al., 2010; Marks, 1997;
Pattanaik et al., 2014). This species has been characterized as having
unicellular trichomes, which are branched in leaves, simple and
branched in basal stem internodes and simple in sepals. In addition,
the upper stem internodes, pedicels and fruits of Arabidopsis have
been described as glabrous (Al-Shehbaz & O'Kane, 2002; Hiilskamp &
Schnittger, 1998), but it has been recently shown that this is not
always the case (Arteaga et al, 2021). Analyses of Arabidopsis
artificially induced mutants have identified ~140 different genes
regulating the main two phases of trichome development and its
hormonal and environmental interactions (Dai et al., 2010; Pattanaik
et al., 2014). Leaf trichome patterning is first established by a well-
known gene network regulating trichome cell initiation, which
involves a trimeric activating complex encoded by GLABRA1 (GL1),
GLABRA3/ENHANCER OF GLABRA3 (EGL3) and TRANSPARENT TESTA
GLABRA1 (TTG). This complex promotes trichome initiation by
activating the expression of the homeodomain gene GLABRA2
(GL2). In addition seven genes encoding single repeat R3 MYB
transcription factors repress trichome initiation by disrupting the
function of the trimeric complex (Wang & Chen, 2014). Subsequently,
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trichome branching is regulated by genes involved in the mainte-
nance of trichome cell fate, as well as in the regulation of mitosis and
endoreduplication (Balkunde et al., 2010; Fambrini & Pugliesi, 2019).
Several genes, however, such as TRIPTYCHON (TRY), show pleiotropic
effects on both developmental steps, trichome patterning and
branching, which reveals intricate interactions in this regulatory
network (Folkers et al., 1997; Schellmann et al., 2002; Schnittger
et al., 1998).

Although most mutant analyses have been carried out in leaves,
several studies have identified several genes encoding C2H2 zinc
finger transcription factors involved in trichome development
specifically in stems and pedicels (Pattanaik et al., 2014; Sun
et al, 2015). In addition, leaf trichome patterning is an age-
dependent developmental process that is regulated by microRNA
156 (miR156), miR172 and other regulatory genes, which also affect
the transition from juvenile to adult leaf stages, and from vegetative
to reproductive phases (Aguilar-Jaramillo et al., 2019; Wang, Zhou,
et al., 2019). These genes are further regulated by hormones,
including gibberellins, cytokinins or jasmonic acid, thus providing the
mechanisms to integrate environmental signals in the regulation of
trichome development (Fambrini & Pugliesi, 2019). Currently,
numerous studies are also dissecting the molecular mechanisms
regulating trichome formation in crop plants with multicellular,
glandular or fibre-like trichomes, such as cucumber, tomato or cotton
(reviewed in Chalvin et al.,, 2020; Liu et al., 2016; Schuurink &
Tissier, 2020; Wang, Yang, et al., 2019). Hence, a high functional
conservation in trichome formation has been revealed for several
MYB, C2H2 zinc finger and homeodomain proteins, across
Angiosperms.

In contrast to the successful efforts to disentangle the molecular
mechanisms underlying trichome development (Chalvin et al., 2020;
Pattanaik et al., 2014), only a handful of genes have been identified
accounting for the intraspecific diversity for trichome patterning,
whereas the natural variation for trichome branching has not been
approached (Hauser, 2014). Current studies have been mostly
focused on leaf trichomes and have shown that loss-of-function
mutations of GL1, encoding an R2R3 MYB transcription factor, cause
a qualitative glabrous phenotype segregating in numerous species
(Bloomer et al., 2012; Hauser et al., 2001; Kivimaki et al., 2007; Li
et al., 2013). In addition, ATMYC1 and ENHANCER OF TRY AND CPC
(ETC2) in Arabidopsis, and Hairy in Antirrhinum species, contribute to
the quantitative variation for leaf trichome density (Hilscher
et al,, 2009; Symonds et al., 2011; Tan et al., 2020). Furthermore,
the molecular bases of Arabidopsis natural variation for trichome
patterning in other organs have been also recently pursued through
the analysis of a genetic lineage from the Iberian Peninsula
developing trichomes in fruits and pedicels (Arteaga et al., 2021).
Thus, it has been shown that a gain-of-function allele of GL1, and
partial loss-of-function alleles of TRICHOMELESS 1 (TCL1) and TRY
interact synergistically to trigger such Arabidopsis trichome pattern-
ing innovation evolved exclusively in this geographic region.

In this study, we have addressed the ecological, genetic and

molecular bases of the natural variation for trichome patterning and
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branching in multiple organs of Arabidopsis, including leaves,
different sections of stems and pedicels. To achieve these goals,
we have analysed a regional collection of 191 wild accessions from
the Iberian Peninsula, which encompasses genomic and environ-
mental information (1001 Genomes Consortium, 2016; Manzano-
Piedras et al., 2014). Previous analyses of several traits (Arteaga
et al., 2021; Tabas-Madrid et al., 2018) have shown that Iberia
harbours the largest Arabidopsis diversity in Eurasia, a consequence
of its double colonization from Africa and Europe (1001 Genomes
Consortium, 2016; Durvasula et al., 2017). We have now phenotypi-
cally characterized this resource for trichome patterning in multiple
organs, and have used these phenotypes for two kinds of analyses.
First, we have analysed the relationship between climate and
trichome patterning. Second, we have carried out a comparative
genome-wide association (GWA) study of trichome patterning in
vegetative and reproductive phases. In addition, we have character-
ized transgenic lines carrying different natural alleles of three
candidate genes, TCL1, TRY and GL1, for their effects on trichome
patterning and branching. From these analyses, we concluded that (i)
the diversity for trichome patterning across Arabidopsis life cycle
shows a complex pattern of adaptation, where the climate is likely a
major adaptive factor; (ii) different genomic architectures underlie
Arabidopsis natural variation for trichome patterning in vegetative
and reproductive organs; and (iii) TCL1, TRY and GL1 contribute
differentially to the natural variation for trichome patterning and

branching in several organs.

2 | MATERIALS AND METHODS

2.1 | Plant material

A previously described collection of 191 genetically distinct wild
accessions of Arabidopsis from the Iberian Peninsula was analysed
(Arteaga et al., 2021; Castilla et al., 2020; Tabas-Madrid et al., 2018)
(Supporting Information: Table S1). These accessions are publicly
available through Nottingham Arabidopsis Stock Centre (NASC;
http://arabidopsis.info).

A set of 22 introgression lines previously developed from the
Iberian accession Don-0 and the Ler reference strain were analysed
(Arteaga et al., 2021). These lines carry Don-0 alleles of MAU2/TCL1,
MAU3/GL1 or MAUS5/TRY, in a Ler genetic background. They
correspond to three independent lines for each of the seven different
combinations of one to three MAU genomic regions from Don-0, and
are 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 line IL-1235 carrying Don-0 alleles in MAU1, MAU2, MAU3
and MAUS5 was also included.

The gl1-1 spontaneous mutant (N1688), and the T-DNA insertion
mutants tcl1 (N675198) and try (N6518), all in the Col background,
have been previously described (Arteaga et al., 2021).

