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Quantitative trait loci analysis of natural Arabidopsis thaliana acces-
sions is increasingly exploited for gene isolation. However, to date
this has mostly revealed deleterious mutations. Among them, a loss-
of-function allele identified the root growth regulator BREVIS RADIX
(BRX). Here we present evidence that BRX and the paralogous BRX-
LIKE (BRXL) genes are under selective constraint in monocotyledons
as well as dicotyledons. Unexpectedly, however, whereas none of
the Arabidopsis orthologs except AtBRXL1 could complement brx
null mutants when expressed constitutively, nearly all monocotyle-
don BRXLs tested could. Thus, BRXL proteins seem to be more diver-
sified in dicotyledons than in monocotyledons. This functional
diversification was correlated with accelerated rates of sequence di-
vergence in the N-terminal regions. Population genetic analyses of
30 haplotypes are suggestive of an adaptive role of AtBRX and
AtBRXL1. In two accessions, Lc-0 and Lov-5, seven amino acids
are deleted in the variable region between the highly conserved C-
terminal, so-called BRX domains. Genotyping of 42 additional acces-
sions also found this deletion in Kz-1, Pu2-7, and Ws-0. In segregating
recombinant inbred lines, the Lc-0 allele (AtBRX <) conferred signif-
icantly enhanced root growth. Moreover, when constitutively
expressed in the same regulatory context, AtBRX <° complemented
brx mutants more efficiently than an allele without deletion. The
same was observed for AtBRXL1, which compared with AtBRX carries
a 13 amino acid deletion that encompasses the deletion found in
AtBRX'“’. Thus, the AtBRX'“? allele seems to contribute to natural
variation in root growth vigor and provides a rare example of an
experimentally confirmed, hyperactive allelic variant.

Brachypodium | BREVIS RADIX | adaptation

Natural genetic variation, together with environmental fac-
tors, is principally responsible for the observed intraspecific
variation in plant and animal morphology. This variation is in-
creasingly recognized as a valuable resource to isolate either
novel alleles or previously uncharacterized genes (1). Generally,
morphologic variation in multicellular organisms can reflect
differences in the extent of cellular growth, localized cell death,
cell migrations, or differential growth patterns. In plants, cell
walls largely prohibit cell migration and keep cells in their rel-
ative positions to each other throughout development. Thus,
local acceleration or slowdown of cell proliferation or expansion
might have a central role in shaping plant morphology (2-5).
Indeed, even very local spatiotemporal constraints on growth can
significantly affect organ shape. For instance, developmentally
controlled formation of growth-promoting local maxima of the
plant hormone auxin along the proximo-distal axis of outgrowing
leaves determines leaf serration (6). The timing and amplitude of
this phenomenon can even explain the transition from simple to
compound leaves (2, 6, 7) and impinges significantly on final
organ size (3, 5, 8). In summary, quantitative differences in lo-
calized cellular growth and differentiation seem to play a major
role in morphologic variation in plants.

www.pnas.org/cgi/doi/10.1073/pnas.0913207107

Compared with mutant analyses, dissecting the natural basis of
growth phenomena is often complicated by the complexity of the
associated genetics. Studies that aim to clone quantitative trait loci
(QTL) underlying growth rate are limited by genetic marker
density, recombinant inbred line (RIL) population size, and the
resolution of the growth measurement (9). Moreover, plant organ
formation displays remarkable plasticity, and environmental fac-
tors often play an important role in trait expression, resulting in
low heritability. Combined with multigenic control, this can render
identification of the molecular polymorphisms underlying indi-
vidual QTL practically impossible. By concentrating on growth
phenomena that display an easy to measure, developmentally ro-
bust, and wide quantitative range, these problems can be mini-
mized. These features apply to elongation growth of plant roots,
which is driven by apical meristems and can be treated as a one-
dimensional process.

