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Genomic evidence of human selection on
Vavilovian mimicry
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Michael P. Timko® and Longjiang Fan®™

Vavilovian mimicry is an evolutionary process by which weeds evolve to resemble domesticated crop plants and is thought to
be the result of unintentional selection by humans. Unravelling its molecular mechanisms will extend our knowledge of mimicry
and contribute to our understanding of the origin and evolution of agricultural weeds, an important component of crop biology.
To this end, we compared mimetic and non-mimetic populations of Echinochloa crus-galli from the Yangtze River basin pheno-
typically and by genome resequencing, and we show that this weed in rice paddies has evolved a small tiller angle, allowing it to
phenocopy cultivated rice at the seedling stage. We demonstrate that mimetic lines evolved from the non-mimetic population
as recently as 1,000 yr ago and were subject to a genetic bottleneck, and that genomic regions containing 87 putative plant
architecture-related genes (including LAZY1, a key gene controlling plant tiller angle) were under selection during the mimicry

process. Our data provide genome-level evidence for the action of human selection on Vavilovian mimicry.

Vavilov, Vavilovian mimicry (or crop mimicry) describes an

adaptive phenomenon in which weeds evolve to resemble
domesticated crops at specific stages in their life history to avoid
eradication'~. In early agriculture, the physical removal of weeds by
humans required the ability to discriminate between desirable crops
and harmful weeds. Vavilovian mimicry is a phenotypic adaptation
that makes it difficult for farmers to distinguish between crop plants
and weeds, resulting in the ability of the weeds to evade eradica-
tion"*. Similar to most other mimicry systems, Vavilovian mimicry
involves three players: (1) the model, the crop that is imitated; (2)
the mimic, the weed that imitates the model and (3) the dupe, the
farmer that identifies and removes the weeds.

The most widely recognized illustrations of mimicry are those
seen in the animal kingdom, including Batesian mimicry and
Miillerian mimicry. The molecular mechanisms underlying these
two types of mimicry have been investigated for wing colour pat-
terns in Papilio and Heliconius butterflies, respectively”°. Cases of
mimicry in plants are less well documented'*™"®. Floral mimicry is
common in orchids”, and leaf mimicry has been reported in sev-
eral plants'®***!. Vavilovian mimicry is a unique form of plant mim-
icry that occurs in crop ecosystems and results from unintentional
selection by humans. A well-known example of Vavilovian mimicry
is the evolution of Echinochloa weeds in paddy fields to resemble
cultivated rice"*. The genus Echinochloa (Poaceae) belongs to the
subfamily Panicoideae and includes numerous problematic weeds.
Among these is E. crus-galli, which is dominant in paddy fields with
highly diverse morphological phenotypes that are both mimetic
and non-mimetic of rice*. Barrett' compared 15 morphological and
growth characters of mimetic and non-mimetic Echinochloa weeds
and cultivated rice. His results showed that cultivated rice and a
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tetraploid rice mimic form of Echinochloa (E. crus-galli var. oryzi-
cola, also called E. oryzicola or E. phyllopogon) clustered together,
whereas the non-mimetic hexaploid E. crus-galli var. crus-galli
was separated by a considerable phenotypic distance. The mimetic
Echinochloa had upright tillers and leaves, whereas non-mimetic
E. crus-galli possessed lax, drooping leaves and frequently exhibited a
decumbent growth form. The Barrett lab also compared life-history
traits in several Echinochloa species/varieties, including time to
flower, dry weight allocation, reproductive effort and seed traits*>*.
Among their findings was the observation that seeds of E. crus-galli
var. oryzicola are two to three times heavier than those of E. crus-galli
var. crus-galli. Comparisons of isozyme variation revealed that
E. crus-galli var. crus-galli maintained significantly more intrapopu-
lation genetic variation than the two rice weed specialists (E. oryzoides
(hexaploid) and E. phyllopogon)*-*.

Seed mimicry is also found in weeds—a classic example is
Camelina sativa, an annual weed of flax, whose seeds display win-
nowing properties that resemble those of flax seed and make it
difficult to separate the two easily’. Crop mimicry is also found in
some species including rye (Secale spp.), oat (Avena spp.) and darnel
(Lolium temulentum). For example, the morphology of awned dar-
nel grains resembles that of emmer wheat grains, while awnless dar-
nel grains resemble free-threshing wheat grains’**’. These mimetic
weeds, which share many adaptive features with domesticates, have
also been termed as parasitic domesticoids by Fuller and Stevens®.

