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Abstract

The coding sequences of developmental genes are expected to be deeply conserved, with cis-regulatory change driving
the modulation of gene function. In contrast, proteins with roles in defense are expected to evolve rapidly, in molecular
arms races with pathogens. However, some gene families include both developmental and defense genes. In these fam-
ilies, does the tempo and mode of evolution differ between genes with divergent functions, despite shared ancestry and
structure? The leucine-rich repeat receptor-like kinase (LRR-RLKs) protein family includes members with roles in plant
development and defense, thus providing an ideal system for answering this question. LRR-RLKSs are receptors that tra-
verse plasma membranes. LRR domains bind extracellular ligands; RLK domains initiate intracellular signaling cascades
in response to ligand binding. In LRR-RLKs with roles in defense, LRR domains evolve faster than RLK domains. To de-
termine whether this asymmetry extends to LRR-RLKs that function primarily in development, we assessed evolution-
ary rates and tested for selection acting on 11 subfamilies of LRR-RLKs, using deeply sampled protein trees. To assess
functional evolution, we performed heterologous complementation assays in Arabidopsis thaliana (Arabidopsis). We
found that the LRR domains of all tested LRR-RLK proteins evolved faster than their cognate RLK domains. All tested
subfamilies of LRR-RLKs had strikingly similar patterns of molecular evolution, despite divergent functions.
Heterologous transformation experiments revealed that multiple mechanisms likely contribute to the evolution of
LRR-RLK function, including escape from adaptive conflict. Our results indicate specific and distinct evolutionary pres-
sures acting on LRR versus RLK domains, despite diverse organismal roles for LRR-RLK proteins.
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Wittkopp and Kalay 2011; Long et al. 2016; Marand et al.
2023). Proteins in the leucine-rich repeat receptor-like ki-
nase (LRR-RLK) family have roles in defense and develop-
ment and a conserved domain structure. The LRR
domain is the ligand-binding ectodomain at the N ter-
minus, and the RLK domain is an intracellular kinase do-
main, with the 2 domains separated by a single-strand
transmembrane a-helix (Shiu and Bleecker 2001; Liu et
al. 2017). Here, we investigate whether asymmetric evolu-
tion of extracellular signal perception and intracellular sig-
nal response domains is limited to LRR-RLKs with roles in
defense, or if the trend also applies to LRR-RLKs with roles
in development.

There is suggestive evidence that sequences encoding
LRR and RLK domains are evolving asymmetrically. First, al-
though encoded by single genes, LRR and RLK domains are

Introduction

Signaling from outside a cell to direct cellular behavior is
critical in both response to pathogens and development.
In defense signaling, receptors directly bind pathogen pro-
teins extracellularly to trigger intracellular defense
processes. In development, extracellular signals also bind
receptors to trigger intracellular cell identity and physio-
logical responses. Receptor proteins are often structurally
similar, but for those with roles in defense, signal-binding
ectodomains often evolve more rapidly and with greater
rates of positive selection (X.S. Zhang et al. 2006; Fischer
et al. 2016; Ahmad et al. 2021; Ghosh et al. 2022). Rapid
evolution in defense ectodomains may be a response to
rapidly evolving pathogen proteins in a molecular arms
race, while intracellular domains still trigger conserved

host reactions and may evolve slower (Lehti-Shiu et al.
2012; Parys et al. 2021; Zhang et al. 2021). In contrast, for
developmental genes, coding sequence changes that
modulate protein structure and function are hypothesized
to be less important than regulatory changes (King and
Wilson 1975; Atchley and Hall 1991; Carroll 2008;
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physically separated by the plasma membrane and have
distinct molecular functions (Santiago et al. 2016;
Hohmann et al. 2018). Second, different subfamilies of de-
velopmental LRR-RLKs respond to distinct ligands, but ac-
tivate similar intracellular signaling cascades, implying
asymmetric functional shifts (Hohmann et al. 2018;
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Zheng et al. 2019; Zhu et al. 2019; Liu et al. 2022). Third, the
coordination between cognate LRR and RLK domains is
interchangeable: functional output by RLK domains can
be activated by alternate LRR domains in chimeric proteins
(Osakabe et al. 2005; Diévart et al. 2006; Brutus et al. 2010;
Zheng et al. 2019; Hohmann et al. 2020). This uncoupled
domain function may permit independent evolutionary
trajectories (Bhattacharyya et al. 2006; Di Roberto and
Peisajovich 2014; Sato et al. 2014). Fourth, over deep
time, truncations or fusions with unrelated domains
are more common in LRR domains than in RLK domains,
and more LRR-only genes are conserved and expressed
(Man et al. 2020). Taken together, these data suggest
that LRR and RLK domains may have distinct evolution-
ary trajectories, regardless of their diverse organismal
functions in things like development, defense, and
physiology.

To determine whether LRR and RLK domains are evolv-
ing asymmetrically, we leveraged the One Thousand
Plant Transcriptomes database (One Thousand Plant
Transcriptomes Initiative 2019) and inferred deeply
sampled peptide trees for 11 subfamilies of LRR-RLK pro-
teins (Shiu and Bleecker 2001; Dufayard et al. 2017; Man
et al. 2020). We used these trees to test for distinct evolu-
tionary forces acting on LRR versus RLK domains. We also
used heterologous transformation experiments to test for
divergent functional evolution of LRR versus RLK domains.
We discovered a clear signal of asymmetric evolution be-
tween LRR and RLK domains encoded by the same gene,
but our heterologous transformation experiments re-
vealed more complexity. Our work highlights the multiple
interacting mechanisms that drive the evolution of gene
and protein function.

Results

LRR Domains Are Evolving Faster Than RLK Domains
To determine the evolutionary trajectories of individual
protein domains, we needed deeply sampled trees
that included multiple LRR-RLK subfamilies with diverse
functions. Therefore, we selected 9 LRR-RLK subfamilies in
clade XI with roles in plant development and physiology
and 2 LRR-RLK subfamilies with roles in defense (Table 1).
We also included CHITIN ELICITOR RECEPTOR KINASE 1
(CERK1), a defense receptor LysM-RLK that binds chitin de-
rivatives (Chinchilla et al. 2006; Gimenez-Ibanez et al. 2009;
Zhang et al. 2015; Table 1). CERK1 binds pathogen-
associated molecular patterns, is a target of bacterial effec-
tors, and is expected to be under intense positive selection
pressure (Gimenez-Ibanez et al. 2009; Hogenhout et al. 2009;
Lohmann et al. 2010; De Mita et al. 2014; Wang et al. 2018).