A set of 134 T3 independent transgenic lines homozygous for
genomic constructs of TCL1, TRY or GL1, previously developed and

analysed for trichome patterning in fruits (Arteaga et al., 2021), were
characterized for trichome traits in leaves and stems. In brief,
transgenic lines included six genomic constructs derived from Don-0
and Ler accessions, with sizes of 3.8, 6.7 and 5.1 kb for TCL1, TRY and
GL1, respectively. These constructs comprised the following genomic
regions: 2.0, 3.9 and 1.7 kb of promoter and 5'-UTR; 1.2, 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. Two additional TCL1 transgenes were present in
these lines, which corresponded to chimeric genomic constructs with
the promoter, 5’-UTR and the first coding exon of TCL1 from Don-0
or Ler, but the remaining coding sequence and the 3' region from Ler
or Don-0, respectively. Transgenic lines were developed in the
following genetic backgrounds: the mutant tc/1 and line IL-235 for
the four TCL1 constructs; try mutant, as well as the lines IL-235 and
IL-1235, for the two TRY genomic constructs; the mutant line gl1 for

the two GL1 genomic constructs.

2.2 | Growth conditions and phenotypic analyses
Plants were grown in pots with soil and vermiculite at 3:1 proportion
using growth chambers set up at 21°C and a long-day (LD; 16 h of
cool-white fluorescent light, photon flux of 100 pmol/m?s) or a short-
day (SD; 8 h of cool-white fluorescent light, photon flux of 100 umol/
m?s) photoperiod. Vernalization treatment was given in a cold
chamber at 4°C, with SD photoperiod, during 8 weeks.

For phenotypic characterization, all accessions, ILs or transgenic
lines carrying transgenes of the same gene, were analysed simulta-
neously in the same experiment. We used two (accessions), or three
(ILs and transgenic lines) complete blocks designs with randomization,
each block containing one pot with six plants per line. Given the large
variation among Iberian accessions for flowering time (Tabas-Madrid
et al., 2018), accessions were grown under SD photoperiod during
2 months, which avoided flowering induction in most of them. After
leaf sampling, flowering initiation was induced by giving a vernaliza-
tion treatment. Pots were then moved to a growth chamber with LD
photoperiod for measurements of trichome patterning in the main
inflorescence. Since ILs and transgenic lines were early flowering,
they were characterized under LD photoperiod without vernalization
treatment.

Trichome patterning was measured in leaves, stems and fruit
pedicels by recording two quantitative traits, leaf trichome density
(LTD) and stem trichome pattern (STP), as well as two qualitative
traits, binary stem trichome pattern (STPb) and binary pedicel
trichome pattern (PTPb). LTD was quantified as the ratio between
the number of trichomes in the adaxial side of leaf number 14-16 (for
accessions, grown under SD photoperiod), or 5-6 (for ILs and
transgenic lines, grown under LD photoperiod) and leaf surface in
square millimeters. Leaves were collected and photographed when
they were fully expanded, and leaf trichome numbers and surfaces
were scored on the photographs using the image analysis software
ImageJ (http://imagej.net). Trichome density in the stem of the main

inflorescence follows an acropetal reduction, with the lowest
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internodes between cauline leaves showing the highest density.
Therefore, STP was quantified as the number of internodes between
cauline leaves, or the first fruits, developing trichomes. For the
characterization of introgression and transgenic lines, STP was
quantified up to the first 35 internodes. However, given the large
amount of natural variation for the number of cauline leaves, only the
first eight internodes were considered for STP in the characterization
of accessions. In addition, we recorded the overall trichome
patterning in the upper segment of the main stem, which develops
fruits instead of cauline leaves, as the qualitative trait STPb. For that,
plants were classified according to the presence or absence of
trichomes in the internodes between, at least, the first five fruits.
Finally, trichome patterning in fruit pedicels was also scored as the
qualitative measurement PTPb, by classifying plants for the absence
or presence of trichomes in the pedicels of all first five fruits or more.
The latter was scored to enable comparisons of trichome pattern
variation in leaves and stems with that previously described in fruits
and pedicels (Arteaga et al., 2021).

Trichome branching was quantified in the basal internodes of the
main stem. We chose this organ because stem trichomes show an
overall reduction in branch number following an acropetal fashion,
Col and Ler reference strains displaying mainly simple trichomes in
these internodes (Hulskamp & Schnitter, 1998). Trichome branching
was quantified as the proportion of trichomes with one (simple),
two or more than two branches in the two cm up and down from the
first or second node, for genotypes in Ler and Col genetic
background, respectively. Stems were collected and photographed
when plants were fruiting, which ensured they were fully elongated,
and the number of trichomes with different number of branches were
recorded using the cell counter tool of the software ImageJ (http://

imagej.net).

2.3 | Genetic and GWA analyses

GWA analyses were carried out using the mean values of all plants
phenotyped for each accession and the SNP data set previously
developed from the genome sequences of 235 lberian accessions
(Arteaga et al., 2021). These SNPs were filtered to keep those
segregating in the 184 non-glabrous accessions, with a minor allele
frequency of five accessions (MAF > 3%). Thereby we used 1 710 184
informative SNPs, including 306 632 with no missing data, and an
average missing frequency of 8.9%. These SNPs were located in
31984 genes out of the 32833 annotated open reading frames in
TAIR10 (97.4%), and all but 97 genes contained more than one SNP.
This corresponded to an average of 53 informative SNPs per gene,
and one SNP every 73bp on the genomes of the 184 Iberian
accessions.

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 significance threshold of -log(P)=7.53,
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corresponding to 5% with Bonferroni correction for multiple tests,
was applied to detect the most significant associations. In addition,
we also applied a low significance threshold of -log(P) =4 to detect
potential associations, as described for large SNP datasets (Frachon
et al., 2017; Togninalli et al., 2017). Given the complexity of these
quantitative traits and the limited population size, comparisons of
GWA results among traits are based on the overlapping of genes
instead of SNPs. Associated genes detected by GWA analyses were
derived from TAIR10 gene locations of significant SNPs, but including
the two flanking genes when SNPs were located in intergenic regions.

For each trait, the phenotypic variance was partitioned into
variances attributed to genotype (Vg, accession effect) and error (V)
using a Type lll random effect analysis of variance (ANOVA) for the
model y=pu+G+E. Variance components were used to estimate
broad-sense heritabilities (h?,) according to the formula h?,=Vg/
(Vg + Ve) where Vi is the among-genotypes (accessions) variance
component and Vg is the residual variance. Genetic correlations
between different traits were estimated as rg = covq 2/V(Vgs X Vio),
where covy , is the covariance of trait means, and V5 and Vi, are the
among-genotypes variance components for those traits (Keurentjes
et al., 2007). Significances of genetic correlations were estimated by
permutations (McKay et al., 2003). Similarly, heritabilities of trichome
variables explained by associated SNPs were estimated as variance
components derived from Type Il ANOVAs including SNPs as
explanatory factors. ANOVAs and variance component analyses
were estimated using the general linear models (GLMs) implemented
in SPSS software v.27. The heritability of trichome variables
explained by the kinship matrix was estimated by genomic best
linear unbiased prediction (BLUP) as implemented in Tassel v.5
(Bradbury et al., 2007).

