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INTRODUCTION: During the independent pro-
cess of cereal evolution, many trait shifts ap-
pear to have been under convergent selection
to meet the specific needs of humans. Identi-
fication of convergently selected genes across
cereals could help to clarify the evolution of
crop species and to accelerate breeding pro-
grams. In the past several decades, researchers
have debated whether convergent phenotypic
selection in distinct lineages is driven by con-
servedmolecular changes or by diverse molec-
ular pathways. Two of the most economically
important crops, maize and rice, display some
conserved phenotypic shifts—including loss of
seed dispersal, decreased seed dormancy, and
increased grain number during evolution—
even though they experienced independent
selection. Hence, maize and rice can serve as
an excellent system for understanding the ex-
tent of convergent selection among cereals.

RATIONALE: Despite the identification of a
few convergently selected genes, our under-
standing of the extent of molecular con-
vergence on a genome-wide scale between
maize and rice is very limited. To learn how
often selection acts on orthologous genes,
we investigated the functions and molecular

evolution of the grain yield quantitative trait
locus KRN2 in maize and its rice ortholog
OsKRN2. We also identified convergently
selected genes on a genome-wide scale in maize
and rice, using two large datasets.

RESULTS:We identified a selected gene, KRN2
(kernel row number2), that differs between do-
mesticated maize and its wild ancestor, teo-
sinte. This gene underlies a major quantitative
trait locus for kernel row number in maize.
Selection in the noncoding upstream regions
resulted in a reduction of KRN2 expression
and an increased grain number through an
increase in kernel rows. The rice ortholog,
OsKRN2, also underwent selection and nega-
tively regulates grain number via control of
secondary panicle branches. These orthologs
encode WD40 proteins and function syner-
gistically with a gene of unknown function,
DUF1644, which suggests that a conserved
protein interaction controls grain number in
maize and rice. Field tests show that knockout
ofKRN2 in maize orOsKRN2 in rice increased
grain yield by ~10% and ~8%, respectively, with
no apparent trade-off in other agronomic traits.
This suggests potential applications of KRN2
and its orthologs for crop improvement.

On a genome-wide scale, we identified a set
of 490 orthologous genes that underwent con-
vergent selection during maize and rice evolu-
tion, including KRN2/OsKRN2. We found that
the convergently selected orthologous genes
appear to be significantly enriched in two spe-
cific pathways in both maize and rice: starch
and sucrose metabolism, and biosynthesis of
cofactors. A deep analysis of convergently se-
lected genes in the starch metabolic pathway
indicates that the degree of genetic conver-
gence via convergent selection is related to the
conservation and complexity of the gene net-
work for a given selection.

CONCLUSION: Our findings show that com-
mon phenotypic shifts during maize and
rice evolution acting on conserved genes
are driven at least in part by convergent
selection, which in maize and rice likely oc-
curred both during and after domestication.
We provide evolutionary and functional evi-
dence on the convergent selection of KRN2/
OsKRN2 for grain number between maize
and rice. We further found that a complete
loss-of-function allele of KRN2/OsKRN2 in-
creased grain yield without an apparent nega-
tive impact on other agronomic traits. Exploring
the role of KRN2/OsKRN2 and other con-
vergently selected genes across the cereals
could provide new opportunities to enhance
the production of other global crops.▪
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Shared selected orthologous genes in maize and rice for convergent phenotypic shifts during domestication and improvement. By comparing 3163 selected genes
in maize and 18,755 selected genes in rice, we identified 490 orthologous gene pairs, including KRN2 and its rice ortholog OsKRN2, as having been convergently selected.
Knockout of KRN2 in maize or OsKRN2 in rice increased grain yield by increasing kernel rows and secondary panicle branches, respectively.