Gene trees with deep taxonomic sampling are needed
to detect signatures of selection and variation in evolu-
tionary rate. However, fully assembled plant genomes are
sparse given the immense diversity of multicellular land
plants and are not phylogenetically evenly distributed.
This limits bioinformatic resolution and skews statistical
inference toward overrepresented clades, like the grasses
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(Kress et al. 2022). To compensate for this sampling bias,
we leveraged the One Thousand Plant Transcriptomes
project (1KP), which includes phylogenetically informed
sampling from across multicellular land plants (One
Thousand Plant Transcriptomes Initiative 2019). Using
the 1KP data and an iterative search and tree inference al-
gorithm we developed (Man et al. 2020), we inferred deep-
ly sampled peptide trees for all 11 LRR-RLK subfamilies,
each of which had between 8 and 447 members
(Table 1). This wide discrepancy in the number of genes re-
covered may be due to the 1KP sampling strategy, which
focused preferentially on above-ground tissue, biasing
against root-expressed genes like RGI5 (Ou et al. 2016;
One Thousand Plant Transcriptomes Initiative 2019).

To ask how the tempo of evolution might differ be-
tween LRR and RLK domains, we used our trees to estimate
evolutionary rates of amino acid substitutions in angio-
sperm LRR-RLK sequences using multiple methods. First,
we used our trees to infer site-specific relative substitution
rates using an empirical Bayesian approach implemented
in IQ-TREE (Fig. 1; Nguyen et al. 2015). This analysis permit-
ted the comparison of amino acid site substitution rates in
various regions of each protein, relative to overall mean
substitution rates. For example, in the CLAVATA1
(CLV1) subfamily, substitution rates were lowest in the re-
gion of the RLK domain (34.2% of the overall mean rate),
substantially higher rates in the LRR domain (95.7% of
the overall mean rate), and the fastest rates were in inter-
domain sequences. Despite the different functional roles of
proteins in each subfamily (Table 1), these analyses re-
vealed similar patterns of site substitution rates between
subfamilies (Fig. 1b and c). Averaged over all 11 subfam-
ilies, sequences of LRR domains evolve at 90.1% of the sub-
family’s overall mean substitution rate, while sequences of
RLK domains evolve slower at 66.7% of the mean (Fig. 1d).
We next employed a tangential approach, a Markov chain
Monte Carlo (MCMC) Bayesian analysis implemented in
BEAST, to infer the substitution rate for each domain
that includes probability estimates of the entire tree struc-
ture (Bouckaert et al. 2014). This analysis revealed that LRR
domains were evolving significantly faster than RLK do-
mains in each subfamily (unpaired Wilcoxon tests,
P-value <0.001) (Fig. 1d). Notably, while the relative rates
of ectodomain evolution were substantially higher for
CERK1 than for the 9 developmental proteins we analyzed,
this was not the case for FLS2 or PEPR1, which are middle
of the pack with respect to asymmetric evolution rate.
Therefore, the differences in evolutionary rates between
LRR and RLK domains are not solely a function of protein
function. Independent evolutionary rates for LRR and RLK
domains may be consistent across LRR-RLK proteins, re-
gardless of their functional roles.

Positive Selection Is More Common in LRR Domains
Than in RLK Domains

The divergent evolutionary rates we detected between
LRRs and RLK domains in developmental proteins suggest
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Table 1 Protein subfamilies included in gene tree inference

Name (A. thaliana) Gene ID Biological function Clade® Genes® References
BARELY ANY MERISTEM (BAMT1) AT5G65700 Meristem and tissue Xl 447 DeYoung et al. (2006)
specification
C-TERMINALLY ENCODED PEPTIDE RECEPTOR 2 AT1G72180 Nitrate uptake XI 358 Tabata et al. (2014)
(CEPR2)
CHITIN ELICITOR RECEPTOR KINASE 1 (CERKT) AT3G21630 Microbe detection NAS 367 Miya et al. (2007)
CLAVATAT1 (CLV1) AT1G75820 Shoot meristem size Xl 156 Clark et al. (1993)
FLAGELLIN-SENSITIVE 2 (FLS2) AT5G46330 Microbe detection Xl 60 Gomez-Gomez and Boller
(2000)
GASSHO2 (GS02) AT5G44700 Epidermis development Xl 17 Tsuwamoto et al. (2008)
HAESA (HAE) AT4G28490 Abscission and cell Xl 409 Jinn et al. (2000)
separation
HAESA-LIKE3 (HSL3) AT5G25930 Stomatal closure Xl 208 Liu et al. (2020), Liu et al.
(2022)
HAIKU2 (IKU2) AT3G19700 Seed and embryo Xl 354 Luo et al. (2005)
development
PLANT ELICITOR PEPTIDE1 RECEPTORT1 (PEPRT1) AT1G73080 Innate immunity XI 41 Liu et al. (2013)
PHLOEM INTERCALATED WITH XYLEM (PXY) AT5G61480 Vascular development Xl 137 Hirakawa et al. (2008)
ROOT MERISTEM GROWTH FACTOR1 AT1G34110 Root meristem size XI 8 Ou et al. (2016)

INSENSITIVES (RGI5)

2Subfamily assignments from (Man et al. 2020).
®Number of genes recovered in each subfamily.
“CERK1 is a LysM-RLK.

divergent selective pressures acting on LRR versus RLK do-
mains, despite their close juxtaposition in the same pro-
tein. To determine whether LRR and RLK domains are
under different selective regimes, we used our deeply
sampled trees and 2 codon-based tests for selection imple-
mented in the HyPhy software suite: Mixed Effects Model
of Evolution (MEME) to detect episodic diversifying (posi-
tive) selection and Fast, Unconstrained Bayesian
AppRoximation (FUBAR) to detect signatures of negative
selection (Kosakovsky Pond and Frost 2005; Murrell et al.
2013). We performed these tests on our 11 LRR-RLK sub-
families as well as on our outgroup subfamily CERK1.
MEME detected much higher rates of positive selection
acting on all sampled LRR domains. Both MEME and
FUBAR are sensitive to the number of genes included,
with fewer opportunities to detect selection in subfamilies
with fewer members (Poon et al. 2009). Therefore, to nor-
malize for different numbers of genes in each subfamily, we
represented our results as ratios of selection pressure be-
tween each subfamily’s LRR and RLK domains, rather
than as absolute values (Fig. 2b and c). As expected
(Bishop et al. 2000; X.S. Zhang et al. 2006), the CERK1 sub-
family showed a strong bias for positive selection in
sequences encoding extracellular (LysM) domains
(~41% of LysM domain residues vs. ~6% of RLK
residues, ~6.8-fold difference) (supplementary fig. S1A,
Supplementary Material online). Similarly, across all 11
LRR-RLK subfamilies, positive selection occurred more fre-
quently in gene regions encoding LRR domains (~10% of
residues) compared with RLK domains (4% of residues)
(¢ test, P-value <0.001) (Fig. 2b). The sensitivity of
MEME and FUBAR to sequence number means that the
absolute rates of positive selection cannot be compared
between subfamilies. However, a bias toward higher posi-
tive selection rates in LRR domains was true within every