To find known genes involved in trichome patterning and
development that are associated with phenotypic variables, we
generated a list of 140 candidate genes (Supporting Information: -
Table S4). This list compiled the genes reported in the TrichOME
database (Dai et al., 2010) and previous reviews (Doroshkov
et al,, 2019; Pattanaik et al., 2014; Wang & Chen, 2014). Enrichment
of these known trichome genes among the SNPs significantly
associated with phenotypic variables was estimated by permutations
as previously described (Brachi et al., 2010), using an R script kindly
provided by Fabrice Roux (CNRS, Toulouse, France). Enrichment was
calculated as the ratio between the number of top associated SNPs
within known trichome genes (+10 kb) and the average number of the

null distribution.

2.4 | Environmental analyses

The spatial autocorrelation of trichome pattern variables was
analysed using correlograms generated with the software PASSaGE
v.2 (Rosenberg & Anderson, 2011). For each variable, Moran’s [
autocorrelation coefficients were calculated and plotted for 15
successive spatial intervals, coefficients ranging between 1 (positive

spatial autocorrelation) and -1 (negative spatial autocorrelation).
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Significances of Moran's | values were calculated from 1000
permutations.

A total of 79 climatic variables were obtained from a geographic
information system previously developed for the Iberian collection of
Arabidopsis accessions (Manzano-Piedras et al., 2014), which include
19 bioclimatic variables (Hijmans et al., 2005), as well as mean,
maximum and minimum temperatures, total precipitation and mean
solar radiation for each month. The relationships between climate
variables and quantitative or binary traits were tested with simulta-
neous autoregressive models (SAR; Kissling & Carl, 2008) or auto-
logistic regression models (Dormann, 2007), respectively. SAR is a
multiple regression technique explicitly developed for spatial data,
which uses generalized least squares to estimate regression parame-
ters while including in the model an additional term for the
autocorrelation matrix of the errors (Beale et al., 2010). Autologistic
regression models include an autocovariate to correct for the effect
of spatial autocorrelation of the response variable. The relationships
between significant climatic variables and quantitative phenotypes
were also tested by Geographically Weighted Regression(GWR),
which perform a local regression test using an optimized bandwidth
corresponding to the 10%-15% neighbour accessions. All spatial
regression analyses were carried out using SAM software v.3.1
(Rangel et al., 2010). Glabrous accessions were not considered in

these analyses.

2.5 | Gene sequencing and expression

For sequencing the GL1 gene in the seven glabrous accessions, four
overlapping fragments of 0.7-0.8kb were polymerase chain
reaction (PCR) amplified using oligonucleotides previously described
(Arteaga et al.,, 2021) and products were sequenced using an ABI
PRISM 3730xI DNA analyser. These gene sequence data have been
submitted to the GenBank/EMBL databases under the accession
numbers OK539781- OK539787.

For expression analyses, plants were grown as described for
phenotypic analyses, but pots contained ~50 (for leaf samples) or 9
(for stems and flowers) plants. After sowing, pots were placed at 4°C
and SD photoperiod for seed stratification during 4 days. Thereafter,
pots were transferred to a growth chamber with LD photoperiod and
21°C. Genotypes to be compared (parental accessions, 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 leaf
samples, 14- to 18-day-old rosettes were harvested, whereas for
flower samples, buds of the main inflorescences were collected 5
days after flowering initiation (30- to 40-day-old plants depending on
the genetic background). For stem samples, the shoot of the main
inflorescence was collected from the same plants used for flowers,
after removing cauline leaves, lateral branches and flower buds.
Tissue from the three blocks of each genotype was mixed before
RNA isolation. TCL1, TRY and GL1 expression was analysed by RT-
quantitative PCR (RT-qPCR) as described in Arteaga et al. (2021).

Mean and standard errors were derived from three biological
replicates (RNA isolated from plants grown in different pots) for
parental accessions, or from three technical replicates (RT-gPCR

wells from the same cDNA sample) for transgenic lines.

2.6 | Other statistical analyses

Phenotypic and gene expression differences between accessions and
organs were tested by mixed GLMs including genotypes and organs
as fixed effect factors and replicates as random effect factors.
Differences between transgenic lines were also tested by mixed
GLMs including transgenes as a fixed factor and lines (nested within
transgenes) as random factor. In introgression lines, the additive and
interaction effects of TCL1/MAU2, GL1/MAU3 and TRY/MAUS5 loci
were tested by GLMs including the three loci as fixed effect factors.
These analyses were carried out with the statistical packages SPSS
v.27 or Statistica v.8. All statistical analyses are detailed in Supporting

Information: Table S3.

3 | RESULTS

3.1 | Natural variation for trichome patterning and
branching in leaves, stems and pedicels

To quantify the diversity of trichome patterns in different organs
across the vegetative and reproductive phases of Arabidopsis, we
measured two quantitative and two qualitative traits in 191 wild
accessions from the lIberian Peninsula (Figure 1). Leaf trichome
density (LTD) showed substantial variation, including seven glabrous
accessions collected in different natural populations (Figure 1a-c).
Large quantitative variation was also found for stem trichome pattern
(STP) measured as the number of stem internodes developing
trichomes, which varied from the formation of trichomes only in
the two basal internodes, up to the whole stem length. These two
quantitative traits showed weak genetic correlation (rg=0.26;
Figure 1b) indicating independent genetic bases for trichome pattern
in both organs. In addition, analyses of the binary STP (STPb) and the
binary pedicel trichome pattern (PTPb) identified 16 accessions
(8.4%) with trichomes in fruiting stem internodes and pedicels
(Figure 1b-d). Two other accessions also displayed trichomes in
pedicels but not in the fruiting stems, in agreement with a strong
genetic correlation between both traits (rg=0.94; p <0.001). Con-
sistently, binary traits showed moderate correlations with STP
(r =0.60-0.64; p < 0.01), but low with LTD (rg =0.17-0.20; p < 0.01).
Natural accessions also differed in trichome morphology in the
various organs. Overall, trichomes in leaves, pedicels and upper
internodes of stems, were mostly branched in all strains developing
trichomes in these organs (Figure 1d). However, basal internodes of
stems varied from combinations of simple (unbranched) and branched
trichomes (Col and Ler laboratory strains) to the development of only
simple or branched trichomes (e.g., Bra-0 and Don-0 in Figure 1d).
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3.2 | Geographic and climatic distribution of
trichome pattern variation in different organs

The seven glabrous accessions occurred in populations spread
throughout the Iberian Peninsula (Figure 2a,b). Sequencing of GL1
in these strains identified one large (1123 bp) and two small (1 bp)
deletions predicted to generate truncated proteins, and three
missense mutations in highly conserved regions (Figure 2a).
Hence, six independent loss-of-function mutations of the tri-
chome promoter gene GL1 encoding an R2R3 MYB transcription
factor cause glabrousness in this geographic region. One of the
truncations was found in two populations, Cam-6 and Cas-15, that
are located 100 km apart, indicating a long spread of this loss-of-
function mutation. In contrast to the glabrous phenotype,
accessions developing trichomes in upper stem internodes were
mostly distributed in Western Iberia, and absent in the northeast
area of this region (Figure 2b). Seventy-five percent of these
accessions belonged to the relict genetic group, which has been
previously described as a highly differentiated lineage that split
from the non-relict lineage before the last glaciations (1001
Genomes Consortium, 2016; Durvasula et al., 2017; Tabas-Madrid
et al., 2018). This geographic and genetic distribution was similar
to that previously described for accessions with trichomes in
pedicels and fruits (Arteaga et al., 2021). On the contrary, all
glabrous accessions corresponded to non-relict populations
(Supporting Information: Table S1). Furthermore, spatial auto-
correlation analyses only detected positive Moran's | values for
leaf trichome density up to 72km (I=0.066; p=0.016), thus
indicating very restricted spatial structure for trichome traits
(Supporting Information: Figure S1).