The model plant, Arabidopsis thaliana (Arabidopsis), displays
a typical dicotyledonous, allorhiz root system, dominated by a pri-
mary root (10). Significant natural variation between isogenized
Arabidopsis strains, so-called accessions, has been observed in root
growth vigor, and in a few cases the underlying allelic variation
could be resolved at the molecular level (11-13). We have isolated
alarge effect root growth QTL from a cross between the accessions
Slavice-0 (Sav-0) and Umkirch-1 (Uk-1), which we named BREVIS
RADIX (BRX) (11). The short root phenotype of Uk-1 results
from loss of function of the BRX gene, which was identified by
map-based cloning. The gene represented the first characterized
member of a plant-specific gene family consisting of five paralogs
in Arabidopsis, termed BRX and BRX-LIKE 1-4 (BRXL1-4).

BRX family proteins contain four highly conserved domains of
initially unknown function; most characteristically, a tandem re-
peat of 55 amino acids termed the BRX domain, which likely
mediates protein—protein interaction (11, 14). Despite the high
degree of amino acid similarity between BRX family proteins,
molecular and genetic analyses revealed that only BRX is involved
in root growth, indicating functional diversification (14). More-
over, BRX is also needed for optimal growth in the radial di-
mension of the root (15). Finally, physiologic and gene expression
analyses are consistent with a role of BRX in mediating crosstalk
between the auxin and brassinosteroid plant hormone pathways
(16), which seems to involve auxin-responsive plasma membrane
to nucleus signaling of BRX protein (17). These results have been
mostly achieved by functional analyses involving the Uk-1 allele,
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which carries an early stop codon and can be considered a null
allele (11, 14).

Similar to BRX, the vast majority of loci isolated in Arabidopsis
through the natural variation approach to date are often drastic
loss-of-function mutations associated with large effect QTL (1).
Although these types of mutations have greatly improved our
understanding of molecular mechanisms affecting plant traits,
they are rarely found to be relevant in nature, because their effects
on plant fitness are likely too deleterious and rejected by purifying
selection. However, isolation of differentially active, functional
alleles remains the elusive goal of studies that aim to identify
polymorphisms underlying QTL that are relevant for the evolu-
tionary life history of plants. So far, few convincing, experimen-
tally verified examples of hypo- or hyperactive alleles that might
mediate adaptive developmental variation have been reported,
such as the amino acid replacements in photoreceptors, which
have been shown to differentially affect physiologic responses to
light quality and intensity (18-21).

In this study, we present results of a combined functional and
molecular evolutionary analysis of BRX family genes in mono-
cotyledons and dicotyledons. We show that evolutionary rates in
dicotyledons have accelerated relative to those of monocotyledons,
resulting in higher levels of functional diversification. Population
genetic data are consistent with a possible adaptive role of BRX
alleles. Moreover, we could identify a polymorphism in functional
BRX alleles of a few accessions, which seems to confer enhanced
primary root growth and might represent local adaptation.

Results and Discussion

Identification of BRX Family Genes in Brachypodium distachyon.
Previously, BRX family genes have been characterized in the
dicotyledons Arabidopsis (Arabidopsis thaliana, At) and poplar
(Populus tremuloides, Pt), and in the monocotyledon rice (Oryza
sativa, Os) (14); they are also present in Arabidopsis lyrata (Al).
Each of those genomes contains five paralogous gene family
members, which are highly conserved in amino acid sequence and
exon structure. An exception is OsBRXL5, which seems to be
a retrotransposed pseudogene (14). To describe the molecular
evolution and functional constraint on BRX family genes, we
sought to identify additional family members from a mono-
cotyledon species roughly equidistant to the dicotyledon At-Pt pair
in terms of genetic distance, to conduct within monocotyledon and
between monocotyledon and dicotyledon comparisons. The
monocotyledon Brachypodium (Brachypodium distachyon, Bd), for
which genome sequence data have become available recently,
met this criterion (22).

Four bona fide Brachypodium BRX family members were
identified, and all of them share the characteristic features ob-
served previously (11, 14). Expression analyses by RT-PCR
confirmed that most of the monocotyledon genes were expressed
in young seedlings and/or leaves. The exceptions are OsBRXL4
and OsBRXLS5, for which no transcript could be detected in re-
peated attempts. Finally, we could confirm that OsBRXL3 enc-
odes a bona fide, full-length BRX family protein. An alternative
OsBRXL3 transcript lacking two exons reported as an expressed
sequence tag (14) was not observed in our study.