Mimicry is an interesting phenomenon in nature, and under-
standing its mechanisms is important in the field of evolutionary
biology. Vavilovian mimicry occurs in agroecosystems involving
human action; therefore, unravelling its molecular mechanisms will
contribute to our understanding of mimicry adaptation and the ori-
gin and evolution of agricultural weeds. Although the phenomenon
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Fig. 1| Morphology associated with Vavilovian mimicry in E. crus-galli and sampling. a, Cultivated rice (left) and mimetic E. crus-galli (right) planted in a
greenhouse. b, Typical mimetic (left) and non-mimetic (right) E. crus-galli in paddy fields. €, Sampling in this study. Left, sampling location (marked by a
box) of E. crus-galli in this study. The colour scale indicates global rice production. Right, geographic distribution of the phenotyped and genotyped

E. crus-galli lines used in this study (red dots; n=328).

of rice mimicry in E. crus-galli has been documented, the molecu-
lar mechanisms and genomic changes underlying this example
of Vavilovian mimicry remain largely unknown. The E. crus-galli
genome sequence was previously reported by us* and provides an
opportunity to reveal the genomic mechanisms underlying this
unique mimicry system. Rice mimicry in E. crus-galli is thought
to be caused by continuous hand weeding, and thus we assume
that selection driven by human force would be detected in the
E. crus-galli genome accompanying the mimicry process. To test this
hypothesis, we resequenced the genomes of 328 E. crus-galli acces-
sions from the Yangtze River basin in China, a typical rice produc-
tion area. Our analyses uncovered genomic footprints associated
with Vavilovian mimicry under human selection in E. crus-galli.

Results

Rice mimicry in E. crus-galli at the seedling stage. In the paddy
field, morphological similarity between cultivated rice and E. crus-
galli at the seedling stage makes it hard for farmers to distinguish
between the two and, therefore, to remove the weed from the paddy.
The basis for the seedling mimicry involves multiple traits. Previous

findings' and our own observations indicate that the analogous
phenotypes between mimetic E. crus-galli and cultivated rice at the
seedling stage include a small tiller angle, a straight stem node, a
green stem base and compact leaves (a small leaf angle). In contrast,
non-mimetic E. crus-galli individuals show a loose or prostrate
plant architecture, usually accompanied by a crooked stem node,
red or purple stem bases and loose leaves (a large leaf angle) (Fig. 1a,b
and Supplementary Fig. 1). We therefore used these four representa-
tive morphological traits to define Vavilovian mimicry at the seed-
ling stage. We calculated a weighted score for each trait to assess
the mimicry level, termed the mimicry index (MI) (for details, see
Methods and Supplementary Fig. 2). The MI ranged from 10 to 0,
indicating that the mimicry level changed from mimicry to non-
mimicry. Empirically, E. crus-galli accessions with an MI of >8 were
defined as typical mimetic types, while those with an MI of <2 were
regarded as non-mimetic types.

Sampling, phenotyping and sequencing of E. crus-galli. We col-
lected 328 E. crus-galli accessions from within paddy fields and
adjacent regions in diverse locations in the Yangtze River basin in
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Fig. 2 | Phylogenetic and phenotypic differentiation of E. crus-galli in the Yangtze River basin. a, An approximate maximum-likelihood tree of 328

E. crus-galli accessions. b, PCA plot of the first two principal components based on whole-genome SNPs. PC1 and PC2 account for 18.9% and 15.3% of
the genetic variations, respectively. Three groups were separated indicated by the red (MIC), green (NMC) and purple (MIX) dashed outlines. ¢, Mimicry
phenotypic differentiation among the three groups quantified with the MI. The average Mls of the three groups are marked by red triangles. The red and
green shading indicate typically mimetic and non-mimetic Ml values, respectively. d, The tiller angle differentiation among the three groups. In the box
plots, the horizontal line shows the median value, and the whiskers show the 25% and 75% quartile values of angles. The red dots indicate outlier values.
****P<0.000T1. e, The divergence time between mimetic and non-mimetic E. crus-galli determined with SMC++. The dashed vertical line indicates the

time of divergence (nearly 1,000 yr ago).