D
ow

nloaded from
 https://w

w
w

.science.org at H
uazhong A

gricultural U
niversity on M

arch 24, 2022



RESEARCH ARTICLE
◥

CROP GENOMICS

Convergent selection of a WD40 protein that
enhances grain yield in maize and rice
Wenkang Chen1†, Lu Chen2†‡, Xuan Zhang1†, Ning Yang2,3†, Jianghua Guo1, Min Wang1,
Shenghui Ji1, Xiangyu Zhao1, Pengfei Yin1, Lichun Cai1, Jing Xu1, Lili Zhang1, Yingjia Han1, Yingni Xiao1,
Gen Xu1, Yuebin Wang2, Shuhui Wang1, Sheng Wu1, Fang Yang2,3, David Jackson2,4, Jinkui Cheng1,5,
Saihua Chen6, Chuanqing Sun1, Feng Qin1,5, Feng Tian1,5, Alisdair R. Fernie7, Jiansheng Li1,5*,
Jianbing Yan2,3*, Xiaohong Yang1,5*

A better understanding of the extent of convergent selection among crops could greatly improve breeding
programs. We found that the quantitative trait locus KRN2 in maize and its rice ortholog, OsKRN2, experienced
convergent selection. These orthologs encode WD40 proteins and interact with a gene of unknown function,
DUF1644, to negatively regulate grain number in both crops. Knockout of KRN2 in maize or OsKRN2 in rice
increased grain yield by ~10% and ~8%, respectively, with no apparent trade-offs in other agronomic traits.
Furthermore, genome-wide scans identified 490 pairs of orthologous genes that underwent convergent
selection during maize and rice evolution, and these were enriched for two shared molecular pathways. KRN2,
together with other convergently selected genes, provides an excellent target for future crop improvement.

T
he major cereals, including maize, rice,
wheat, barley, and sorghum, were do-
mesticated independently ~10,000 years
ago and represent a primary source of
human calories (1). Genome-wide analyses

indicate that domestication and improvement
in the cereals were complex and involved nu-
merous genes associated with various biolog-
ical traits (2–5). Although the cereals underwent
independent domestication and improvement,
many morphological and physiological or bio-
chemical traits appear to have been under
convergent selection, resulting in an ease of
cultivation, high yield, and nutrient richness
(1). Given the close phylogenetic relationships
among cereals, a key question is whether con-
vergent phenotypic selection in distinct line-
ageswasdrivenby conservedmolecular changes.
In some cases, selection in independent line-
ages appears to have acted on conserved gene-
tic loci that control convergent phenotypes
(6–8), whereas in other cases the convergent
phenotypic changes appear to have arisen by

diverse genetic routes due to homoplasy of se-
lected genetic loci (9–11).
Two of the most economically important

crops, maize (Zea mays L. ssp.mays) and rice
(Oryza sativa L.), diverged >50 million years
ago (12). Although the collinearity of cereal
genomeshas long been recognized (12–14), only
a few genes—such as those involved in shatter-
ing resistance—have been identified as having
been convergently selected during the evolu-
tion of maize and rice (7, 15). Hence, a genome-
wide identification of the genes that have under-
gone convergent selection in maize and rice
could help to clarify the evolution of crop spe-
cies as well as to accelerate breeding programs.

KRN2 is a selected gene underlying kernel row
number variation

Wemapped eight quantitative trait loci (QTLs)
for kernel row number (KRN) in a maize re-
combinant inbred line (RIL) population devel-
oped from a cross between an inbred line, B73,
and an introgression line,MT-6, of which ~25%
of its genome is derived from that of teosinte,
the wild ancestor of maize (16) (Fig. 1A and
table S1). qKRN2, the QTL with the largest ef-
fect, was located within a selective sweep on
the short arm of chromosome 2 (2), and the
maize allele increased KRN relative to the
teosinte allele. To identify the gene(s) under-
lying qKRN2, we performed positional cloning
using nine markers and 7056 individuals de-
rived from a backcross of MT-6/B73 F1 plants
with B73 (fig. S1). We delimited this QTL to a
5799–base pair (bp) region that contained only
one candidate gene (Zm00001d002641), which
wenamedKRN2 (kernel rownumber2; Fig. 1, B
and C). Comparisons of the maize and teosinte
alleles indicated that the maize (B73) allele

increasedKRNby~1.4 rows relative to teosinte
(Fig. 1, D and E). To confirm the function of
KRN2, we identified a loss-of-function allele
carrying aMutator (Mu) transposon insertion
in exon 1. Ears fromplants homozygous for the
Mu insertion produced ~1.8 more rows than
wild-type segregants (fig. S2). These results
suggest that KRN2 is the causal gene for KRN
variation in qKRN2 and that loss-of-function
alleles can increase KRN in maize.
Genomic sequencing identified 63 single-