Phylogenetic Analysis of BRX Family Genes. The high level of amino
acid conservation among BRX family proteins described pre-
viously (14) is consistent with the importance of each paralog for
plant fitness, and thus a role for purifying selection to maintain
sequence functionality. We included all BRX family genes from two
monocotyledons and three dicotyledons, except the too divergent
OsBRXLS5, to conduct a detailed sequence survey to evaluate this
notion. We obtained robust phylogenies when the genomic
sequences of BRX family genes were analyzed using Bayesian in-
ference and assuming the generalized time reversible evolutionary
model (23) (Fig. 14). The separate grouping of the dicotyledon
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Fig. 1. Phylogenetic and Ka/Ks analyses of BRX family genes. (A) Phyloge-
netic tree of BRX family genes from A. thaliana (At), A. lyrata (Al), poplar
(Pt), rice (Os), and Brachypodium (Bd). Dicotyledon genes are depicted in
green, monocotyledon genes in blue. (B) Ninety-five percent confidence
interval Ka/Ks for all pairwise combinations of BRX family proteins, calcu-
lated for full-length coding sequence or individual conserved domains or
spacer regions (see Inset schematic of BRX family protein structure, drawn to
scale for AtBRX). (C) Ka/Ks calculated for pairwise combinations of BRX
family proteins using a sliding window of 60 amino acids. Total length of the
aligned amino acid sequences was 503. (D) Pairwise Ka/Ks calculated within
mono- or dicotyledon proteins, or between the two groups. Significance is
indicated for intergroup comparison between Ka/Ks of monocotyledon and
dicotyledons. The outlier spacer 1 (Fig. S1) was removed for better viewing
of the other ratios. dom., domain; n.s., not significant. *P < 0.05; **P < 0.01;
***P < 0.001. Full statistics are given in Table S1.

and monocotyledon paralogs was supported by the phylogenetic
analysis. To account for possible ambiguities in ortholog relation-
ships, all pairwise comparisons between genes were considered
during subsequent molecular evolutionary analyses.

Molecular Evolutionary Analysis of BRX Family Genes. We estimated
the ratio of the rate of nonsynonymous substitutions per non-
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synonymous site (Ka) over the rate of synonymous substitutions
per synonymous site (Ks), between all monocotyledon and di-
cotyledon BRX orthologs. We applied the maximum likelihood
model of sequence evolution as implemented in PAML software
(24). Overall, BRX family sequences display averaged Ka/Ks =
0.089 + 0.036 (Fig. 1B and Table S1), which is much below the
neutral expectation of 1.0. These ratios are indicative of intense
selective constraint on nonsynonymous nucleotide sites and are
consistent with functional importance of the genes.

The latter conclusion remains valid when Ka/Ks was calculated
after the sequences were split into the conserved domains 1-4 and
spacer regions 1-3 (11) (Fig. 1B and Table S1). Spacer 1 is an ex-
ception, displaying Ka/Ks above the neutral expectation. Domains
displayed lower average Ka/Ks (0.050-0.157) than spacer regions
(0.251-5.905). To account for stochastic fluctuations due to short
sequence (i.e., spacer 1) and loss of resolution due to averaging of
Ka/Ks over long sequences, we conducted sliding-window analyses
considering 60-90 codons at a time, moving the window one codon
at a time (Fig. 1C). These analyses largely supported our qualita-
tive conclusions based on the whole coding region and domain
analyses. However, results for spacers were affected. First, spacer 1
displayed a Ka/Ks < 1.0. Second, peaks of Ka/Ks near and above
1.0 were identified within spacer 2 and 3, respectively. Overall,
despite differences between domains and spacers (all P < 0.001,
two-tailed Mann-Whitney U tests), the estimated Ka/Ks are con-
sistent with selective constraint on the entire region as well as in-
dividual domains and spacers of the BRX family proteins.
However, within the spacers, short regions experience reduced
constraint (spacers 1 and 2), and/or positive selection has acted
upon them (spacer 3). Although these results point to the spacer
regions as the source for diversification among BRX family genes,
analysis of Ka/Ks in dicotyledons when compared with mono-
cotyledons revealed that dicotyledon BRX family genes diverged at
significantly different rates in domain 1 (P = 0.029, Mann-Whitney
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U test, two-tailed), domain 2 (P = 0.039), and domain 3 (P <
0.001), as well as spacer 2 (P = 0.014) (Fig. 1D).