China (Fig. 1c), where rice is thought to have been domesticated
and where it has been cultivated for a long time™. All accessions
were planted together in paddy fields and phenotyped at the seed-
ling stage over two seasons (2017 and 2018; Supplementary Table 1).
Consistent phenotypes were observed, and 150 (45.7%) and 121
(36.9%) accessions were classified as typically mimetic and non-
mimetic types, respectively, according to the MI (Supplementary
Fig. 3). Significant phenotypic differences between mimetic and
non-mimetic materials planted in greenhouses under two differ-
ent photoperiods were consistent with those observed in the paddy
fields (Fig. 1b and Supplementary Fig. 4).

With whole-genome sequencing of the 328 phenotyped E. crus-
galli accessions at a 15X average depth of coverage, we generated
a total of 7.17 Tb of base pairs (Supplementary Table 1). Cleaned
paired-end reads were mapped against the E. crus-galli reference
genome (STB08)*, and approximately 96.27% of the reads were
found to cover >92% of the STBO8 reference genome for each
accession (Supplementary Table 1). This result, together with the
genome size estimation (Supplementary Table 1), indicates that all
accessions in this study belong to the species E. crus-galli. Finally,
we called a set of 9.03 million genome-wide, high-quality single
nucleotide polymorphisms (SNPs) (with a minor allele frequency
(MAF) greater than 0.01 and integrity rate greater than 0.8) and
2.40 million small insertions/deletions (indels), with an average
of 9.07 variations per kilobase. A total of 13,101 SNPs were pre-
dicted to have important impacts on function, resulting in start
codon losses, transcript elongation or premature stop codon gains
(Supplementary Table 2).
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Genomic differentiation between mimetic and non-mimetic
E. crus-galli. A phylogenetic tree was constructed based on the
genome-wide SNPs, which divided the 328 accessions into three
major groups (Fig. 2a). A principal component analysis (PCA) plot
showing the first two eigenvectors separated all accessions into
three groups, consistent with the results of the phylogenetic analy-
sis (Fig. 2b). Two of the groups could be easily defined as mimetic
(MIC) and non-mimetic (NMC) populations, since most of the
accessions in the respective groups were mimetic or non-mimetic
(Fig. 2c and Supplementary Fig. 5). The third group was defined as a
mixed group (MIX) and exhibited a symmetrical distribution of the
MI and an average MI of 5.4 (Fig. 2c). MIC (n=131) exhibited an
average MI of 7.7, and 97 (74.1%) accessions showed typical mim-
icry of rice (that is, MI of >8). In NMC (n=88), the average MI was
1.9, and there were 68 (77.3%) accessions with an MI of <2 (Fig. 2c).
Tiller angles were also significantly differentiated, with averages of
27°,42° and 75° in MIC, MIX and NMC, respectively (Fig. 2d). Our
further analyses focused on the accessions with extreme MI values;
that is, mimetic accessions from MIC (1n=97) and non-mimetic
accessions from NMC (n = 68).

Logically, MIC should have emerged and evolved from NMC
following their appearance in paddy fields. To test this hypothesis,
we constructed a phylogenetic tree using the tetraploid E. oryzi-
cola, which is the paternal donor of the hexaploid E. crus-galli*',
as an outgroup. NMC was located at the basal position on the tree
and close to E. oryzicola accession, and MIC was derived from
NMC, supporting our hypothesis that NMC was ancestral to MIC
(Supplementary Fig. 6). We also found that 92.5% of the variations
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Fig. 3 | Genomic signatures of positive selection during the mimicry process in E. crus-galli. a, The distribution of nucleotide diversity in 50 kb sliding
windows with a 20 kb step, showing higher nucleotide diversity in NMC than in MIC. b, The distribution of Tajima's D in 20 kb sliding windows across the
whole genome, showing genomic regions in MIC with significant negative Tajima's D values. Red dashed lines represent the 95% significance threshold for

the corresponding population size. Average values are marked by red triangles.

(SNPs and indels) present in MIC were a subset of those in NMC,
while NMC contained more variations, of which 17.1% were absent
in MIC. These results further supported the hypothesis that MIC
evolved from NMC. We then estimated the divergence time of the
two groups using SMC++*, and the results indicated that MIC
differentiated from NMC approximately 1,000yr ago (Fig. 2e), a
period during the Song Dynasty of China (Ap 960-1279). Pairwise
sequentially Markovian coalescent analysis showed a consistent
demographic history for MIC and NMC before 10,000yr ago,
which supports the recent differentiation between these two groups
(Supplementary Fig. 7).