nucleotide polymorphisms (SNPs) and 37 in-
sertions or deletions (indels) in the promoter
and 5′ untranslated region (UTR) of KRN2,
as well as seven synonymous and seven non-
synonymous SNPs in coding exons between
the B73 and teosinte alleles (Fig. 1C and fig.
S3). Real-time quantitative polymerase chain
reaction (qPCR) showed thatKRN2 expression
was lower in NIL-KRN2B73 relative to NIL-
KRN2teosinte in the early stage of maize in-
florescence meristem (IM) development (Fig.
1F and fig. S4). To test whether the sequence
polymorphisms in the promoter or 5′UTR
might underlie these different expression levels,
we performed transient expression assays in
maize protoplasts, in which two fragments
(~1.2 kb or ~2.0 kb) upstream of the start
codon of KRN2 from maize or teosinte were
fused upstream of the luciferase (LUC) gene
(Fig. 1G). Both teosinte fragments exhibited
higher LUC activity than the maize fragments
(Fig. 1H), which suggests that polymorphisms
within the ~1.2-kb region of KRN2 account for
expression differences betweenmaize and teo-
sinte alleles. Furthermore, we overexpressed
the coding sequences of KRN2B73 and of
KRN2teosinte alleles in a maize inbred line and
confirmed enhanced expression of KRN2 by
qPCR (fig. S5, A to C). Relative to wild-type
plants, all six independent overexpression lines
consistently decreased KRNby ~2.0 rows, with
no difference between Ubi::KRN2B73 and Ubi::
KRN2teosinte transgenic plants (fig. S5D). These
findings indicate that KRN changes are medi-
ated through changes in KRN2 expression,
most likely caused by polymorphisms within
the ~1.2-kb promoter and 5′UTR region.
To ascertain whether KRN2 underwent se-

lection during maize evolution, we calculated
nucleotide diversity across its promoter and
coding regions. Similar diversity was observed
between maize landraces and inbred lines
(Fig. 1I). We observed a reduction in nucleotide
diversity in maize relative to its ancestor, Zea
mays ssp. parviglumis (hereafter, parviglumis;
pparviglumis = 2.6 × 10–2, plandrace = 6.1 × 10–3,
pinbred = 2.1 × 10–3), and a negative Tajima’s
D-statistic inmaize inbred lines and landraces
for a ~700-bp region containing the 5′UTR
of KRN2 (Fig. 1I and fig. S6); these findings
suggest that this region underwent selection.
This result was further supported by a coales-
cence simulation (fig. S6). This severe loss of
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diversity could not be explained by a domes-
tication bottleneck or modern improvement
in maize alone. Our selection analyses seem
to suggest that human selection was likely in-
volved in the evolution of KRN2 between ini-
tial domestication and modern improvement.
Taken together, both our transgenic studies
and surveys of nucleotide diversity suggest that
selection in the noncoding upstream regions

resulted in a reduction inKRN2 expression and,
in turn, an increased KRN in maize.

KRN2 negatively regulates KRN by interacting
with DUF1644, a protein of unknown function

Sequence analysis of KRN2 predicted that it
encodes a cytoplasmic WD40 protein contain-
ing sevenWD40 repeats (figs. S7 and S8, A and
B). Members of the WD40 family act as scaf-

folds for protein-protein interactions (17, 18)
and have diverse functions in plants, including
in development, metabolite biosynthesis, and
immune responses (19–21). To illuminate the
molecularmechanism of KRN2, we identified
six potential interaction partners using a yeast
two-hybrid (Y2H) screen (table S2). Among
them,we focused on the geneDUF1644, which
encodes a DUF1644-containing protein that
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Fig. 1. KRN2 affects kernel row number and underwent selection during
maize domestication. (A) Logarithm of odds (LOD) profile of QTLs for KRN in
the MT-6/B73 RIL population. The dashed line shows the threshold LOD value
(3.3) for putative QTLs. (B) qKRN2 was fine-mapped to a 5799-bp interval (red)
flanked by the markers IDP3 and SNP1. (C) KRN2 gene structure and sequence
comparison of the target region between NIL-KRN2B73 and NIL-KRN2teosinte.
Black, exons; gray, UTRs. The red lines denote SNPs; the white spaces show
indels. (D to F) Ear performance (D), KRN quantification (E), and KRN2
expression in 0.5-mm IMs (F) of NIL-KRN2B73 and NIL-KRN2teosinte. Scale bars in
(D), 2 cm for the ear, 1 cm for ear transverse sections. The expression levels
of KRN2 in (F) were quantified using qPCR and normalized to that of maize