Experimental Verification of AtBRX Activity in Monocotyledon BRX
Family Genes. The evolutionary rate acceleration in dicotyledon
BRX family genes is partly consistent with previous experimental
analyses of Arabidopsis BRX family proteins that found func-
tional diversification (14). This was demonstrated by transgenic
complementation of the Arabidopsis brx mutant short root phe-
notype through ectopic overexpression of AtBRX-LIKE genes in
the root under control of the cauliflower mosaic virus 35S pro-
moter. In these experiments, AtBRXL1 could fully rescue the brx
mutant, unlike AtBRXL.2 and AtBRXL 4.

To determine which monocotyledon genes are functionally
equivalent to AtBRX, we used the same approach. We restricted
ourselves to genes for which transcripts could be detected (i.e.,
OsBRXL1-3 and BdBRXLI-4). As previously reported, both
AtBRX and AtBRXLI could restore root growth to wild-type
levels, whereas AtBRXL2 and AtBRXL4 could not (Fig. 24).
Moreover, AtBRXL3 also could not complement the brx mutant.
These results confirm that it is not only differential expression
that is responsible for a lack of redundancy between Arabidopsis
BRX family genes, as in the case of AtBRXL1 (17), but mostly
differential protein activity.

Most importantly, we observed that nearly all monocotyledon
genes tested complemented the mutant, with the exception of
BAdBRXL?2 (Fig. 2A4). This was unexpected, because monocotyledon
BRX family genes generally group apart from the dicotyledon
homologs in phylogenetic analysis (Fig. 14) and are more distantly
related to ArBRX than the dicotyledon counterparts. In summary,
our results demonstrate that most monocotyledon BRX family
genes are functional paralogs of the dicotyledon gene AtBRX.

BRX Family Protein Diversification Is Likely Due to Variable N-
Terminal Regions. The Ka/Ks analysis indicates that BRX family
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Fig. 2. Functional analyses of AtBRX homologs in Arabidopsis. (A) Propensity of BRX family genes to complement the Arabidopsis brx null mutant short root
phenotype when ectopically overexpressed under control of the 355 promoter in transgenic brx seedlings, scored at 9 days after germination (dag). The three
independent transgenic lines for each construct are shown. (B) Same assay as in A, with a transgenic fusion of the N-terminal half of AtBRX and the C-terminal
half of AtBRXL2. (C) Ninety-five percent confidence interval Ka/Ks for all pairwise combinations between BRX family proteins that could rescue the brx
mutant if expressed constitutively and those that could not, calculated for full-length or individual conserved domains or spacer regions (see /nset schematic
in Fig. 1B). dom., domain; n.s., not significant. *P < 0.05. Full statistics are given in Table S1.
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genes might have diversified because of variation in the N-terminal
region, including domains 1-3 and spacers 1 and 2. To examine
whether the molecular evolutionary analysis and the results of
complementation assays correspond, we generated a transgene
encoding a fusion between the N terminus of AtBRX, up to the
end of domain 3, and the C terminus of AtBRXL2, including
spacer 3 and domain 4. This hybrid protein was able to rescue the
brx mutant phenotype (Fig. 2B). Interestingly, domain 3 is largely
identical in AtBRX and AtBRXI.2, and similar to domains 1 and
2, which are highly conserved across all BRX family proteins, most
amino acid changes are conservative. Importantly, considering all
BRX family proteins for which functional data are available, there
is no single substitution in the conserved domains that would
exclusively occur within proteins that were able to complement
the brx mutant when ectopically overexpressed as compared with
those that were not. Finally, Ka/Ks analysis comparing those two
groups of proteins indicates that the conserved domains and
spacer 3 are equally well evolutionarily constrained (Ka/Ks simi-
larly low) in both groups (Mann-Whitney test, P > 0.05). A higher
evolutionary rate in the noncomplementing group was observed
exclusively for spacer 1 and, to some degree, spacer 2 (Fig. 2C).