subfamily, including the smallest we sampled (Fig. 2b).
For example, 11.2% of LRR domain residues and ~4.6%
of RLK residues in CLV1 were under positive selection, a
~2.4-fold difference (Fig. 2a). Interestingly, the defense
proteins FLS2 and PEPR1 did not show the strong bias
for positive selection acting on the LRR domain that was
characteristic of CERK1. Instead, FLS2 and PEPR1 were
very similar to the developmental LRR-RLKs in this assay
(Fig. 2b, supplementary fig. S1, Supplementary Material on-
line). This suggests similar evolutionary pressures acting on
developmental and defense LRR-RLKSs.

The higher positive selection acting on LRR versus RLK
domains occurred against a background of pervasive nega-
tive selection. For example, in CLV1, nearly all residues
(~87% of LRR residues and ~96% of RLK residues, a
~1.1-fold difference) were under negative selection
(Fig. 2a). This was expected, as clvl mutants have severe
cell proliferation phenotypes in diverse species, consistent
with CLV1 being a conserved developmental gene, and
thus under strong purifying selection (Clark et al. 1993;
Bommert et al. 2005; Xu et al. 2015; Whitewoods et al.
2018). This pattern extended to every subfamily of
LRR-RLKs that we analyzed (Fig. 2c). Negative selection
was detected at most residues in both domains (~74%
of RLK residues overall vs. ~66% of LRR residues overall),
and this difference was not significant for any single sub-
family (y/* test, P-value >0.05) (Fig. 2c). Pervasive negative
selection indicates that the structures of LRR domains are
under strong evolutionary constraint, even while they
undergo positive selection at certain sites. These features
of LRR-RLK evolution appear to be independent of pro-
teins’ diverse roles in development or defense. Thus, differ-
ences in domain structural constraints or defense arms
races are unlikely to explain asymmetry in LRR versus
RLK domain evolution.
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Fig. 1. Evolutionary rates differ between LRR and RLK domains. a) Relationships of 11 LRR-RLK clades and CERK1. Triangle height proportional to
clade size. b) Substitution rate (relative to mean) at each amino acid residue for each clade, 75-residue sliding mean (gray trace). Dashed lines,
mean rates for both domains. ¢) Bayesian posterior rate probability for LRR and RLK domains of each clade. ***P-value <0.001 (unpaired
Wilcoxon). d) Relative evolution rate for each LRR-RLK clade, 20 LRR bins and 10 RLK bins, fitted with a local polynomial regression.
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Fig. 2. Signatures of selection are unequally distributed between LRR and RLK domains. a) CLV1, as an example, with the locations of sites pre-
dicted to be under positive or negative selection shown. b) Rates per residue of signatures of positive selection in RLK (x-axis) versus LRR (y-axis)
domains in each clade. c) Rates per residue of signatures of negative selection in RLK (x-axis) versus LRR (y-axis) domains in each clade. Gray

dashed line defines the region of no ratiometric bias between domains.

Transcriptome Sequencing Bias, LRR Motif
Misalignment, and Saturation Cannot Explain
Asymmetric Evolutionary Dynamics

The higher positive selection acting on LRR versus RLK do-
mains may have been an analytical artifact, caused by fac-
tors independent of evolutionary pressures. We first
reasoned that transcriptome sequencing bias might ex-
plain our results. Most genes in our analyses are from tran-
scriptomes sequenced in the 3’ to 5’ direction (One
Thousand Plant Transcriptomes Initiative 2019). LRR do-
mains are encoded in the 5’ portions of each transcript;
therefore, we reasoned that sequencing errors, which pref-
erentially cluster in 5" sequence, could explain asymmetric
positive selection. To check that sequencing error bias was
not responsible for the elevated rate of positive selection
detection in LRR domains, we performed twin analyses
of the PHLOEM INTERCALATED WITH XYLEM (PXY) sub-
family using 42 sequences each: one set translated from
1KP transcriptome sequences, and a second translated
from whole genome assemblies that are not directionally
biased. These analyses found an identical number of posi-
tive selection hits in both domains (25 in LRRs vs. 2 in
RLKs) (supplementary fig. S1, Supplementary Material on-
line). This indicates that transcriptome sequencing bias
likely does not explain the consistently elevated ratio of
positive selection detected in LRR domains relative to
RLK domains.

We next reasoned that variability in LRR motif number
could cause misalignments, incorrect homology assess-
ments, and biased selection estimates. Three lines of
evidence indicated that this was not the case for our
analyses. First, we extracted individual LRR motifs
from Amborella trichopoda BAM1 and realigned each to
an alignment of full-length BAM1 sequences without
A. trichopoda BAMT1. Each of the 21 LRRs realigned at its ori-
ginal position, despite the lack of positional context from
proximal sequence (supplementary fig. S2, Supplementary
Material online). This indicates that, at least for BAMT,
there is significant phylogenetic information in individual
LRR motifs to prevent misalignment. Second, we reasoned
that if variability in LRR motif number caused misalign-
ment and biased selection estimates, then variation in
LRR number should correlate with the number of positive-
ly selected sites in each subfamily. To evaluate this predic-
tion, we used an LRR prediction tool optimized for plant
genomes to identify LRR motifs (Chen 2021) and assessed
variability in LRR motif number in each sequence in
each subfamily (supplementary fig. S3A, Supplementary
Material online). We tested for correlations between vari-
ance in LRR motif number and the number of positively se-
lected residues in LRR domains and found no evidence
that these variables were related (supplementary fig. S3B,
Supplementary Material online). Third, we would have ex-
pected significantly lower negative selection acting on LRR
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domains if misalignment of the highly variable LRR do-
mains could explain our results. Instead, negative selection
rates were similar between LRR and RLK domains (Fig. 2c).
Thus, variability in LRR motif number and misalignment
likely cannot explain our results.