ACTIN. (G) Constructs used to test the effect of polymorphisms in the promoter
and 5′UTR on KRN2 expression in transient expression assays in maize leaf
protoplasts. B73-1200, Teo-1200, B73-1955, and Teo-1955 constructs harbor the
promoter and 5′UTR of different KRN2 alleles, including 1200 bp from B73,
1427 bp from teosinte, 1955 bp from B73, and 2151 bp from teosinte. (H) The teosinte
sequences drive increased LUC activity relative to the B73 alleles. The data were
normalized with respect to the average values of the B73-1200 construct.
(I) Nucleotide diversity across the KRN2 locus. A 150-bp sliding window with a
35-bp step size was used to calculate nucleotide diversity (p). The selected region
(–800 to –100 bp) is shaded in red. In (E), (F), and (H), data aremeans ± SEM, n = 3 in
(F) and n = 5 in (H). *P < 0.05, **P < 0.01 (two-tailed Student’s t test).
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localized to both the cytoplasm and the nu-
cleus (fig. S8, A and C). We confirmed a direct
interaction between KRN2 and DUF1644 by
Y2H assays as well as split firefly LUC com-
plementation assays (Fig. 2, A and B). Next, to
further elucidate the relationship between
KRN2 and DUF1644, we generated krn2 and
duf1644 null mutants by CRISPR-Cas9 tech-
nology as well as a krn2 duf1644 double mu-
tant (fig. S9). Neither of the two single duf1644
mutants had an obvious phenotype, but the
krn2 duf1644 double mutant had a signifi-
cantly higher KRN relative to the krn2 single
mutant (16.3 ± 1.2 versus 15.9 ± 1.1; unpaired
t test, t = 2.0, df = 124, P = 4.6 × 10–2; Fig. 2C
and fig. S9). This result suggests that DUF1644
actswith KRN2, although it remains unknown
how this affects KRN and the underlying mo-
lecular function of DUF1644.
To better understand the cause of the in-

crease in KRN, wemeasured IM size. The NIL-
KRN2B73 IMs (345.5 ± 25.2 mm) were wider

than those of NIL-KRN2teosinte (313.0 ± 19.6 mm),
andKRN2 overexpression decreased IM diam-
eter by ~56 mm (fig. S10). Consistently, both the
krn2 single mutant and krn2 duf1644 double
mutant significantly increased their IM size
relative to the wild-type plants (unpaired t test;
446.3 ± 33.0 mmversus 422.4 ± 23.8 mm, t= 3.3,
df = 61, P = 1.7 × 10–3 for the single mutant;
465.9 ± 27.4 mmversus 422.4 ± 23.8 mm, t = 6.5,
df = 56, P = 2.6 × 10–8 for the double mutant;
Fig. 2, D and E). We hypothesize that these
increases in IM size provided additional space
for initiation of spikelet pair meristems, and
hence a higher KRN (Fig. 2F).

Convergent selection of the KRN2 ortholog
in rice

A single ortholog of KRN2 containing con-
served WD40 domains was identified in most
major cereal crops (Fig. 3A and fig. S7). The rice
KRN2 ortholog, Os04 g0568400 (hereafter,
OsKRN2), mapped to a region that underwent

a selective sweep (27.5 to 29.0 Mb) on rice
chromosome4 (3) that is syntenicwith the short
arm of chromosome 2 inmaize (Fig. 3B) and is
within a QTL for rice grain number (22, 23).
These observations suggest that OsKRN2 may
have also experienced selection on rice grain
number. Consistent with this, nucleotide di-
versity was reduced in an ~1100-bp region
upstream of the OsKRN2 start codon in cul-
tivated rice (fig. S11). As expected, aminimum-
spanning tree of 27 haplotypes in the ~1100-bp
region separated wild rice Oryza rufipogon
(hereafter, rufipogon; 59 accessions) from cul-
tivated rice (109 accessions) according to the
sequenced accessions (Fig. 3C).
Like the KRN2 expression profile in maize,