Collectively, the combined analyses of molecular evolutionary
rates and protein function are consistent with the idea that
variation in N-terminal regions has contributed to functional
diversification among BRX family proteins. However, our ability
to pinpoint functional changes even further is limited by lack of
information on BRX family protein structure, and the consid-
erable number of nucleotide substitutions between orthologs in
the spacers, such that site-directed mutagenesis analysis of
AtBRX residues combined with functional analysis will require
long-term, comprehensive efforts.

Haplotyping of AtBRX and AtBRXL1 Is Consistent with an Adaptive
Role of AtBRX Alleles. Evaluation of intraspecific genetic poly-
morphisms is a complementary approach to narrow down func-
tionally relevant amino acid residues. We concentrated our ana-
lyses on Arabidopsis, for which isogenized accessions are easily
available, and the two genes for which positive functional data
have been generated, AtBRX and AtBRXL1. We used AIBRX and
AIBRXLI1 as outgroup sequences to categorize SNPs as either
ancestral or derived.

To determine the amount of genetic variation of AtBRX, we
amplified the genomic sequence that encompasses the coding
sequence (i.e., exon 3 through 7) (11). Corresponding DNA
fragments were obtained for 20 worldwide accessions, as well as
for 9 accessions from Umkirch, Germany, around the collection
site of the original brx loss-of-function line, Uk-1 (25). It is
noteworthy that the premature stop codon in the Uk-1 allele
(AthrxV 7Y is found in all corresponding stock center material
available [i.e., in all individuals (>20 per seed pool) genotyped
both from the bulk as well as the single seed descent lines]. Thus,
the loss-of-function mutation was likely present in the original
isolate, and reproductive isolation of Uk-1 possibly contributed
to its fixation (26). In total, 1,032 bp of coding sequence and
1,215 bp of intron sequence as referred to the reference acces-
sion, Col-0, were surveyed.

The haplotyping revealed a low level of variation in AtBRX,
with 91 variable nucleotide positions observed across the entire
sample, 40 of them within the coding sequence (Table S2). None
of the SNPs, except the known one in Uk-1, leads to a premature
stop codon. In addition, eight indels were identified, most of
them (seven) in introns. Interestingly, a recently collected isolate
from Umkirch, UkD-1, shares all of the unique features of the
Uk-1 haplotype, except the premature stop codon, confirming
the Uk-1 geographic origin.

Only 10 of the 43 exonic SNPs result in amino acid poly-
morphisms when compared with the Col-0 reference allele (Fig.
S24). Among them, seven lead to nonconservative amino acid

8478 | www.pnas.org/cgi/doi/10.1073/pnas.0913207107

replacements, but only two of them (I151T in AtB =0 and
E312G in AtBRX*""""°) map within the conserved domains. As-
suming that loss of AtBRX activity is not masked by redundancy
with AtBRXL1 in any of the accessions investigated, the observed
amino acid polymorphisms should not compromise protein func-
tion, because all lines (except Uk-1) displayed normal root
growth vigor.

Overall, in the accessions representing a worldwide sample per
nucleotide diversity for AtBRX was 6w = 0.0107 and expected
site heterozygosity = = 0.0060. Gene flow between Uk accessions
and the remaining worldwide accessions was high, with zero fixed
differences between populations and all 23 polymorphisms
shared, amounting to low levels of genetic differentiation among
populations (Fst = 0.043). Tajima’s D was negative, albeit not
significant (—1.31), which is consistent with an expanding pop-
ulation of Arabidopsis across the globe and/or selection. Fay and
Wu’s normalized Hn statistic was —2.84 (P = 0.01), which is
consistent with a selective sweep due to positive selection on sites
within the gene or nearby sites. Fu and Li’'s D* was 2.30 (P <
0.02), which is consistent with population structure following an
island model. Only Fu and Li’s D* was significant in the Umkirch
site (1.90; P < 0.02). Overall, these composite population genetic
measures are consistent with complex demographic scenarios
affecting the worldwide accessions of Arabidopsis, yet a combi-
nation of negative Tajima’s D (albeit nonsignificant) and signif-
icant Hn indicates that selection might have acted on alleles at
the AtBRX locus.