Last, we thought that high substitution rates in LRR do-
mains might have led to saturation over deep divergence
times and caused artifactually high positive selection esti-
mates in LRR domains. To account for this, we repeated
our tests for positive selection on our largest subfamilies:
BAM1, CEPR2, CERK1, and HAE, using only sequences
from Papaveraceae species. This subsetted analysis tra-
verses ~88 My of evolutionary divergence between species,
rather than 140 to 270 My in the full analysis of all angios-
perms (Kumar et al. 2017; Sauquet et al. 2022). If saturation
had led to higher levels of positive selection in LRR do-
mains in the full analysis, then we expected this signal to
disappear in the subsetted analysis. This is not what we
found. Positive selection was still more common in
LRR domains in the subsetted analysis, and negative
selection was similar between LRR and RLK domains,
with a slight bias toward RLK domains, as in the full ana-
lysis (supplementary table S1, Supplementary Material on-
line). Taken together, these analyses indicate that higher
positive selection rates in LRR domains are not due to se-
quencing bias, misalignment, or saturation but rather due
to differing evolutionary pressures acting on LRR versus
RLK domains.

Changes in Domain Function Have Likely
Contributed to Functional Divergence of LRR-RLKs
Divergent evolutionary pressures acting on LRR and RLK
domains suggest that the 2 domains have independently
diverged in function. To evaluate this prediction, we
next designed in planta experiments to assess functional
conservation of divergent LRR-RLK domains. We trans-
formed chimeric LRR-RLKs with swapped domains into
Arabidopsis clv1 single mutants and hae;hsl2 double mu-
tants (supplementary fig. S4, Supplementary Material on-
line; Scholl and Anderson 1994; Nimchuk et al. 2011).
HAE and HSL2 are close paralogs and are functionally re-
dundant with respect to floral organ abscission (Cho et
al. 2008). Therefore, we will refer to these genes as HAE/
HSL2 from here on. CLV1 and HAE/HSL2 are distantly re-
lated LRR-RLK genes within clade XI (Man et al. 2020), se-
parated from each other by ~551 My of evolution (Fig. 3a;
supplementary fig. S5, Supplementary Material online).
Over this deep time, CLV1 and HAE/HSL2 have diverged
considerably in function. HAE and HSL2 regulate cell separ-
ation at the abscission zone of sepals, petals, and stamens.
hae;hsl2 double mutants fail to shed these floral organs,
which remain attached to pedicels (Fig. 3b; Jinn et al.
2000; Kumpf et al. 2013). CLV1 controls proliferation of
stem cells in meristems, and clv1 mutants produce fasci-
ated siliques with extra carpels (Fig. 3b; Clark et al. 1993,
1997). The mutant alleles we used (clv1-15, hae-3/hsl2-3)
are recessive and produce clear, quantifiable phenotypes
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Fig. 3. RLK and LRR domain functions have distinct evolutionary tra-
jectories. a) Time-calibrated chronogram of 6 A. thaliana LRR-RLK
genes showing approximate divergence times between paralogs. b)
Illustrations of representative Arabidopsis siliques from mutants
transformed with (chimeric) transgenes. c) Percentage of flowers
from clv1 or hae/hs|2 mutants complemented by various paralogous
domains. Numbers in bars indicate independent events (5 to 10
flowers per event). Letters indicate significantly different groups
(analysis of variance, Tukey’s post hoc). H3* catalytically dead
HSL3 variant.

(Clark et al. 1993; Jinn et al. 2000), allowing us to ask
whether divergent molecular evolution was mirrored by
divergent functional evolution of LRR and RLK domains.
We took quantitative measures of transgene complemen-
tation, when compared with positive (CLV1 or HAE coding
sequence under their native promoters) and negative (un-
transformed mutant) controls. We binned these quantita-
tive data into “no complementation,” “partial
complementation,” and “full complementation,” with
stringent limits on the “no complementation” and “full
complementation” bin boundaries, so that we could de-
tect partial complementation by deeply divergent genes
with the gross phenotypic measures we used
(supplementary fig. S6, Supplementary Material online).
Binning our complementation data allowed us to compare
2 very different sets of mutants and phenotypic assays.
We first assessed the conservation of function between
CLV1, HAE/HSL2, and their closest respective paralogs.
CLV1 is most closely related to the BAM genes, which
are in a subfamily separated from CLV1 by ~273 My of evo-
lution (Fig. 3a; supplementary fig. S5, Supplementary
Material online; Man et al. 2020). Despite this deep diver-
gence time, BAM genes also function in stem cell prolifer-
ation and can partially compensate for the loss of clv1
ortholog function through transcriptional regulation
(DeYoung et al. 2006; Nimchuk et al. 2015; Nimchuk
2017; Rodriguez-Leal et al. 2019). Consistent with this,
CLV1P:BAMTRR:CLVIRK usually  fully complemented
the clv1 phenotype, as did the reciprocal swap (CLV1":
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CLVT'*RBAM1R'K Fig. 3c). Therefore, the LRR and RLK do-
mains encoded by CLV1 and BAMT have conserved func-
tions. HAE/HSL2 and their closest paralog HSL1 are
separated by only 119 My of evolution (Fig. 3a;
supplementary fig. S5, Supplementary Material online)
but regulate distinct processes: HSL1 regulates stomatal
development, and native HSL1 is neither necessary nor suf-
ficient to drive haehsl2-regulated floral organ abscission
(Cho et al. 2008; Qian et al. 2018). Despite this divergence
in HSL1 function, and similar to our result for BAM1 and
CLV1, the full HSL1 coding sequence driven under the
HAE promoter can complement hae;hsl2 double mutants
(Fig. 3c), consistent with what others have found
(Roman et al. 2022). These data indicate that the failure
of the endogenous HSLT locus to trigger abscission in
hae;hsl2 mutants is likely due to HSL1’s divergent expres-
sion pattern, not the functional evolution of the HSL1 pro-
tein (Cho et al. 2008; Stenvik et al. 2008; Roman et al. 2022).
Our results indicate that functional differences between
CLV1 and BAM1, and between HAE/HSL2 and HSL1, are
not due to changes in protein domain function, despite
large differences in the divergence times among CLV1T,
HAE/HSL2, and their closest paralogs.