To identify environmental factors that might contribute to
maintain the genetic diversity for trichome patterns in nature, we
analysed the relationships between phenotypic traits and climatic
factors at the local populations of origin. These analyses were carried
out using autoregressive models, which take into account spatial
autocorrelations (see Section 2), and included annual and monthly
temperature, precipitation and solar radiation variables. All quantita-
tive and qualitative trichome traits showed significant negative
regressions with monthly precipitations, indicating that the lower
the rain, the higher the trichome formation (Figure 2c). Nevertheless,
only regressions with stem trichome variables were significant at
p <0.0006 (corresponding to 5% with Bonferroni correction for
multiple testing). Overall, different traits showed maximum associa-
tions with different seasons of the year. LTD was associated mainly
with fall and winter precipitation, STP with winter and spring,
whereas trichomes in the upper stem and pedicels appeared
correlated with spring and summer precipitations. Thereby, the
trichome pattern of each organ seemed coupled with precipitation in
the season at which it is phenologically developed in Iberian
populations (Exposito-Alonso et al., 2018; Gomaa et al., 2011). In
addition, STP showed a significant positive correlation with solar
radiation along the year (Figure 2c), further stressing a role of climate

as driver of trichome pattern diversity.

We further explored the relationship between quantitative
trichome traits and precipitation by carrying out Geographycally
Weighted Regressions, which estimate coefficients at each location
using 10%-15% neighbouring populations. These analyses showed
that regressions varied strongly across Iberia but displayed differen-
tial geographic patterns for leaves and stems (Figure 2d). The areas
showing differential regressions between LTD and precipitation did
not differ in mean precipitation (p = 0.22), but showed variation for
LTD (Figure 2d) because the northeastern locations displaying the
strongest values had lower average trichome density (p =0.002), as
tested by ANOVA tests. On the contrary, for STP, the maximum
regression coefficients were detected in the northwestern area,
which showed significantly higher precipitation (p <0.001) but did
not differ from other subregions in the average STP values (p = 0.74).
These results suggest that the strength of the relationship between
the trichome trait and precipitation is conditioned by the particular
range of the precipitation for STP, whereas it likely depends on the
local interaction with other environmental factors for LTD. Therefore,
although precipitation appears as the main climatic factor that
presumably maintains trichome diversity in nature, additional local
factors contribute to differentially shape the genetic variation

affecting different organs.

3.3 | Genome-wide analyses of trichome
patterning in leaves, stems and pedicels

To determine the genomic architecture underlying the natural
variation for trichome patterning along plant development, we
carried out GWA analyses using 1.7 million single nucleotide
polymorphisms (SNPs) segregating in the 184 Iberian non-glabrous
accessions (Figure 3). The two quantitative traits, LTD and STP,
showed low correlation with the genomic background of the
accessions, as measured by the phenotypic variance explained by a
kinship matrix (Table 1). Despite this low correlation, only a single
genomic region was detected on chromosome 2 for LTD and STP at
-log(P) > 7.53 (corresponding to 5% with Bonferroni correction for
multiple testing; Figure 3b,c). At a lower statistical significance of -log
(P) > 4, a total of 178 and 650 SNPs appeared associated with LTD
and STP, respectively, which affected to 78 and 356 genes. By
contrast, the two binary traits, STPb and PTPb, displayed a stronger
correlation with the genomic background, and a much higher number
of SNPs and genes were detected for both traits at high statistical
significance (Figure 3d,e and Table 1). Comparisons of results among
the four traits (Table 1 and Figure 3a) showed that LTD only shared
1.1%-2.6% of the genes associated with stem or pedicel trichome
patterns, in agreement with the low correlations between these
traits. However, the latter traits shared between 18.1% and 64.1% of
the genes detected in these analyses. Accordingly, comparison of the
10 top genomic regions detected for each trait (Supporting
Information: Table S2) showed zero or one common genes between
LTD and the remaining traits, whereas STP, STPb and PTPb shared
two to six of the 10 top genes. Analysis of 140 known genes involved
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FIGURE 2 Geographic and climatic distribution of trichome patterns in Arabidopsis. (a) GL1 loss-of-function mutations causing glabrousness
in the Iberian Peninsula. (b) Geographic distribution of Iberian populations classified according to qualitative trichome pattern traits
(glabrousness, or development of trichomes in fruiting stem internodes and pedicels), and their genetic group (relicts and non-relicts). The
number of accessions in each class is indicated in the legend. (c) Relationship between trichome pattern in different organs and monthly
precipitation or solar radiation along the year. Months in the abscissa are indicated with the first letter of the month. Filled and white circles
depict significant (p < 0.05) and nonsignificant (p > 0.05) regressions, respectively; plus signs indicate regressions with p < 0.01; asterisks point to
significant regressions with p <0.0006 (corresponding to 5% with Bonferroni correction for multiple testing). (d) Geographically Weighted
Regression (GWR) analyses between precipitation of the wettest quarter (BIO16) and leaf trichome density (left map) or stem trichome pattern
(right map). GWR standard coefficients estimated at each location are shown on maps of Iberia BIO16 with different colours according to the
upper legend [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Summary of GWA analyses for trichome pattern traits.
Threshold  Number Number
Trait h%,  h%nehip h?10 o —log(P)? of SNPs®  of genes?
LTD 528 333 62.9 4 178 78
STP 628 339 57.4 4 650 356
STPb 70.8 729 90.0 7 559 365
PTPb 80.0 72.7 80.6 7 792 304

Note: For each trait is shown: the broad-sense heritability (h2,); the
variance explained by the kinship matrix (hzkinship) or the 10 top associated
loci (h?10 10qi); the statistical threshold used for GWA analysis; the number
of significant SNPs; and the number of associated genes.

Abbreviations: GWA, genome-wide association; LTD, leaf trichome
density; PTPb, binary pedicel trichome pattern; SNP, single nucleotide
polymorphism; STP, stem trichome pattern; STPb, binary stem trichome
pattern.