For comparison, we determined the AtBRXLI haplotypes
from a sample of 17 accessions. Within 993 bp of coding sequence
and 1,197 bp of intron sequence, we found only 10 polymorphisms,
all of them SNPs except one single base pair deletion. Half of them,
including the indel, fall into introns, whereas of the five exonic
SNPs, three are silent, and one each lead to a conservative and
nonconservative amino acid replacement, respectively. In the cor-
responding accession sample of AtBRX, 73 variable nucleotides
and all eight indels are found, suggesting that genetic variation in
AtBRXL1 is lower as compared with AtBRX (Fig. S2B).

Genetic variation in AtBRXLI1 was 0w = 0.0009 and = =
0.0009. Average genetic differentiation between the Uk and
worldwide accessions was Fst = 0.163. Although Fay and Wu’s
Hn statistic was consistent with selective sweep (-2.73; P =
0.021) this should be viewed with caution, given that Tajima’s D
was near zero and population structure (positive Fu and Li’s D*,
1.37, P < 0.02) can lead to bias in the H statistic. None of the
statistics were significant for the Umkirch sample.

In summary, the population genetic data to infer ecologic/fit-
ness significance of developmental root growth parameters me-
diated by AtBRX alleles are suggestive of the presence and
spread of adaptive alleles. This should motivate further detailed
studies of their ecologic significance in greenhouse and/or com-
mon garden experiments. Furthermore, future population ge-
netic studies would need to exclude the possibility of selection at
nearby genes. We suggest that such efforts are merited, because
the concomitant population genetic dynamics of a paralogous
gene pair underlying a major QTL of ecologic relevance has
rarely been documented in detail.

AtBRX Alleles from Two Northern European Accessions Carry a Seven
Amino Acid Deletion in Spacer 3. Among the eight indels identified
in the AtBRX haplotypes, the only exonic deletion, observed in
AtBRX°" and AtBRX™?, is located in exon 6 and takes out
21 bp, resulting in the in-frame deletion of a stretch of seven amino
acid residues in spacer 3. The AtBRX™*"~ and AtBRX*“’ hap-
lotypes are distinct from the bulk of other accessions during
phylogenetic analysis (Fig. S2B). RT-PCR permitted amplifica-
tion and sequencing of AtBRX cDNA from Lc-0, confirming that
the mRNA is correctly spliced and gives rise to a transcript that
should indeed result in the synthesis of variant AtBRX protein.
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Interestingly, in a screen for natural variation in primary root
growth vigor, Lc-0 was the accession with the strongest root
growth (11), suggesting that this AtBRX variant is functional. This
is further supported by the analysis of the AtBRXL1 sequence,
which compared with AtBRX carries an even larger deletion of 13
amino acids in spacer 3, but still can complement the brx mutant
when ectopically overexpressed (see above). Notably, this de-
letion encompasses the seven amino acids deleted in AtBRX "
and AtBRX™* (Fig. 34). In summary, these observations suggest
that the AtBRX™" and AtBRX"“" proteins are functional.
The deletion could also be identified by a length polymorphism
PCR genotyping. In a survey of 42 additional accessions
(Table S3), the same deletion was thus found in Kz-1, Pu2-7, and
Ws-0 (confirmed by sequencing). Thus, the deletion has been
retained in ca. 7% of accessions examined. Combined with the
above finding of positive selection on spacer 3, this could mean
that these alleles might be adaptive. Finally, the deletion is not
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Fig. 3. Quantitative functional analyses of the AtBRX“? allele. (A) Align-
ment of the homologous spacer 3 regions of AIBRX, AIBRXL1, AtBRX, and
AtBRXL1, the latter including the Col-0, Eil-0, and Lc-0 alleles. (B) Analysis of
recombinant inbred lines derived from an Eil-0 x Lc-0 cross. Significance of
average root length difference between 49 lines that carry the Lc-0 allele of
AtBRX vs. 57 lines that carry the Eil-0 allele (at zero on x axis), and increasing
permutation by swapping lines between the two groups. (C) As in B, for ab-
solute difference in root length. (D) Average propensity of the AtBRX"? and
AtBRX"< alleles to complement the Arabidopsis brx-2 null mutant short root
phenotype when expressed under control of the 355 promoter in transgenic
brx seedlings, scored at 9 dag. The six best rescuing independent transgenic
lines for each construct are shown, as well as all data combined. (E) Correla-
tion graph of BRX expression level (log) vs. root length (percentage), de-
termined in a replicate experiment similar to D, with all eight independent
transgenic lines. BRX mRNA levels were determined by quantitative PCR,
expressed as relative expression level as compared with the housekeeping
gene, EF1 (15). For reference, expression level in Col-0 wild-type control
was 0.0021 + 0.0010. (F) As in D, for AtBRX and AtBRXL1 expressed in the brx
null mutant background, Uk-1, three independent transgenic lines each.
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present in the outgroup BRX homolog of A. lyrata (Fig. 3A4),
suggesting that it is derived.