We next assessed complementation of the hae/hs/2
double mutant with domains encoded by HSL3, a gene se-
parated from hae/hsl2 by ~363 My of evolution. The full
HSL3 coding sequence, expressed under the HAE pro-
moter, failed to complement the hae;hsl2 phenotype, as
did the chimeric transgene that had the LRR domain en-
coded by HSL3 and the RLK domain encoded by HAE
(Fig. 3c). However, the reciprocal domain swap with the
LRR domain encoded by HAE and the RLK domain en-
coded by HSL3 (HAEP":HAERR:HSL3R™) partially comple-
mented the hae;hsl2 phenotype, suggesting substantial
functional conservation of the HAE/HSL2 and HSL3 RLK
domains (Fig. 3c). To verify that catalytic activity of the
RLK domain encoded by HSL3 was required for comple-
mentation, we created a catalytically dead variant by intro-
ducing a single amino acid change in the ATP binding
pocket (K714E) (Taylor et al. 2016). This variant (HAEP"::
HAERR:Hs1 3RKK719E)) failed to complement the hae;hsl2
phenotype (Fig. 3¢), indicating that the conserved catalytic
activity of the HSL3 RLK domain is necessary for its partial
replacement of HAE/HSL2. Taken together, these data are
consistent with our bioinformatic findings (Figs. 1 and 2)
and indicate that the LRR and RLK domains encoded by
HAE/HSL2 and HSL3 have had different trajectories of func-
tional divergence. Their LRR domains have diverged con-
siderably and can no longer replace each other, while
their RLK domains retain some conserved functionality.

Last, we assessed the ability of LRR and RLK domains en-
coded by deeply divergent paralogs to complement our fo-
cal mutants. We assessed the complementation of clv1
with domains encoded by PXY, HAE, and HAESA-LIKE3
(HSL3), representing ~511 to 551 My of divergence
(Fisher and Turner 2007). Chimeric constructs encoding
LRR domains from HAE and PXY or with the RLK domain
from HSL3 failed to complement the clv1 mutant. In

contrast, the RLK domain encoded by HAE, together
with the reciprocal CLV1 domain, partially complemented
the clv1 phenotype (CLVIP°:CLVI"*RHAERX, Fig. 3c).
Together, these data suggest that the HAE and CLV1
RLK domains retain vestiges of conserved function over
deep time, while their LRR domains have completely di-
verged in function, mirroring their asymmetric rates of
evolution.

Discussion

Sequences encoding the LRR domains of defense LRR-RLKs
evolve under accelerated evolution with increased direc-
tional selection relative to their cognate RLK domains
(Tang et al. 2010; Fischer et al. 2014, 2016; Dufayard et
al. 2017; Parys et al. 2021; Zhang et al. 2021). Here, we
show that this disjunct molecular evolution between
LRR and RLK domains extends to subfamilies of clade XI
LRR-RLKs with divergent functions in development, physi-
ology, and defense. Sequences encoding LRR domains
evolve consistently faster than their RLK counterparts
(Fig. 1). This accelerated rate was likely not due to less
stringent purifying selection: rates of purifying selection
were similar in both domains (Fig. 2c). In contrast, rates
of positive selection were higher in LRR domains
(Fig. 2b). In heterologous assays of gene function, LRR do-
mains encoded by HAE and HSL3 could not substitute for
LRR domains encoded by CLV1 or HAE, respectively, while
their RLK domains could partially substitute (Fig. 3c). Thus,
the asymmetric molecular evolution of LRR and RLK do-
mains is mirrored somewhat by asymmetric functional
evolution.

Asymmetric domain evolution is a widespread feature
of LRR-RLKs and plant signaling proteins. Some LRR-RLKs
have dual roles in defense and development, and there
may be undiscovered crosstalk driving some of the asym-
metry in evolutionary rates between LRR and RLK domains
in the “developmental” proteins we assayed (Lal et al. 2018;
Rosas-Diaz et al. 2018; Verma et al. 2022). However, the
disjunct evolution of LRR versus RLK domains that we
detected across many clade XI subfamilies (Figs. 1 and 2)
extends across clades of LRR-RLKs (X.S. Zhang et al. 2006;
Fischer et al. 2016; Dufayard et al. 2017; Hosseini et al.
2020). More broadly, positive selection hits are more
prevalent in the ectodomains of receptor-like kinase pro-
teins from Charophyte algae, proteins with many diverse
signaling roles (Gong and Han 2021). LRR domains are of-
ten found in association with nucleotide-binding domains
in NLR proteins, which are critical regulators of plant de-
fense (Baggs et al. 2017). Positive selection is higher in
the LRR domains of NLR proteins (Mondragdn-Palomino
et al. 2002), although LRR-RLK evolution may be more con-
strained than NLR evolution on a genome-wide scale
(Baggs et al. 2017; Bailey et al. 2018; Pruitt et al. 2021;
Kileeg et al. 2023). Taken together, these data indicate
that signaling and response domains in plant receptor pro-
teins are subject to distinct evolutionary forces and con-
straints and are evolving somewhat independently.
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Escape from adaptive conflict in LRR domains may be
contributing to the functional evolution of LRR-RLKs.
Cis-regulatory evolution can deploy conserved regulatory
modules to additional, new contexts (Carroll 2008;
Kramer and Li 2017). However, the dual use of a single
gene in multiple contexts can incur adaptive conflict, in
which genetic adaptations beneficial in one context are
detrimental to another, constraining evolution (Hittinger
and Carroll 2007; Flagel and Wendel 2009). Escape from
adaptive conflict is the release of this constraint through
gene duplications, followed by coding sequence evolution
of one or both genes, allowing each gene to specialize in its
respective function (Ohno 1970; Hughes 1994; Vogel and
Chothia 2006). LRR-RLKs bear the hallmarks of a gene fam-
ily in which escape from adaptive conflict drove functional
evolution: LRR-RLKs regulate diverse developmental pro-
cesses, recurrent gene duplication drove expansion of the
gene family, and as we show here, they contain signatures
of adaptive evolution, even in genes with deeply conserved
developmental roles (Lehti-Shiu et al. 2012; Fischer et al.
2016; Dufayard et al. 2017; Man et al. 2020). In addition, di-
vergent LRR-RLKs can share conserved outputs but have
divergent inputs (Zheng et al. 2019; Zhu et al. 2019; Liu
et al. 2022). Prior to gene duplication, there may be high
adaptive conflict in LRR domains but low adaptive conflict
in RLK domains. Gene duplication may allow for acceler-
ated optimization of formerly conflicted LRR domains,
leaving RLK domains largely conserved in function.