OsKRN2 was expressed in all rice tissues, with
high levels in panicle primordia (fig. S12). Rice
panicle branches are initiated by branch meri-
stems, which are analogous to spikelet pair
meristems in maize (24). We made OsKRN2
null mutants using CRISPR-Cas9 technology,
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and, similar to the results inmaize, we observed
an increase in secondary branches from an av-
erage of 16.0 (±2.5) branches in the wild-type
plants to as many as 18.9 (±3.5) in the null mu-
tants (Fig. 3,D andE, and fig. S13). Consequently,

an increase in grain number in the mutant
panicles (up to 118.1 ± 11.9 grains)was observed
relative towild-type panicles (107.7 ± 9.5 grains)
(Fig. 3F). In contrast, lines overexpressing
OsKRN2 had fewer secondary branches with

fewer grains (Fig. 3, G to I, and fig. S13). These
findings indicate that OsKRN2 likely controls
grain production in rice by affecting the num-
ber of secondary branches. In addition, Y2H
and split firefly LUC complementation assays
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Fig. 3. OsKRN2 is a selected gene in rice and contributes to grain number.
(A) The neighbor-joining phylogenetic tree of KRN2 and its orthologs from
major cereal crops and Arabidopsis. Bootstrap values from 1000 replicates are
indicated at each node; the scale represents branch length. (B) Comparative
genomic analysis of syntenic and conserved sequences in the 0.4/0.1-Mb region
around KRN2/OsKRN2 (red) from maize (B73) and rice (Nipponbare). The aligned
orthologs (from left to right, in green) are Zm00001d002639, Zm00001d002640,
Zm00001d002642, and Zm00001d002644 in maize and Os04 g0568900, Os04
g0568800, Os04 g0567800, and Os04 g0566900 in rice. (C) A minimum-spanning
tree for the ~1100-bp OsKRN2 promoter and 5′UTR region. Each haplotype group
is represented by a circle whose size is proportional to the individual number of the

haplotype. (D) CR-oskrn2 mutants increase panicle branching and grain
number. (E) Null coding sequences of CR-oskrn2 mutants. Gene diagram is
shown. Black, exons; gray, UTRs. The red line indicates the guide RNA site.
(F) Quantification of grain number per panicle from WT and CR-oskrn2mutants.
(G to I) Panicle morphologies and grains per panicle (G), OsKRN2 expression
level (H), and grain number per panicle (I) of WT and OsKRN2-overexpressing
transgenic lines. The expression levels of OsKRN2 in (H) were quantified using qPCR
and normalized to that of rice ACTIN. Scale bars in (D) and (G), 2 cm for panicle
morphologies, 1 cm for grains. In (F), (H), and (I), data are means ± SEM, n = 3 in (H);
different letters indicate significant differences at P < 0.05 (one-way analysis of
variance followed by Tukey’s multiple-comparison test).
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confirmed adirect interactionbetweenOsKRN2
andOsDUF1644 (fig. S14), suggesting that a con-
servedprotein interaction controlsKRNinmaize
and the number of secondary branches in rice.

Gene editing of KRN2 and OsKRN2 enhances
grain yield in maize and rice field trials

We next asked whether gene editing ofKRN2/
OsKRN2 could increase yield in the field, which
serves as a proxy for applicability in breeding
programs. Thus, we planted maize KRN2 and
rice OsKRN2 gene-edited lines in multiple en-
vironments for yield testing (Fig. 4). Formaize,
field tests across three environments showed
that twoKRN2-edited lines (CR-krn2-1 and CR-
krn2-2) stably increased KRN by ~1.6 to 2.0
rows and kernel numbers per ear by ~27 to
53 kernels, resulting in an increase in grain
yield of 9.0 to 10.5% (Fig. 4B, figs. S9B and
S15, and table S3). Remarkably, these krn2
knockouts did not alter plant architecture,
flowering time, or ear length, although kernel
width was slightly reduced (Fig. 4A and table
S3). In rice, OsKRN2-edited lines (CR-oskrn2-1
and CR-oskrn2-2) showed a similar increase in

the number of grains per panicle (average in-
crease of 9.8 to 10.3 grains per panicle) and
grain yield per plant (7.9 to 8.2%), again with
no obvious changes in other agronomic traits
(Fig. 4, C and D, and fig. S16). These findings
indicate that a complete loss-of-function allele
of KRN2/OsKRN2 increased grain yield with-
out an apparent negative impact on other
agronomic traits in tested environments.
Whether the performance is consistent in
diverse environments remains to be resolved.
We neither identified any natural loss-of-
function mutations of KRN2/OsKRN2 nor
detected association signals for grain number–
related traits in natural populations, including
hundreds of diverse lines in maize (table S4)
and rice (25); this suggests that gene editing of
KRN2/OsKRN2 could provide a unique way to
modify grain number in breeding lines.