AtBRX'<? Allele Is Associated with Enhanced Primary Root Growth
Vigor in a RIL Population. To determine whether the observed de-
letion in AtBRX" protein in any way affects its activity quanti-
tatively, we took advantage of a previously established RIL
population derived from a cross between the Lc-0 and Eil-0 acces-
sions (27). Compared with the AtBRX°"* allele, AtBRX*"" only
carries very few polymorphisms (Table S2). It also does not carry
the seven amino acid deletion observed in AtBRX™, allowing us to
easily score the AtBRX genotype of the RILs. In parallel, their root
growth was assayed in tissue culture, for >18 seedlings per line
grown in two independent plate sets (Table S4).

Comparison of the group of 49 RILs assayed that carry the Lc-0
allele vs. the 57 RILs that carry the Eil-0 allele revealed a statis-
tically significant difference in average primary root length for
both plate sets and the combined data (¢ test, P < 0.006) (Fig. 3B),
suggesting that AtBRX““’ is associated with enhanced root
growth. This difference accounted for ca. 3 mm or 10% of overall
root growth (Fig. 3C). Increasing permutation of the two RIL
groups resulted in less, and less significant, average root length
difference (Fig. 3 B and C), confirming the influence of the dif-
ferential AtBRX alleles on this trait. Notably, the association of
AtBRX with root growth vigor seems not to be due to linkage to
other root growth QTL segregating in this RIL population, be-
cause linkage disequilibrium decayed rapidly around the AtBRX
locus, and linkage disequilibrium toward other, more distant loci
was not statistically supported.

AtBRX'? Is a Differentially Active AtBRX Variant. However, the ef-
fect of AtBRX™° could still be due to the action of a very tightly
linked QTL. Moreover, the RIL approach did not allow us to dis-
tinguish whether the enhancement of root growth by AtBRX™“" was
due to protein polymorphisms or regulatory influences. We there-
fore sought to remove the alleles from their native regulatory con-
text and monitor their activity in an unrelated, isogenized genetic
background. To this end, we introduced the coding sequences of
AtBRX % and AtBRX""°, expressed under control of the 355
promoter and the same 5’ and 3" UTRSs, into a brx loss-of-function
mutant in the Col-0 background (28). We then assayed their pro-
pensity to complement the root phenotype in a set of independent
transgenic lines.

Both AtBRX®? and AtBRX™ complemented the brx phe-
notype. Typically, some variation in the extent of rescue was ob-
served between individual lines. This variation notwithstanding,
across all independent transgenic lines, complementation by
AtBRX"“" was generally more efficient than complementation by
AtBRXFM suggesting overall weaker activity of the Eil-0 allele
(Fig. 3D). Altogether, the average root length of brx seedlings
complemented with the Eil-0 variant was significantly different
from the average root length of brx seedlings complemented with
the Lc-0 variant (¢ test, P < 1.4e-6). Again, the AtBRX“ allele
accounted for a ca. 10% increase in root length.