Results from our domain swap experiments with HAE/
HSL2 and HSL3 are consistent with functional divergence
through escape from adaptive conflict in single (LRR) do-
mains. HAE/HSL2 and HSL3 are paralogs that control un-
related developmental functions—HAE and HSL2
regulate floral organ abscission (Jinn et al. 2000), while
HSL3 regulates stomatal closure (Liu et al. 2020, 2022).
The LRR domains of HAE and HSL2 bind IDA peptides,
but the LRR domain of HSL3 binds structurally distinct,
nonhomologous peptides called CTNIPs (Kumpf et al.
2013; Rhodes et al. 2022). In contrast to this divergent
LRR binding, the RLK domains of HAE/HSL2 and HSL3
phosphorylate conserved downstream targets such as
MPK3 and MPK6 (Zhu et al. 2019; Liu et al. 2022;
Rhodes et al. 2022). The HSL3 LRR domain, in combin-
ation with the HAE RLK domain, failed to complement
the hae;hsl2 mutant, but the HSL3 RLK domain did com-
plement hae;hsl2 in the reciprocal domain swap (Fig. 3¢).
Together, these data indicate that the outputs of the
HAE/HSL2 and HSL3 cytoplasmic signaling modules
have not appreciably diverged in function since their du-
plication ~363 Ma, but that their inputs have. Lower posi-
tive selection acting on the RLK domains of HAE/HSL2
and HSL3 conserved downstream targets, alongside
some functional conservation (Fig. 3¢c), suggests low adap-
tive conflict in the output (RLK) domain of the last com-
mon ancestor of these proteins. In contrast, high levels of
positive selection acting on their input (LRR) domains,
nonconserved upstream triggers, and nonconservation
of function indicate that diversification of the input was

8

beneficial to fitness, perhaps because of escape from adap-
tive conflict.

Many mechanisms in addition to escape from adaptive
conflict may contribute to evolutionary rate variation be-
tween LRR and RLK domains (Wolf et al. 2008, 2010; Zhang
and Yang 2015; Echave et al. 2016; Roberts and Josephs
2023). Intracellular and extracellular domains of trans-
membrane proteins are folded in different cellular environ-
ments (the lumen of the endoplasmic reticulum vs. the
cytosol, respectively), which may release extracellular
(LRR) domains from evolutionary constraints related to
protein misfolding (Pal et al. 2001; Drummond and
Wilke 2008; Feyertag et al. 2017; Sarkar and Alvarez-
Ponce 2022). Buried amino acid residues evolve slower
than solvent-exposed residues (Lin et al. 2007; Franzosa
and Xia 2009). RLK and LRR domains may have different
ratios of buried versus solvent-exposed residues, thus con-
tributing to evolutionary rate variation. Exon edge conser-
vation can constrain sequence divergence (Bush et al.
2015). LRR domains are encoded by single exons, but
RLK domain sequences span introns (Zan et al. 2013;
Man et al. 2020); thus, exon edge conservation may be con-
straining RLK evolution. Recombination errors may drive
variation in LRR repeat number within LRR domains
(Kuang et al. 2004; Wicker et al. 2007), thus increasing
the rate of LRR domain evolution (although we found
no relationship between variation in LRR number and
positive selection [supplementary fig. S3, Supplementary
Material online]). Proteins with many interactors evolve
slower than those with fewer interactors (Alvarez-Ponce
et al. 2017). Both LRR and RLK domains mediate pro-
tein—protein interactions (Hohmann et al. 2017), but per-
haps RLK domains have a richer set of interactors than LRR
domains and thus evolve slower. Any number of these and
other mechanisms may contribute to the faster divergence
of LRR versus RLK domains, in addition to divergence in
domain functions in signal perception and signal response.

Higher evolutionary rates and higher levels of positive
selection suggest that LRR function is changing faster
than RLK function both between and within subfamilies
of LRR-RLKs. Within subfamilies, the evolution of LRR do-
mains may be subtly modulating protein function over
deep time. Although ligand-receptor pairs have not
been confirmed beyond Arabidopsis for most LRR-RLKs,
receptor—ligand relationships are deeply conserved in at
least the CLV1 and HAE subfamilies (Clark et al. 1993;
Jinn et al. 2000; Bommert et al. 2005; Santiago et al.
2016; Whitewoods et al. 2018; Wang et al. 2019). In add-
ition, key residues that mediate receptor-ligand interac-
tions are deeply conserved within LRR domains
(Santiago et al. 2016; Hohmann et al. 2018; Rhodes et al.
2022; Snoeck et al. 2022). However, receptor-ligand rela-
tionships are rarely one-to-one (Deyoung and Clark
2008; Miller et al. 2008; Ou et al. 2016; Je et al. 2018;
Qian et al. 2018; Rodriguez-Leal et al. 2019). The changes
to LRR domains we detected may modulate which particu-
lar suite of ligands bind a particular LRR domain (e.g. which
specific CLE paralogs bind which LRR domain) or modulate
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ligand-binding kinetics. In addition, interactions with cor-
eceptors, often mediated by LRR domains (Cui et al. 2018;
Hohmann et al. 2018), can modulate receptor trafficking
to and from the membrane, and the outcomes of lig-
and-receptor binding (Nimchuk et al. 2011; Je et al.
2018; Qi et al. 2020). Future dissections of coevolving, posi-
tively selected residues between LRR-RLKs, and between
LRR-RLKs and their ligands, may be useful in resolving
complex interactions among receptors, coreceptors, and li-
gands. Thus, while the function of particular LRR-RLKs
may be broadly conserved over deep time, rapid evolution-
ary change and positive selection may indicate incremen-
tal and subtle change to protein (and LRR domain)
function.

Our work has implications for agriculture and crop en-
gineering, where the subtle modulation of plant traits was
critical in domestication, and is becoming useful in crop
improvement using genome engineering. This subtle
modulation is often accomplished through cis-regulatory
change (Meyer and Purugganan 2013; Rodriguez-Leal et
al. 2017; Stitzer and Ross-Ibarra 2018; Bartlett et al.
2022). However, coding changes have been important in
plant evolution and development (Bartlett and Whipple
2013; Bartlett 2019; Bartlett et al. 2022). Coding sequence
change could be more easily implemented and may have
more predictable outcomes than cis-regulatory sequences,
which are incompletely understood, especially in plants
(Rodriguez-Leal et al. 2017, Marand et al. 2023).
Importantly, the LRR-RLK protein family regulates many
agronomically important aspects of plant development
and has already been targeted in crop improvement efforts
(Bommert et al. 2005; Xu et al. 2015; Je et al. 2016; Yang et
al. 2018; Shao et al. 2019). More extensive or fine-scaled
phenotypic analyses than our coarse endpoint phenotyp-
ing (e.g. measuring meristem or abscission zone size)
may reveal subtle differences in function between
LRR-RLK orthologs from diverse species. Detailed pheno-
typic and molecular dissections of how residues under se-
lection impact protein function over deep time could
provide novel solutions in crop improvement.