#Binary variables (STPb and PTPb) rendered a larger number of false
associations than quantitative traits (LTD, STP), owing to their non-normal
and unbalanced phenotypic distributions. To enable comparisons of the
genomic regions associated with different traits, a higher statistical
threshold was used for binary than quantitative traits.

in trichome development identified significant associations for 11 of
them (Figure 3a and Supporting Information: Table S2). These include
five of the seven single repeat R3 MYB transcription factors that
have been reported to repress trichome formation (Wang &
Chen, 2014), two of them (TRY and CPC) appearing only linked to
STPb. Permutation analyses further showed a significant enrichment
of such known trichome genes among the associated genes for all
traits, but this enrichment was especially strong for LTD (Supporting
Information: Figure S2). Together, these results indicate that partly
independent genetic bases account for the natural variation in
vegetative and reproductive organs.

The most significant genomic region associated with each trait
was shared by all organs, and it was located around position 12.9 Mb
of chromosome 2 (Figure 3b-e). However, the size of this region was
rather small for LTD (< 50kb), but much larger for STP, STPb and
PTPb (~1 Mb) (Supporting Information: Figure S3). This appears then
as a complex region that might contain several genes contributing to
the natural variation for stem and pedicel trichome patterns
(Supporting Information: Table S2). Specially, the gene SENSITIVE
TO ABA AND DROUGHT2 (SAD2) involved in trichome initiation

B9-wiLey— =%

(Gao et al., 2008) showed the strongest association for STP and was
detected only for the two stem trichome variables. In addition, the
genomic region shared by all four traits included a cluster of three
known MYB genes ETC2, TCL1 and TCL2 that negatively regulate
trichome development (Wang & Chen, 2014). Detailed inspection of
this cluster showed that the most significant SNPs for leaf trichome
patterns were located on ETC2, whereas the strongest associations
with the binary stem and pedicel trichome patterns appeared on
TCL1 (Figure 3f-i). Since natural mutations in ETC2 and TCL1 have
been previously demonstrated to affect trichome patterning in leaves
and fruits, respectively (Arteaga et al., 2021; Hilscher et al., 2009) we
analysed the effect of those polymorphisms (Figure 3f-i). The ETC2
missense mutation changing Lys'? to Glu'? (Hilscher et al., 2009) was
segregating at a high similar frequency (38%) in relict and non-relict
Iberian accessions (Supporting Information: Table S1). However, the
regulatory indel at TCL1 (Arteaga et al., 2021) showed an overall
moderate frequency in this region (7%) and was mostly present in
relict accessions (92%). Such TCL1 polymorphism significantly
affected the four trichome traits (p <0.002) as tested by GLMs
including both genes as explanatory factors. By contrast, ETC2 had no
effect on stem or pedicel trichome patterns (p > 0.65) but showed a
marginal effect on LTD (p = 0.08) (Figure 3f-i). The allelic effects of
both genes were in agreement with previous studies, thus suggesting
that ETC2 and TCL1 contribute differentially to the natural variation

for trichome patterning along plant development.

3.4 | Effect of TCL1, TRY and GL1 on trichome
patterning

Three of the genes associated with leaf or stem trichome traits, TCL1,
TRY and GL1, have been recently shown to be responsible for the
diversity for trichome patterning in fruits and pedicels of Arabidopsis
(Arteaga et al., 2021). These genes underlie the loci TCL1/MAU2,
TRY/MAU5 and GL1/MAU3 previously identified in introgression lines
derived from the Iberian accession Don-0, which develops trichomes
in fruits, and the laboratory strain Landsberg erecta (Ler). In addition,
Don-0 shows trichomes in pedicels as well as in the upper and lower
stem internodes, and it displays higher leaf trichome density than Ler
(Figures 1c,d and 4a). We then explored the role of these genes on
the natural variation for trichome patterning in other organs. To this

FIGURE 3 Genome-wide association analyses of trichome pattern in different organs. (a) Venn diagrams comparing the total number of

genes (left side), or the number of known genes involved in trichome development (right side), associated with the four trichome pattern traits
(see Table 1). (b-e) Manhattan plots for leaf trichome density (LTD) (b), stem trichome pattern (STP) (c), binary stem trichome pattern (STPb) (d),
and binary pedicel trichome pattern (PTPb) (e) across the five Arabidopsis chromosomes. (f-i) Zooms of Manhattan plots around the ETC2/TCL1/
TCL2 cluster (left panels) and effect of known polymorphisms of ETC2 (Hilscher et al., 2009) and TCL1 (Arteaga et al., 2021) (right panels) on
LTD (f), STP (g), STPb (h), and PTPb (i). In (f-i), major and minor alleles of ETC2 and TCL1 are coloured in green and magenta, respectively, and
the number of accessions for each ETC2/TCL1 genotypic class is indicated between brackets. In Manhattan plots, a red dotted line indicates the
significance threshold of -log(P) = 7.53 (corresponding to 5% with Bonferroni correction for multiple testing). Red coloured dots match single
nucleotide polymorphisms located on known trichome related genes that show -log(P) > 4, and the names of these genes are included in each

panel [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Trichome pattern and gene expression of parental and
introgression lines. (a) Leaf trichome density (LTD; lower panel), stem
trichome pattern (STP; middle panel), as well as the binary trichome
patterns in fruiting stems and pedicels (STPb, PTPb; upper panel),

of introgression lines differing in Don-O/Ler alleles at TCL1/MAU2,
GL1/MAU3 and TRY/MAUS5 genomic regions. For LTD and STP, dots and
bars correspond to means + 0.95 confidence intervals of three lines per
genotype (12-24 plants per line). For STPb and PTPb, “+" and “-”
indicate, respectively, the presence and absence of trichomes in the first
five fruiting internodes or pedicels. Graphical genotypes of introgression
lines (ILs) are depicted in the lower part of the panel. (b) TCL1, TRY and
GL1 expression in leaves, stems and flower buds of parental accessions.
Each bar depicts the mean + SE of three biological replicates, and values
of all lines are relative to Ler vegetative expression. Differences among
genotypes for traits or gene expressions were tested by mixed linear
models, and the same or different letters indicate non-significant and
significant differences, respectively, as measured by Tukey's test

(p < 0.05) [Color figure can be viewed at wileyonlinelibrary.com]

end, we first measured LTD, STP, PTPb and STPb in seven distinct
introgression lines carrying Don-O alleles in one, two or three
genomic regions around these genes, in a Ler genetic background
(Figure 4a). This analysis shows that the genomic region TCL1/MAU2
displays a major additive effect on all traits (Figure 4a). Overall, Don-0
alleles in TCL1/MAU2 increased the amount of trichomes in leaves
and stems, explaining 32%-36% of the variance for these traits, and it
accounted for the development of trichomes in the upper stem
and pedicels (Figure 4a). By contrast, Don-0 alleles at TRY/MAU5 and
GL1/MAUS3 regions only showed small increasing effects on LTD and
STP, mostly through genetic interactions with TCL1/MAU2 region
(Supporting Information: Table S3).

A previous study has proven that Don-0 and Ler alleles of TCL1,
TRY and GL1 are functional. However, compared to Ler, Don-0 carries
partial loss-of-function alleles of the trichome initiation repressors
TCL1 and TRY, and a gain-of-function allele of the activator GL1,
which interact to trigger trichome formation in Don-O0 fruits (Arteaga
et al, 2021). To elucidate if TCL1, TRY and GL1 also cause the
variation observed between Don-0 and Ler for trichome patterning in
leaves and stems, we have further characterized numerous indepen-
dent transgenic lines homozygous for genomic constructs of these
genes from Don-0 and Ler (Figure 5 and Supporting Information:
Table S3). All transgenes included the promoter, coding and 3'-UTR
regions of the parental accessions (see Section 2).