We employed the fixation index (Fg;) to measure genomic dif-
ferentiation between MIC and NMC. The results showed a relatively
low value (Fg;=0.062) at the whole-genome level, which was con-
sistent with the estimate of a short divergence time between MIC
and NMC. A total of 255 genomic regions longer than 100kb were
detected as having an Fg; value greater than 0.147 (top 5% thresh-
old), including seven Mb-scale regions (Supplementary Table 3).
The results suggest significant differentiation at some local genomic
regions between MIC and NMC.

Positive selection signals in mimicry. We used genetic diversity
and Tajima’s D to test whether genomic regions were under selection
signals during the mimicry process. A decrease in genetic diversity
(in terms of nucleotide diversity z) at the whole-genome level was
observed in MIC relative to NMC, with a reduction of diversity
(ROD = mryyc/my;c) value of 1.324, suggesting that MIC suffered a
genetic bottleneck during the mimicry process (Fig. 3a). An analy-
sis of genetic diversity using fourfold synonymous third-codon
transversion sites, synonymous mutation sites and intragenic varia-
tions showed that the level of reduction in whole-genome genetic
diversity was higher than that at fourfold synonymous third-codon
transversion neutral (ROD=1.113, P<0.0001) and synonymous
sites (ROD =1.150, P <0.0001) but significantly lower than that in
intragenic regions (ROD=1.650, P<0.0001, analysis of variance
and Tukey’s honest significant difference test). These results suggest
that positive selection played an important role in diversity reduc-
tion during mimicry evolution, despite the effects of genetic drift

and other factors (Supplementary Fig. 8). Additionally, 21.0% of
medium-frequency (0.4 < MAF<0.5) SNPs (n=130,213) in NMC
were almost fixed in MIC with a frequency of <0.2 or >0.8, suggesting
genomicselectionduringthemimicryprocess (SupplementaryFig.9).
We found 280 regions longer than 100kb with a significant reduc-
tion in genetic diversity (ROD <2.504; top 5% threshold) in MIC;
that is, putative regions under selection (Supplementary Table 4).
Tajimas D showed similar average values between MIC (Tajima’s
D =0.456) and NMC (Tajima’s D = 0.401; Fig. 3b). However, regions
totalling 39.9Mb in size, containing 127 segments longer than
100kb, were found to have significant negative Tajima’s D values in
MIC (less than —1.774; 95% confidence limit for MIC population
size; Fig. 3b and Supplementary Table 5). In contrast, only 15.6 Mb
of regions were found to have a Tajima’s D value less than —1.784
(95% confidence limit for NMC population size) in NMC, which
was partly due to there being more rare alleles in NMC than in MIC.
Taken together, these results indicate that some genomic regions
experienced positive selection during the mimicry process in
E. crus-galli. As examples, two large genomic regions in scaffold 10
and scaffold 16 (lengths of 2.21 Mb and 1.59 Mb, respectively) showed
selection signals with decreased genetic diversity and a significantly
lower Tajimas D in MIC than in NMC (Supplementary Fig. 10).

Plant architecture-related genes were enriched as having been
selected during mimicry. On the basis of the results of the genomic
differentiation, genetic diversity and neutral tests presented above,
a total of 7,596 genes with 114,652 variations (93,063 SNPs and
21,589 indels) were found in putative selected regions. After we
applied additional filtering based on significant differences in allele
frequency (P < 1Xx107%°) between MIC and NMC and the impact of
variations (excluding synonymous mutations), 1,986 genes (1.83%
of the whole-genome annotated genes) with 8,373 variations (7,167
SNPs and 1,206 indels) were identified as candidate loci under
selection during mimicry. Among these genes, 87 were annotated as
homologues of known plant architecture-related genes in rice and
were thus considered a high-confidence gene set related to mimicry
traits in E. crus-galli (Supplementary Table 6). A total of 455 varia-
tions, including 398 SNPs and 57 indels, within the 87 genes were
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Fig. 4 | Haplotype diversity of 455 variations within the 87 plant architecture-related genes in NMC and MIC. Pink, yellow and green boxes represent the
homozygous haplotype of the reference allele (STBO8), the homozygous haplotype of the alternative allele and heterozygous sites, respectively. The Ml for each
individual is indicated by the bar on the left. Genes involved in plant gravitropism are marked at the bottom; colours indicate involved pathways of the genes.

found to be significantly differentiated between MIC and NMC
(Fig. 4 and Supplementary Table 7). Furthermore, among all 1,986
candidate genes, the plant architecture-related genes were signifi-
cantly enriched (P<0.001, Fisher’s exact test) compared with the
whole-genome level in E. crus-galli.