Genome-wide convergent selection between
maize and rice

Morphologically, cultivatedmaize and rice dif-
fer substantially from their ancestors and dis-
play a “domestication syndrome”—a common

suite of traits that have changed in domesti-
cated crops (26). These include loss of seed
dispersal, decreased seed dormancy, and in-
creased grain number, size, andweight (1) (Fig.
5A). In addition to KRN2/OsKRN2 for grain
number, two additional orthologous genepairs—
ZmSh1/OsSh1 for seed shattering (7) and
ZmSWEET4c/OsSWEET4 for grain filling
(27)—have also experienced convergent selec-
tion during maize and rice evolution. Hence,
it is worth exploring the extent of molecular
convergence on a genome-wide scale between
maize and rice, which could reveal how often
selection acts on orthologous gene pairs. We
therefore reanalyzed selected genes using two
large new datasets, including ~65million SNPs
in 507 maize inbred lines and 70 parviglumis
accessions, as well as ~71 million SNPs in 461
cultivated rice and 257 wild rice accessions
(fig. S17 and table S5). Using phylogenetic in-
formation (3, 28), we estimated cross-population
composite likelihood ratios (XP-CLRs) (29)
followed by cross-validation on the basis of
permutation tests for nucleotide diversity in
the regions with the top 10% of XP-CLR scores
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Fig. 4. Yield performance of KRN2 and OsKRN2 gene-edited lines under
field conditions. (A) Plant and ear morphologies of WT, CR-krn2-1, and CR-krn2-2.
(B) Grain yield of WT, CR-krn2-1, and CR-krn2-2 in three locations. At each
location, 26 to 38 ears for each replicate were quantified; data are means ± SEM
from three replicates (shown as dots) in each location. 18BN, 18SY, and 19TL
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in 2019, respectively. (C) Plants, panicle, and grain morphologies of WT, CR-oskrn2-1,
and CR-oskrn2-2. (D) Grain yield of WT, CR-oskrn2-1, and CR-oskrn2-2 in one location
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Fig. 5. Overview of convergent selection in maize and rice. (A) Convergence of
traits in domesticated species versus wild ancestors, likely driven by genes with conserved
functions. Three pairs of known orthologous genes under convergent selection are
shown: ZmSh1/OsSh1 for seed shattering (7), ZmSWEET4c/OsSWEET4 for grain filling
(27), and KRN2/OsKRN2 for grain number. (B and C) Genome-wide XP-CLR values
between maize and parviglumis (B) and between japonica and rufipogon (C). Regions of
1 kb and 300 bpwere used to calculate the XP-CLR values formaize and rice, respectively;
each point represents a value in a region. The red dashed lines indicate the positions
of known selected genes detected in our study (table S7). (D) The distribution of selected
regions (outer) and genes (inner) in maize (blue) and rice (red). The blue lines in the
inner rings show the convergently selected genes that were syntenic in the maize and rice

genomes. The red lines highlight the positions of genes that are known to have undergone
convergent selection. (E) Convergent selection acts on the identified orthologs more
often than expected by chance between maize and different rice datasets. ***P < 0.001
(pairwise comparison via permutation test). (F) Enriched pathways in maize or rice
identified using g:Profiler (adjusted P < 0.05, multiple-testing correction via the g:SCS
algorithm) among the 490 orthologous gene pairs under convergent selection. Circle
size indicates the number of genes from the common gene hit list included in each
pathway; circle color and x-axis position indicate the –log10-transformed P value. The
vertical dashed lines indicate the significant threshold P < 0.05. (G) Detailed molecular
representation of genes implicated in the starch and sucrose metabolism pathway
during selection. Detailed information for these genes is listed in table S9.
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(2). By comparing maize and parviglumis, we
identified a total of 69.6 Mb of selected geno-
mic regions that covered 3.3% of the maize
B73 reference genome (30) and contained 3163
genes (Fig. 5B and tables S6 to S8). In this
analysis, we identified two canonical domes-
tication genes: tb1, which controls branching
(31), and tga1, which controls the formation of
the stony fruitcase (32) (Fig. 5B and table S7).
In rice, we identified a total of 27.6, 25.8, and
26.3 Mb of selected genomic regions, includ-
ing 7709, 10,196, and 7864 genes, respectively,
by comparing rufipogon with Oryza sativa
subsp. japonica, O. sativa subsp. indica, and
O. sativa, respectively (hereafter, japonica,
indica, and sativa; Fig. 5C, fig. S18, and tables
S6 to S8). Collectively, these selected regions
covered 17.2% (64.0 Mb) of the Nipponbare
reference genome (33) and encompassed 18,755
genes (tables S6 to S8). Notably, 16 genes that
are known to have undergone selection were
detected, such as PROG1 for growth habit
(34, 35) and OsLG1 for inflorescence architec-
ture (36, 37) (Fig. 5C, fig. S18, and table S7).
By comparing these datasets, we identified