TCL1 transgenes from Don-O and Ler were introduced in the
genetic backgrounds of the tcl1 mutant and the introgression line
IL-235. Phenotypic analysis of STP and LTD in 69 transgenic lines
revealed significant differences between Don-0 and Ler transgenes
for both traits in the two backgrounds. Overall, lines carrying TCL1-
Don-0 transgenes showed a smaller reduction of STP (Figure 5a,d)
and LTD (Figure 5b,e) than TCL1-Ler plants, compared to the
untransformed controls. Therefore, the partial loss-of-function allele
of the trichome repressor TCL1 from Don-0 also contributes to the
natural variation for LTD and STP. Since TCL1-Don-0 allele has been
shown to be caused by a deletion in the 3'-UTR (Arteaga et al., 2021),
we also analysed transgenic lines for chimeric genomic constructs
differing in this gene region. Lines carrying TCL1 transgenes with
3'-UTR from Don-0 behaved similar to lines with the complete
TCL1-Don-0 transgene, for STP (Figure 5a,d) and LTD (Figure 5b,e),
thus supporting that the 3'-UTR deletion is also the TCL1 polymor-
phism that affects these traits. Analysis of TCL1 expression showed
that Don-0 accession has very low expression in leaves, stems and
flowers, whereas Ler displayed significantly higher expression in
flowers than leaves and stems (Figure 4b). Furthermore, comparison
of TCL1 leaf expression between the transgenic lines showed that the
3'-UTR deletion of Don-0
(Figure 5¢,f and Supporting Information: Table S3). These results,

largely reduces the expression

together, indicate that the cis-regulatory polymorphism causing
hypofunction of TCL1 in Don-0 accession strongly affects trichome
patterning in leaves and stems.

TRY transgenes from Don-0 and Ler were introduced in three
backgrounds: the try mutant and the introgression lines 1L-235 and
IL-1235 (Figure 5, Supporting Information: Figure S4, Table S3).
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FIGURE 5 Trichome pattern and gene expression of transgenic lines for TCL1 and TRY. (a-e) Stem trichome pattern (a, d), and leaf trichome
density (b, ), of independent homozygous transgenic lines carrying parental (left side of panels) or chimeric (right side of panels) genomic
constructs of TCL1, in tc/1 mutant (a and b) or IL-235 (d and e) genetic backgrounds. (c and f) Linear regressions between leaf trichome density
and TCL1 expression in leaves, for TCL1 transgenic lines in tcl1 (c) or IL-235 (f) backgrounds. (g and h) Stem trichome pattern (g) and leaf trichome
density (h) of independent homozygous transgenic lines carrying Ler or Don-0 parental genomic constructs of TRY in IL-235 (left side of
panels) or IL-1235 (right side of panels) genetic backgrounds. (i) Relationship between leaf trichome density and TRY expression in leaves, for
TRY transgenic lines. Gene expressions of transgenic lines are relative to the expression of untransformed controls. Phenotypic distributions of
transgenic lines (derived from 11-18 plants/line) are arranged from low to high mean trait values, and 95% confidence intervals for
untransformed controls are shown as blue-shaded areas. The structures of the transgenes are depicted on top of each panel, including the
Don-0 deletion of the 3'-UTR (Del.) described for TCL1 (Arteaga et al., 2021). Phenotypic differences among genotypes were statistically tested
by mixed linear models; the same or different letters on top of each panel indicate non-significant or significant differences, as measured by
Tukey's test (p < 0.05) [Color figure can be viewed at wileyonlinelibrary.com]

Phenotypic analysis of STP and LTD in 40 transgenic lines showed did not differ in any trait in the IL-235 background (left panels of

the differential effect of Don-O and Ler transgenes depending on Figure 5g,h). Therefore, the partial loss-of-function allele of the
the genetic background. In the IL-1235 background, lines bearing trichome repressor TRY described in Don-0 accession (Arteaga
TRY-Don-0 transgenes had smaller reduction of STP and LTD than et al., 2021) also contributes to the variation for LTD and STP, but
those with TRY-Ler transgenes, compared to the untransformed less significantly than TCL1 and interacting with the genetic
controls (right panels of Figure 5g,h). Likewise, TRY transgenes in try background. We further analysed TRY expression because the
background displayed small significant effect on LTD, but not on STP functional alteration of the TRY-Don-0 allele is caused by regulatory

(Supporting Information: Figure S4). On the contrary, transgenic lines polymorphisms (Arteaga et al., 2021). Don-0O and Ler accessions
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FIGURE 6 Stem trichome branching of mutant, introgression and transgenic lines for TCL1, TRY and GL1. (a) Frequency of stem trichomes
with one, two or more than two branches in introgression lines differing in Don-0/Ler alleles at TCL1/MAU2, GL1/MAU3 and TRY/MAU5
genomic regions. The bar of each genotype shows the percentage + SE of trichomes of each branching class quantified in three lines per
genotype (8-16 plants per line). (b-d) Frequency of stem trichomes with one, two or more than two branches in independent homozygous
transgenic lines carrying Ler or Don-0 genomic constructs of TCL1 (b), TRY (c), or GL1 (d) in the corresponding mutant genetic background. The
bar of each transgenic line shows the percentage + SE of trichomes of each branching class quantified in 8-18 plants per line. In (b-d), the
average phenotypes of the lines for each transgene, as well as representative stems of mutant lines, are shown on top of each panel. The
structures of the transgenes are also depicted on top of the panels, including the main Don-0/Ler polymorphisms described for TCL1 (deletion of
3'-UTR) and GL1 (nonsense mutation generating a premature stop codon) (Arteaga et al., 2021). Phenotypic differences among introgression
lines or transgenes were statistically tested by mixed linear models; the same or different letters in bars (a), or on top of each panel (b-d) indicate
non-significant or significant differences, as tested by Tukey's test (p < 0.05) [Color figure can be viewed at wileyonlinelibrary.com]

displayed higher expression in flowers and stems than in leaves.
However, Don-0 presented significantly lower expression than Ler in
all organs (Figure 4b). Analysis of TRY expression in transgenic lines of
IL-235 and IL-1235 backgrounds again showed lower leaf expression
of TRY-Don-O transgenes compared to TRY-Ler (Figure 5i and
Supporting Information: Table S3), although statistical differences
were only marginal in try background (Supporting Information:
Figure S4c). Hence, cis-regulatory polymorphisms reducing the
expression of TRY-Don-0 allele also affect STP and LTD.