Materials and Methods

Sequence Retrieval and Curation

For each subfamily, we collected gene locus identifiers
(Man et al. 2020), and peptide sequences were obtained
from the primary transcript annotation databases for
Arabidopsis thaliana, A. trichopoda, Brachypodium distach-
yon, Oryza sativa (rice), Solanum lycopersicum (tomato),
Populus trichocarpa (poplar), Selaginella moellendorffii,
and Physcomitrella patens, and Zea mays (maize) from
Phytozome ver. 12 (Goodstein et al. 2012). We aligned
these sequences using MAFFT v. 7313 (Katoh and
Standley 2013) and built a Hidden Markov Model
(HMM) profile using HMMER v. 3.1b2 (Altschul et al.
1990; Eddy 2011). We used this HMM profile to scan every
peptide database from the One Thousand Plants
Transcriptome Initiative (1KP), and the top 2 scoring hits

from each genome were collected (One Thousand Plant
Transcriptomes Initiative 2019). We then scanned hits
for protein domains using HMMER v3.1b2 and the Pfam
protein profile HMM database v31.0 using the “trusted
cutoff” bit score gathering threshold (Eddy 20171; El-
Gebali et al. 2019). Only hits with detected LRR and RLK
domains and with a length >85% of the Arabidopsis an-
chor gene were included. We aligned hits using the
L-INS-i iterative refinement algorithm implemented in
MAFFT v. 7.313 (Katoh and Standley 2013), filtered for
homoplastic positions by Noisy v1.5.12 (Dress et al.
2008), and inferred a gene tree using IQtree v1.6.3
(Nguyen et al. 2015). We interpreted and visualized the
tree using package ggtree v1.10.0 in R v3.43 (R Core
Team 2017; Yu et al. 2017), and the 1KP genes falling
into each target subfamily were iteratively used as seed se-
quences in another round of BLAST and HMM profiling
until stable protein trees for each subfamily were inferred
(Table 1).

Maximum Likelihood Subfamily Gene Tree Inference
For each subfamily, we built alignments using search hits
and ERECTA (AT2G26330) as the outgroup using the
L-INS-i iterative refinement algorithm implemented in
MAFFT v. 7.313 (Katoh and Standley 2013). Next, we fil-
tered for homoplastic positions using Noisy v1.5.12
(Dress et al. 2008) and used the alignment to determine
the best-fitting model of protein evolution and infer a
gene tree using maximum likelihood analysis with 1,000
bootstrap replicates using IQtree v1.6.3 (Nguyen et al.
2015).

Rate of Evolution by Site

Because the 1KP dataset was enriched for angiosperms and
because we wanted densely sampled protein trees, we
trimmed each alignment and tree to include only angio-
sperm peptide sequences, with A. trichopoda genes posi-
tioned as sister to all other sequences in each analysis
(Mathews and Donoghue 1999; Soltis et al. 2008). For
each subfamily, we aligned peptide sequences from each
subfamily using the L-INS-i iterative refinement algorithm
implemented in MAFFT v. 7.313 (Katoh and Standley 2013)
and used this to infer the posterior mean site evolution
rate with a Yule speciation prior and a random starting
tree using the -wsr function in IQtree v1.6.3 (Nguyen et
al. 2015). To prevent alignment artifacts from distorting
the mean rate calculations, we removed positions from
the alignment not present in the Arabidopsis gene from
which the subfamily is named (anchor gene). We calcu-
lated and visualized the sliding window mean rate trace
for each residue of the Arabidopsis anchor gene using a
custom R script utilizing the packages Biostrings v.2.54.0
(Pages et al. 2017), ggplot2 v3.3.0 (Wickham et al. 2019),
and zoo v1.8-7 (Zeileis and Grothendieck 2005). LRR and
RLK domain coordinates for the Arabidopsis anchor
gene were taken from UniProt definitions (UniProt
Consortium 2015). To calculate mean evolution rates
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across all subfamilies, we binned rates for each subfamily
into 3 N-terminal, 20 LRR, 3 transmembrane, 10 RLK,
and 2 C-terminal bins, shown fitted with a local polyno-
mial regression with an o =0.1.

Rate of Evolution by Domain

For each subfamily alignment, LRR and RLK partitions
were defined based on the UniProt domain annotations
of the subfamily’s Arabidopsis anchor gene (UniProt
Consortium 2015). We performed Bayesian analyses using
BEAST v2.6.1 (Bouckaert et al. 2019) on the CIPRES Science
Gateway (Miller et al. 2010). In these analyses, the peptide
sequence alignment is partitioned into LRR and RLK do-
mains, and the tree and partition substitution rates are
coestimated and then weighted over tree-space posterior
probabilities to give a rate distribution estimate per do-
main. To infer relative domain rates, we used the following
parameters: tree and clock models, but not site models,
were linked during the analysis, to provide independent
site rate estimates for the partitions. A gamma site model
with 6 discrete estimated rate categories was set for each
partition to ensure appropriate gamma rate heterogeneity,
using a JTT amino acid substitution matrix which was
found to best fit LRR-RLKs (Susko et al. 2002; Man et al.
2020). Strict and relaxed molecular clock models were
compared using a nested sampling approach to generate
marginal likelihoods for Bayes Factor estimation and a like-
lihood ratio test (Kass and Raftery 1995; Brown and Yang
2017; Russel et al. 2019). Based on these tests, we pro-
ceeded using a relaxed clock model, which was subse-
quently used for all further analyses. Subfamily trees
were then inferred under a Calibrated Yule model and a
birth—-death model and had statistically identical
Maximum Clade Credibility trees as calculated by Tree
Annotator v2.6.2 (Bouckaert et al. 2019); therefore,
Birth—death models were used in all subfamilies as in
(Magallén et al. 2015). The node containing all major
angiosperm subfamilies other than A. trichopoda was cali-
brated to 135 to 137 Ma (lognormal prior distribution, 95%
posterior density credibility interval; Magallon et al. 2015).
MCMC chains were run for sufficient length to ensure
complete mixing and convergence of molecular clock
rate estimate and other parameters were used, thre-
sholded by Effective Sample Sizes (ESS) >100, measured
using Tracer v1.6 (Rambaut et al. 2018). Within each sub-
family, rate estimate distributions did not have equivalent
variances (F-test, P < 0.001 for all subfamilies) and were
therefore compared using nonparametric unpaired
Wilcoxon tests.