490 pairs of orthologous genes that had an
apparent history of convergent selection in
maize and rice (Fig. 5D and table S7), which is
significantly greater than expected by chance
(permutation test, P < 0.001; Fig. 5E), indicat-
ing that we observed an excess of shared se-
lected genes in maize and rice on the basis of
comparative genomics results. However, be-
cause the time period during which traits of
common interest to humans were selected is
far less than the time necessary for the evo-
lutionary divergence between maize and rice
(12), it is not surprising that only a limited
number of selected genes inmaize (15.5%) and
rice (2.6%) experienced convergent selection
during evolution. Of the 490 orthologous gene
pairs, 67.8% were localized to syntenic blocks
between the maize and rice genomes (Fig. 5D
and table S7). In addition to the three known
orthologous gene pairs that have undergone
convergent selection mentioned above, the
functions of an additional 13 orthologous gene
pairs have been experimentally verified. These
include KN1/OSH1, regulators of shoot meri-
stem development (38, 39), and SBE1, which
controls starch biosynthesis (40, 41) (table S7).
The prevalence of shared selected genes with
conserved functions supports the idea that
common phenotypic shifts during maize and
rice evolution acting on conserved genes are
driven at least in part by convergent selection,
which in maize and rice likely occurred both
during and after domestication. Further char-
acterization of these orthologs could provide
insight into the processes driving human se-
lection on cereal traits and, in turn, enhance
knowledge-driven crop breeding.
Interestingly, the convergently selectedortho-

logous genes appear to be significantly enriched

in specific pathways inmaize and rice (multiple-
testing correction via the g:Profiler g:SCS al-
gorithm, adjusted P < 0.05), including two
commonly enriched pathways (starch and suc-
rose metabolism, biosynthesis of cofactors;
Fig. 5F). Starch is the main component of
cereal seeds and contributes substantially to
grain yield, so it is reasonable that starch and
sucrose metabolism is a primary pathway of
convergent selection when human selection
targeted high cereal productivity. Of 25 maize
and 93 rice selected genes that are known
contributors to the starch metabolic pathway
(42, 43), we found that 11 orthologous gene
pairs showed convergence at the genic level
(Fig. 5G and table S9). The types and functions
of starch synthesis–related enzymes are highly
conserved, although their copy number and
isoenzyme number differ between maize and
rice (43). Hence, different functionally redun-
dant paralogs could be differentially selected.
For example, UGP1 was selected in maize,
whereas its homolog, UGP2, was selected in
rice (Fig. 5G). In addition to whether a gene
contributes to selected traits, whether a gene
is selected is also affected by the levels of ge-
netic diversity and the frequency of the pre-
existing desirable alleles in the ancestral
population (1, 10, 44). For example, TPS4 was
selected in maize but not in rice (Fig. 5G). The
various levels of genetic diversity in wild an-
cestors (e.g., there is less nucleotide diversity
in maize than in its parviglumis ancestor, but
there is more in cultivated rice than in its
rufipogon ancestor; fig. S19) indicate that it
may be difficult to target TPS4 for selection in
rice. These findings suggest that some orthol-
ogous genes function in the same metabolic
or regulatory pathway for the same selected
traits but have distinct selection routes among
crops. Indeed, the degree of genetic conver-
gence via convergent selection is related to the
conservation and complexity of the gene net-
work for a given selection (11).