We also observed that genes involved in plant gravitropism were
enriched (P < 0.05,Fisher’sexacttest; Fig.4and SupplementaryFig.11)
in the high-confidence gene set for mimicry. Previous studies have
established that gravitropism plays a critical role in controlling tiller
angle, probably through asymmetric auxin distribution and auxin
signal response, leading to differential cell elongation between
the abaxial and adaxial sides of tillers*-*. At least one homologue
involved in plant gravity perception, 14 homologues involved in
asymmetric auxin distribution and 7 homologues involved in auxin
signal response were found in the 87-gene set (Supplementary Fig. 11
and Supplementary Table 7). Moreover, we detected 22 homologues
of five genes in the brassinolide signalling pathway, which has
been suggested to play important roles in leaf angle regulation*-*
(Supplementary Fig. 12 and Supplementary Table 7).

LAZY1 (LAI) is one of the most important genes identified thus
far; it controls tiller angle and is involved in redistributing auxin
in response to gravity stimulus, and its functions are conserved in
rice, maize and Arabidopsis™>****-**. During the mimicry process
in E. crus-galli, the genomic region of LAI (EC_v6.g079654) was
apparently differentiated between MIC and NMC (Fg.=0.476),
and its genetic diversity decreased dramatically in MIC relative to
NMC (ROD =4.956; Fig. 5a and Supplementary Table 7). Tajima’s
D showed that this region had a significant positive value in NMC
but dramatically decreased to a negative value in MIC (Fig. 5b and
Supplementary Table 1). High linkage disequilibrium also implied
that the region was a potential target of selection during mimicry
(Fig. 5b). Five homozygous haplotypes (hap01 to hap05) of LAI
composed of two coding variations and eight intron variations
showed dissimilar distributions in MIC and NMC (Fig. 5¢,d and
Supplementary Table 9). The haplotype hap01 accounted for 70%
of the haplotypes in MIC but only 15% in NMC. Correspondingly,
accessions with hap01 showed much smaller tiller angles (mean
angle: 39.8°) than those with hap02 (mean angle: 51.1°, P <0.0001)
and hap03 (mean angle: 61.5°, P <0.0001, analysis of variance and
Tukey’s honest significant difference test; Fig. 5d). Specifically, 76%
of the accessions in MIC shared the CT haplotype of two missense
sites, while 57% in NMC shared the GC haplotype (Supplementary
Fig. 13). Furthermore, the relative expression level of LAI in the
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MIC accession (JS26) was much higher than in the NMC individual
at the seedling stage (JX58; Fig. 5¢). Taken together, these results
suggest that LA1 was under human-driven selection and differenti-
ated during mimicry evolution in E. crus-galli. LA1 was also under
selection during rice domestication, showing a significant nega-
tive Tajima’s D value and dramatically decreased genetic diversity
in the cultivated (Oryza sativa ssp. japonica) population (Tajima’s
D_iver = —1.871; ROD = 6.333; Supplementary Fig. 14a). Haplotype
analysis revealed that several alleles in LAI were highly differen-
tiated between wild and cultivated rice, and rare alleles in the
wild population were fixed in cultivated rice (Supplementary
Fig. 14b). The results suggest that LAl has undergone parallel
selection during mimicry evolution in E. crus-galli and during rice
domestication.

Discussion

In this study, we provide genomic evidence of human selection on
Vavilovian mimicry. Using genome-level analysis, we uncovered
significant genomic differentiation and positive selection signals
in some local genomic regions between mimetic and non-mimetic
E. crus-galli populations. These findings extend our core knowledge
of mimicry and improve our understanding of the origin and evolu-
tion of paddy weeds.