Finally, characterization of 25 transgenic lines carrying GL1
alleles from Don-0 and Ler in the gl1 mutant background did not
detect significant differences between Don-0 and Ler transgenes for
either STP or LTD (Supporting Information: Figure S4d and S4e).
Moreover, we did not find differences in leaf GL1 expression
between Don-O and Ler transgenes (Supporting Information:

Figure S4f and Table S3), in agreement with the pattern of expression

observed in Don-0 and Ler accessions (Figure 4b). Nevertheless,
substantial variation was found for GL1 expression among lines with
the same transgene, which correlated with LTD phenotypes, thus
suggesting transgene positional effects (Supporting Information:
Figure S4f). Therefore, Don-0 gain-of-function allele of the trichome
activator GL1, previously characterized by a premature stop codon
(Arteaga et al., 2021), shows no effect on LTD and STP in gi1

background.

3.5 | Effect of TCL1, TRY and GL1 on trichome
branching

We further explored the relevance of these genes on the natural
variation for trichome morphology because Don-0 and Ler accessions
also differ substantially in the proportion of stem trichomes with
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different number of branches (Figure 1d). Overall, most trichomes in
Don-0 stems (47.8 £ 4.0) had three or more branches, whereas more
than 95% of Ler stem trichomes developed only one (simple) or two
(Figure 6a). Phenotypic analysis of the introgression lines carrying
Don-0 alleles in TCL1, TRY and/or GL1 genomic segments showed
that TCL1 region explains 36%-52% of the variation for the
proportion of stem trichomes with one, two or three branches
(Figure 6a and Supporting Information: Table S3). By contrast, GL1
and TRY regions had small (2%-4%) or nearly absent effects on
branching traits, respectively. These results suggest that TCL1 and
GL1, but not TRY, contribute to Don-0/Ler variation for trichome
branching. Moreover, the significantly larger proportion of highly
branched trichomes of Don-0 indicates that other loci also affect
these traits in these accessions.

To validate the role of Don-0/Ler allelic variation at TCL1, TRY
and GL1 genes on trichome branching, we quantified stem branching
traits in the transgenic lines described above in the tcl1, try and gl1
mutant backgrounds (Figure 6). These analyses showed that lines
carrying TCL1-Don-0 transgenes developed twice the proportion of
trichomes with three branches than lines with TCL1-Ler transgenes
(Figure 6b). Similarly, transgenic lines for GL1-Don-O showed a
significant increase on trichomes with two branches (Figure 6d). In
agreement with these effects, both TCL1-Don-0 and GL1-Don-0
transgenes significantly reduced the proportion of simple trichomes.
However, lines with TRY-Don-0 and TRY-Ler transgenes did not differ
in the proportion of stem trichomes with different number of
branches. We concluded that TCL1 and GL1, hence, contribute to the
natural variation for trichome branching, the former gene showing a

prominent effect.

4 | DISCUSSION

4.1 | Different environmental factors maintain the
diversity for trichome patterning across Arabidopsis
life cycle

Despite the adaptive and taxonomic relevance of the diversity for
trichome patterning and morphology in multiple plant organs (Judd
et al., 1999), little is known about the underlying genetic,
molecular and ecological mechanisms. Our phenotypic characteri-
zation shows that Arabidopsis contains substantial quantitative
intraspecific variation for trichome density in multiple organs
beyond leaves (Bloomer et al.,, 2014; Hilscher et al., 2009). In
particular, natural populations also differ in the trichome pattern of
stems and fruit pedicels, as well as in the morphology of stem
trichomes. Interestingly, several Iberian accessions develop highly
branched trichomes in the upper stem internodes carrying flowers,
which has not been previously described (Al-Shehbaz &
O'Kane, 2002; Yu et al., 2010). These accessions mostly corre-
spond to a set of relict populations that also develop branched

trichomes in fruits and pedicels (Arteaga et al., 2021). Thus, novel
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trichome patterns in stems, pedicels and fruits have specifically
evolved in the ancient relict lineage of Iberia.

Arabidopsis diversity for trichome patterning might be involved
in climatic adaptation, as supported by the significant correlations
found between trichome traits and precipitation or solar radiation.
Overall, the amount of trichomes in all organs increased with low
precipitation, but the number of stem internodes developing
trichomes also was extended with high solar radiation. These
results suggest that Arabidopsis variation for trichome patterning is
likely involved in adaptation to abiotic (e.g., protection against water
loss and UV radiation damage), and/or biotic (e.g., defense against
herbivores affected by climate) stresses, as hypothesized for other
annual and perennial plants showing similar relationship between
trichome density and precipitation (Hahn et al., 2019; Kooyers
et al., 2015; Tsuijii et al., 2016; Westberg et al., 2013). Furthermore,
additional information on the complex interactions between climate
and trichome traits is derived from the temporal and spatial
variation of climatic factors. First, the specific correlations found
between trichomes in leaves, stems or pedicels, and precipitation in
the seasons of phenological occurrence of such organs (Exposito-
Alonso et al., 2018; Gomaa et al.,, 2011) suggest a precise fit
between trichome patterning and climate throughout the
Arabidopsis life cycle. Second, GWR analyses show substantial
geographic variation for the regressions between trichome traits
and precipitation, which indicates that other factors contribute to
maintain the variation for these traits in nature. In particular, the
spatial variation of the regression coefficients between precipitation
and STP suggests that this relationship depends on the particular
range of precipitation since the strongest associations are found in
the areas with the highest precipitations. By contrast, other local
environmental factors seem to contribute to maintain the variation
for LTD, because the highest regressions with precipitation
appeared in populations with low leaf trichome densities. Further-
more, the six GL1 loss-of-function mutations described in this study
appear as specific to the Iberian region, since none of them has been
found in previous worldwide analyses of this gene (Bloomer
et al., 2012; Hauser et al., 2001). The very low frequency and
geographic distribution of GL1 loss-of-function mutations reflect
the effect of negative natural selection purging such large effect
alleles. However, some of those alleles might not be deleterious but
maintained by local environmental agents, as suggested by the
wider spread of the Iberian Cam-6/Cas-15 GL1 deletion. Different
climatic and local environmental factors, thus, likely contribute to
maintain the diversity for trichome patterning in the various organs
across the Arabidopsis life cycle. Nevertheless, future studies under
natural conditions are needed to demonstrate the adaptive
processes that might shape trichome pattern diversity. These
should address relevant caveats, such as potential trade-offs and
pleiotropic relationships between trichome patterning and water
use efficiency, herbivore defense or plant growth, as well as the
phenotypic plasticity of these traits (McKay et al., 2003; Sobral
et al., 2021; Zust & Agrawal, 2017).
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4.2 | Differential genomic architectures shape the
natural variation for trichome patterning in vegetative
and reproductive phases

In agreement with the differential environmental associations
detected for trichome traits across the Arabidopsis life cycle,
GWA analyses show that partly independent genetic bases underlie
the diversity for trichome patterning in vegetative and reproductive
organs. This is first indicated by the small overlapping (<3%)
between the genomic regions associated with LTD and the
remaining traits. By contrast, the large overlapping (up to 68%)
found between trichome patterning in stems and pedicels indicates
shared mechanisms for the variation in multiple organs of the main
inflorescence. In particular, we detected 11 previously known genes
involved in trichome development, with six of them showing effect
only on LTD or STP. These known genes show a significant
enrichment among the genes associated with all traits, which
suggests that artificial mutagenesis is tagging relevant genes
accounting for the natural variation. Specially, the 10-fold higher
enrichment found for LTD than for stem or pedicel patterns is in
agreement with the larger efforts that have been classically devoted
to search for mutants affected in leaf trichomes (Balkunde
et al., 2010; Pattanaik et al., 2014).