Selection Tests

We performed tests looking for signatures of selection
using the nucleotide sequences corresponding to the
peptide MSAs used to infer evolutionary rates. We
aligned nucleotide sequences by their codon transla-
tions using the BLOSUM45 scoring matrix in MAFFT
v. 7.313 (Katoh and Standley 2013) as implemented in
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Geneious v10.0.8 (Kearse et al. 2012). These MSAs were
used to run tests in the HyPhy suite (Pond et al. 2005):
FUBAR (Murrell et al. 2013) and MEME (Murrell et al.
2012), as implemented on the Datamonkey web server
(Weaver et al. 2018). MEME hits were thresholded at
the default P-value of 0.1, and FUBAR hits were thre-
sholded at a more stringent threshold of 0.999 posterior
probability. Site-by-site selection evidence from these
tests was visualized using a custom R script utilizing
ggplot2 v3.3.0 (R Core Team 2017; Wickham et al.
2019). The alternate GSO2 selection tests utilized only
CDS sequences from genomic assemblies available
from homologs detected from Ensembl Plants (Kersey
et al. 2018).

Chronogram for Inference of Gene Subfamily
Divergence Times and Tree Topology

Four genes from each subfamily were extracted: the A. tri-
chopoda gene, and a representative from rosids, asterids,
and monocots, generally A. thaliana, tomato, and rice,
and well-supported S. moellendorffii and P. patens genes
that are sister to these subfamilies. We aligned these using
the L-INS-i iterative refinement algorithm implemented in
MAFFT v. 7.313 (Katoh and Standley 2013). We used this
alignment to perform Bayesian analyses using BEAST
v2.6.1 (Bouckaert et al. 2019) on the CIPRES Science
Gateway (Miller et al. 2010). This analysis was run as a sin-
gle partition, using the JTT substitution matrix, and a re-
laxed clock model. Priors included a Yule tree model and
Most Recent Common Ancestor (MRCA) nodes: eudicot
MRCA was uniform 111 to 131 My, angiosperm MRCA
was uniform 173 to 199 My, tracheophyte MRCA was uni-
form 410 to 468 My, and embryophyte MRCA was uniform
465 to 533 My (Magallén et al. 2015; Kumar et al. 2017).
MCMC chains were run for sufficient length to ensure
complete mixing and convergence of molecular clock
rate estimate and other parameters were used, thre-
sholded by ESS> 100, measured using Tracer v1.6
(Rambaut et al. 2018). The final tree was visualized using
FigTree v1.4.3 (Bouckaert et al. 2019; supplementary fig.
S2, Supplementary Material online) or ggtree v1.10.0 in R
v3.4.3 (R Core Team 2017; Yu et al. 2017) (tree backbone

Fig. 1).

Construction of Chimeric Transgenes

We utilized the MoClo system of Golden-Gate molecular
assembly to make full-length domain swaps constructs
using sequences encoding promoters, LRR domains, RLK
domains, and terminators (Engler et al. 2014). For CLV1
promoter constructs, we replicated the promoter/5'UTR
and terminator/3’UTR coordinates published previously
(Nimchuk et al. 2011). For HAE promoter constructs, we
determined the promoter/5'UTR by conservation with
other species using Vista plots in Phytozome’s JBrowse
(Goodstein et al. 2012) to be 1,609 bp upstream the gene’s
start codon and utilized the terminator from the nos gene
in Agrobacterium tumefaciens (Engler et al. 2014). The
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sequence encoding protein domains was amplified using
PCR with Col-0 gDNA template or synthesized commer-
cially. We assembled all transgenic constructs into either
the pICH86966 T-DNA plant transformation vector from
the MoClo kit (Engler et al. 2014) or a plasmid derived
from pH7m24GW (O’Connor et al. 2017) and verified by
Sanger sequencing or whole plasmid sequencing. To stand-
ardize domain coordinates across genes used for domain
swaps, we made a translation alignment between all genes
and engineered a synthetic 4-bp Golden-Gate assembly
joining overlap within the transmembrane domain that in-
troduced only synonymous coding alterations in all of the
genes used in our assay.

Plant Growth Conditions and Plant Transformation
Seeds were sown on the surface of soilless medium in 3”
pots, watered, and stratified covered in dark at 4°C for
3 d and then transferred to a growing rig (photosynthetic
active radiation ~100 pmol/m?*/s), with a 16 h light and
8 h dark cycle; constant temperature ~20°C. clvi-15
(WiscDsLox489-492B1) was kindly provided by Zachary
Nimchuck (Nimchuk et al. 2011). hsl2-3/hae-3 (CS69822)
seed was obtained from the Arabidopsis Biological
Resource Center (Scholl and Anderson 1994). Both mu-
tants are in the Columbia background. Into these plant
lines, we transfected LRR-RLK constructs using A. tumefa-
ciens strain GV3101 with the floral dip method (X.
Zhang et al. 2006). Transgenic T1 seeds were selected ac-
cording to (Davis et al. 2009) and transplanted from selec-
tion plates to soilless medium in pots at 2 wk of age and
grown to maturity.

Phenotypic Scoring

All T1 plants were phenotyped as soon as the oldest 10
flowers on the primary inflorescence could be scored for ab-
scission of floral organs (for haehsl2 rescue constructs) or
carpel number (for clv1 rescue constructs). Events from
HAE constructs were scored by lightly brushing the inflores-
cence twice, with a 90° turn between, through a pair of soft
bristle paint brushes affixed with bristles oriented toward
each other. After brushing, we assessed hae;hsl2 double mu-
tant complementation by binning each flower into 1 of 3
categories: fully complemented (all floral organs abscised),
partially complemented (some abscised, some remain at-
tached to pedicel, complementation strength of 1), or not
complemented (no floral organs abscised).

CLV1 construct transformants were scored by counting
carpels in each of up to 10 siliques from each mature trans-
formant (8 to 24 independent T1 lines) using a dissecting
microscope. Flowers were binned into 3 categories: fully
complemented (two carpels per silique), partially comple-
mented (three carpels per silique), or not complemented
(four or more carpels per silique).

Supplementary material

Supplementary material is available at Molecular Biology
and Evolution online.
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