Discussion

Collectively, we found a set of 490 orthologous
genes that underwent convergent selection
during maize and rice evolution, including
KRN2/OsKRN2, which affect grain number.
Because grain number is a common domesti-
cation syndrome trait as well as a key grain
yield component in cereal crops, exploring the
role ofKRN2/OsKRN2 across the cereals could
provide new opportunities for enhancing pro-
duction of other global crops, such as wheat.
These findings suggest that the identification
of genes that have undergone convergent se-
lection could further inform breeding efforts
of cereals. A deep understanding of the con-
servation of selection-driven genetic elements
will not only enable more rapid innovation of
the maize and rice germplasm but also inform
knowledge-driven de novo domestication of

new crops to meet the diverse needs of food
production worldwide (45).

Methods summary

QTL mapping for KRN in the MT-6/B73 RIL
population was performed using composite in-
terval mapping (46). qKRN2was positionally
cloned using a recombinant-derived progeny
testing strategy (47). The functions of KRN2,
DUF1644, and OsKRN2 were investigated via
mutant analysis, transgenic overexpression or
CRISPR-Cas9 gene editing. The constructed
overexpression and gene-editing vectors were
transformed intomaize inbred lineLH244or rice
cultivar Nipponbare through anAgrobacterium-
mediated transformation system.KRN2-based
association mapping was performed using a
mixed linearmodel (48) in a subset of 379maize
inbred lines (49). The yield tests of KRN2/
OsKRN2 gene-edited lines were carried out in
a randomized block designwith three replicates.
The expression levels of KRN2 and OsKRN2

in tested samples were detected via qPCR. The
expression differences caused by the sequence
polymorphisms in KRN2 promoter or 5′UTR
were tested by transient expression assays in
maize protoplasts (50). The candidate interac-
tion partners of KRN2 were identified using a
Y2H screen byHybrigenics Services. The inter-
action between KRN2/OsKRN2 and DUF1644/
OsDUF1644 was validated by Y2H assays and
split firefly LUC complementation assays in
tobacco (51). The fresh IMwas imaged with a
scanning electron microscope, and then the
IM diameter was measured with an EZ4 HD
stereo microscope and corresponding LAS EZ
software.
To determine the molecular evolution of

the KRN2 or OsKRN2 locus, we sequenced
their target regions in a set of cultivar or land-
race, and wild relatives in maize or rice. Nu-
cleotide diversity (p) and Tajima’s D were
calculated using DnaSP software (52). Coales-
cent simulations were performed for KRN2
using theMS program (53). Aminimum span-
ning tree was constructed for OsKRN2 using
Arlequin software (54).
To explore the extent of molecular conver-

gence on a genome-wide scale between maize
and rice, we collected or generated two high-
depth SNP datasets in 507 maize inbred lines
and 70 parviglumis accessions, and 461 culti-
vated rice and 257 wild rice accessions. The
genetic relationship of rice accessions was es-
timated using ADMIXTURE software (55) and
confirmed by principal components analysis
using GCTA software (56). The SNP alignment
(57) and phylogenetic tree construction in
maize and rice were performed using SNPhylo
software (58). The genome-wide scans for se-
lection signals were performed via an XP-CLR
method (29) followed by cross-validation on
the basis of permutation tests for the nucleo-
tide diversity ratio between wild and cultivar
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accessions (2, 57). The genes that are located
within the selected regions were regarded as
having undergone selection. The maize and
rice orthologs were identified by reciprocal
blastp with protein sequence coverage of ≥0.7.
Collinearity was analyzed using MCScanX soft-
ware (59). A permutation test was performed
for the enrichment of the orthologous genes
under convergent selection (57). Finally, the
g:Profiler program (60) was used for KEGG
pathway enrichment analysis of genes under
convergent selection.
All details of the materials and methods,

including those summarized above, are pro-
vided in the supplementary materials.
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Convergent selection of a WD40 protein that enhances grain yield in maize and rice
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Amazing grains
Maize and rice are important sources of human calories and have been, mostly independently, subject to human
selection for thousands of years, often for similar traits such as grain yield. W. Chen et al. examined the genomes
of accessions of domestic maize and its wild relative, teosinte, for evolutionary signals of selection. From these
sequences, the authors identified a quantitative trait locus in maize that increased kernel row number. Fine mapping
determined that this locus contains a candidate gene, KRN2. Gene-editing experiments of KRN2 and its homolog in
rice determined that a similar phenotype increasing grain number per plant could be recapitulated. Thus, identifying
genes under selection in one cereal provides useful fodder for crop improvements. —LMZ
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