The differential activity of AtBRX*"* and AtBRX**" could re-
sult from different activity or stability of the encoded proteins, or
different transcript stability or translation efficiency. The latter
possibilities appear unlikely, however, because transcript levels in
the transgenics, as determined by qPCR, were typically 2 to 3
orders of magnitude higher than the native AtBRX expression level
(11, 14) (Fig. 3E). Moreover, a replicate experiment including all
eight expressing transgenic lines obtained for each construct
confirmed the better rescue by lines complemented by 4tBRX*<,
and although they exhibited on average higher expression levels,
this difference was not significant (¢ test, P = 0.32), and there was
little correlation between transgene expression level and extent of
rescue (+* = 0.14) (Fig. 3E).
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The consequent notion that the hyperactivity of the AtBRX*< al-
lele results from the variant protein is also supported by comple-
mentation experiments that compared the Col-0 alleles of AtBRX
and AfBRXL 1. We had previously noticed a tendency for AtBRXL1
to more efficiently complement brx than AtBRX (14). This effect
could, however, potentially be obscured by the segregation of a ge-
netic modifier, because the complemented brx’ line was obtained
from an introgression of the Atbrx”* allele (11). Introduction of
358-driven AtBRX and AtBRXL1 into the isogenic Uk-1 brx mutant
background confirmed elevated capacity of A#BRXL 1 to compensate
the short root phenotype, however (Fig. 3F). The overall difference in
root growth vigor between AtBRX- and AtBRXLI-complemented
lines was highly significant (¢ test, P < 8e-8), and enhancement of root
growth by AtBRXL 1 was again in the range of 10%.

Beyond the seven amino acid deletion, the Lc-0 protein has two
amino acid replacements in spacer 2 as compared with the Eil-
0 variant (Fig. S24). Both residues are polymorphic among BRX
family proteins, however, and not conserved between AtBRX and
AtBRXLI1. Thus, it seems possible that the overlapping amino acid
deletions in spacer 3 are responsible for the higher activity of
AtBRX*? and AtBRXL1. However, because the two amino acid
replacements are so far always found in conjunction with the seven
amino acid deletion in all other accessions investigated, a contri-
bution of these two amino acid polymorphisms to the observed
allele hyperactivity cannot be strictly ruled out at this point.

Variation Among Functional Alleles of AtBRX Contributes to Natural
Variation in Root Growth Vigor. In summary, our data suggest that
BRX family genes in general, and AtBRX and AtBRXL1 in partic-
ular, are under considerable evolutionary constraint that has
maintained protein function over timescales as long as the split
between monocotyledons and dicotyledons. However, diver-
sification in sequence and function of BRX family genes can be
observed and seems to have mainly occurred in dicotyledons. We
showed for the N-terminal regions of the respective proteins that
diversification in sequence is correlated with this sub- or neo-
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functionalization. However, further detailed analyses at the reso-
lution of individual domains and spacers are required. The low
intraspecific variability of 4¢BRX and AtBRXLI notwithstanding,
hyperactive AtBRX alleles seem to exist at medium frequency and
contribute to natural variation in root growth vigor of Arabidopsis
accessions. Genetic polymorphism data for the worldwide sample
are partly consistent with the fitness relevance of alleles at these
loci. Whether the hyperactive AtBRX alleles identified reflect
a microevolutionary adaptation remains to be determined. Estab-
lishing their adaptive role in nature in more detail is a promising
subject for future ecology and evolution studies.

Materials and Methods

Plant Materials. Arabidopsis accessions and brx loss-of-function lines have
been described previously (11, 25, 26). Transgenic plants were generated
according to standard procedures (11, 29). Only lines expressing the trans-
gene (routinely monitored by RT-PCR) were included in phenotypic analyses.

Molecular Biology. Molecular biology procedures were carried out according
to standard procedures (15).

Phylogenetics, Molecular Evolution, and Population Genetics. Multiple se-
quence alignments of genomicor proteinsequenceswere conductedin MUSCLE
3.7 with default settings (30). Phylogenetic trees of genomic and protein
sequences were estimated using Bayesian inference (Bl) using the MrBayes
3.1.2 program (23). Appropriate substitution models were selected using
Modeltest ver. 3.7 (31). The haplotype sequences of AtBRX and AtBRXL1 were
aligned in ClustalW 2.0.9, and their Bl phylogeny was estimated according to
the Hasegawa-Kishino-Yano (Nst = 2) evolutionary model. Estimators of poly-
morphism were calculated as two sequence groups (worldwide and Umkirch) in
SITES software (32). Ka/Ks were estimated with the maximum likelihood model
of sequence evolution as implemented in PAML software (24). A detailed de-
scription of materials and methods is provided in S/ Materials and Methods.
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