Five of the seven genes encoding single R3 MYB transcription
factors (Wang & Chen, 2014), TCL1, TCL2, ETC2, TRY and CPC,
showed significant associations with one or several traits, indicating
that this family of trichome initiation repressors largely contribute to
the natural variation for trichome patterning. These genes also show
the differential effect on the various traits, because CPC and TRY
were only detected on stem trichome traits, whereas TCL1 affects the
trichomes of all organs. In addition, ETC2 missense mutation Lys!?/
Glu!® showed the strongest association on leaf trichome density, in
agreement with the effect of this polymorphism (Hilscher et al., 2009).
Furthermore, the cluster of tandemly repeated genes ETC2/TCL1/
TCL2 illustrates the complex genomic architecture underlying the
chromosome 2 GWA locus. These genes correspond to the strongest
GWA peak detected on chromosome 2, which was associated with all
trichome pattern traits. However, not only the neighbours TCL1 and
ETC2 affect differentially the various traits, but also the nearby region
around the trichome initiation gene SAD2 (Gao et al., 2008), as
suggested by the significant associations found only on stem and
pedicel trichome traits. Thus, at least three closely linked genes likely
contribute to the natural variation for trichome patterning in different
organs of Arabidopsis.

Comparison of the genes identified in this regional GWA study
with those from previous global GWA analyses also showed a limited
overlapping, since only the ETC2/TCL1/TCL2 cluster and CPC
genomic regions were common (Atwell et al, 2010). Such small
overlapping between studies carried out with regional and global
samples can be expected for adaptive traits that are targeted by local
or regional environmental factors, as previously described for other
traits, such as flowering time (Tabas-Madrid et al., 2018) or gene
expression phenotypes (Lopez-Arboleda et al., 2021). This is

supported by the regional geographic variation described above for
the relationships between trichomes traits and precipitation. There-
fore, additional analyses in other regional or local collections, such as
those described for Sweden and France (Brachi et al., 2013; Frachon
et al,, 2017; Long et al., 2013) will further disentangle the complex
interplay between climate and local environmental factors to shape
the genetic diversity for trichome patterning across Arabidopsis

worldwide range.

4.3 | TCL1, TRY and GL1 differentially contribute to
the natural variation for trichome patterning and
branching in multiple organs of Arabidopsis

Characterization of introgression and transgenic lines demonstrate
that natural variation in the MYB genes TCL1, TRY and GL1 account
for the diversity not only for trichome patterning in multiple organs
but also for the morphology of stem trichomes. Comparisons of the
alleles from the relict accession Don-0, developing trichomes in
upper stem internodes, pedicels and fruits (this study and Arteaga
et al., 2021), and the reference strain Ler, show that TCL1 strongly
affects all traits. By contrast, TRY and GL1 display smaller effects
mainly on trichome patterning or branching, respectively.

In agreement with GWA results, the TCL1-Don-0 allele showed
large additive effects on the pattern of leaves, stems and pedicels. In
addition, it also increases the proportion of trichomes with high
branching in basal stem internodes, as previously described for tcl1
loss-of-function mutant alleles (Figure éb; Tian et al., 2017). Hence,
the cis-regulatory 3'-UTR deletion reducing the expression and
function of TCL1-Don allele (Arteaga et al., 2021), pleiotropically
increases the amount of trichomes throughout plant development, as
well as their branching.

TRY-Don-0 allele also increases trichome density in leaves and
stems but depending on the genetic background, which was in
concordance with TRY detection in GWA analyses only on STPb, and
with the extensive genetic interactions previously reported
(Doroshkov et al., 2019; O'Maoiléidigh et al, 2013; Pesch et al., 2014;
Schnittger et al., 1998). In contrast to the increasing effect of the null
try mutant allele on trichome branching (Figure éc; Folkers et al., 1997;
Perazza et al., 1999), the partial loss-of-function of TRY-Don-0 allele
showed similar reducing effect than TRY-Ler allele on this trait. This
result indicates that the low expression of TRY-Don-O0 is sufficient to
repress branching in trichome cells. On the contrary, the gain-of-
function of GL1-Don-0 allele increases trichome branching, but
mainly in the transition from simple to two-branched trichomes, in
agreement with previous weak effects described for artificial GL1
perturbations (Kirik et al., 2005; Marks, 1997). Despite GL1-Don-0
allele has been shown to increase trichome density in fruits (Arteaga
et al., 2021), we could not detect effects of this allele on trichome
patterning in leaves or stems, probably due to GL1 interactions with
TCL1, TRY (Figure 4a) and other components of this regulatory
network (Arteaga et al, 2021; Doroshkov et al, 2019; Pesch
et al, 2014; Schnittger et al., 1998). Don-0 alleles thus illustrate
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the functional potential of natural variants to modulate the pleiotropy
of these genes on trichome patterning and branching.

The natural alleles of the MYB genes TCL1, TRY and GL1
described in this study have evolved exclusively in the relict
lineage of Arabidopsis, widely distributed across Iberia (Figure 2a;
Arteaga et al.,, 2021). These alleles cause a hairy and trichome-
branched phenotype in vegetative and reproductive organs,
which is presumably involved in climatic adaptation. In addition,
other MYB genes, such as ETC2 and CPC (this study; Atwell
et al., 2010; Hilscher et al., 2009), as well as different components
of the genetic network regulating trichome initiation and
branching across the plant life cycle, account for the large
Arabidopsis diversity for these traits in multiple organs (Bloomer
et al.,, 2014; Symonds et al.,, 2011). Specially, the functional
differentiation of the R3 MYB genes showing distinct expression
and/or effect in different organs and accessions (Figure 4b;
Arteaga et al., 2021; Kirik et al., 2005; Wang & Chen, 2014) is
likely to enable a precise adaptation of trichome traits to different
environments across Arabidopsis life cycle. Given the adaptive
relevance of trichome formation and its environmental plasticity
(Hauser, 2014; Holeski et al., 2010; Ogran et al., 2020; Sobral
et al, 2021), it can be expected that similar large trichome
diversity will also occur in numerous plant species with broad
geographic and ecological distributions (Hauser, 2014; Kang
et al.,, 2015; Hahn et al.,, 2019). The functional conservation of
MYB genes on trichome patterning has been recently shown in
several species (Vendramin et al., 2014; Yang et al.,, 2018;
reviewed in Chalvin et al., 2020; Fambrini & Pugliesi, 2019;
Schuurink & Tissier, 2020; Wang, Yang, et al., 2019). In addition,
GL1 has been shown to be a hotspot for repeated (parallel)
evolution of glabrous phenotypes caused by null mutations in the
Brassicaceae family (Bloomer et al., 2012; Hauser et al., 2001;
Kivimaki et al., 2007; Li et al., 2013; Martin & Orgogozo, 2013).
Future studies will further figure out the convergence of
mechanisms shaping the natural diversity and adaptation of
trichome traits in other Angiosperm plants.
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