Our analyses revealed genomic regions with selection signals in
MIC that were supported by significantly decreased genetic diver-
sity and significant negative Tajima’s D values. In particular, 87 plant
architecture-related homologous genes were shown to have been
selected in MIC, and parallel selection was observed during mim-
icry evolution in E. crus-galli and during rice domestication, which
suggests that the genetic mechanisms of rice mimicry in E. crus-galli
are partly similar to those of rice domestication. Our findings are
consistent with the hypothesis that Vavilovian mimicry is caused by
unintentional selection by humans, although such selection is not
the same as artificial selection in crops, which is a kind of inten-
tional and directional selection.

Mimicry systems with relatively clear molecular mechanisms
usually involve simple traits such as colour, whereas Vavilovian
mimicry traits are more complex. It is likely that Vavilovian mimicry
is controlled by multiple genes and that the molecular mechanisms
underlying this type of mimicry are more complicated than those
underlying other types of mimicry. We found hundreds of genomic
regions and dozens of high-confidence mimicry-trait-related genes
with selection signals in E. crus-galli.
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The time of divergence of mimetic from non-mimetic samples
of E. crus-galli was estimated to be ~1,000yr ago in this study.
According to Chinese historical records, during the Song Dynasty
the economic centre changed from the Yellow River basin to the
Yangtze River basin, the human population underwent rapid
growth and rice replaced wheat as the staple grain®. Mimetic
E. crus-galli may have originated from the stronger selection pres-
sure by humans accompanied by the requirement for more rice
production due to the rapid population growth during that period.
Our phylogenetic analysis and PCA data show that the mimetic
E. crus-galli are derived from non-mimetic forms and support a
single origin of mimicry in E. crus-galli in the Yangtze River region
(Fig. 2 and Supplementary Fig. 6). If multiple origins occurred in
this area, then one would expect to observe multiple phylogenetic

groups with each containing non-mimetic E. crus-galli and their
mimetic derivatives rather than two separated branches. This is
not the case. For a few lines with outlier phenotypes in MIC and
NMC, a reasonable explanation would be gene introgression. We
cannot, however, exclude the possibility of multiple origins of mim-
icry in E. crus-galli. More materials from other regions are needed
to resolve this issue. In addition, MIX includes many accessions with
traits intermediate between mimetic and non-mimetic phenotypes.
Hybridization between the two groups (MIC and NMC) may cause
this phenomenon. Alternatively, these lines might be at an interme-
diate stage in the evolution of mimicry (semi-mimicry) or mimic
older rice landraces that were not yet improved to an ideal (compact)
plant structure. This work sets the stage for future studies aimed at
providing broader insight into process of Vavilovian mimicry.
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Methods

Plant material sampling and genome resequencing. A total of 328 E. crus-galli
accessions were collected from paddy fields, or nearby, in the Yangtze River basin
(Supplementary Table 1). The seeds of each accession were germinated and planted
in paddy fields at the China National Rice Research Institute, Fuyang, China, with
eight individuals per accession. In 2017, we started to record their phenotypes
including the tiller angle, stem node shape (straight or crooked), colour of the
stem base (green or red/purple) and leaf type (compact or loose; Supplementary
Fig. 1); the average value of three individuals was adopted for the tiller angle of
each accession. The phenotypes were recorded again in 2018, and the results were
consistent with those in 2017. All phenotypes were investigated at the tillering stage
3 weeks after the three-leaf-stage seedlings were transplanted into the paddy fields.
The mimicry level was indicated by the MI, with a sum of values for the four traits
of >8 and <2 indicating typical mimetic and non-mimetic types, respectively: tiller
angles of <30°, 30-50° and >50° were assigned values of 5, 3 and 0, respectively;
straight and crooked node shapes were assigned values of 3 and 0, respectively;
green and red/purple stem bases were assigned values of 1 and 0, respectively;

and compact and loose leaf types were assigned values of 1 and 0, respectively. We
also randomly selected four accessions from MIC (CQ1, JS26, HB17 and SC22)
and NMC (HB10, ZJ102, JX67 and JX58) to plant in the greenhouse under two
photoperiods (14h/10h and 16 h/8h) for phenotyping. The phenotypes were
consistent with those observed in the paddy fields (Supplementary Fig. 4). DNA
was extracted from green leaves using a routine protocol. A total of more than
7.7Tb of paired-end sequence data was generated by Illumina HiSeq 4000, with an
average depth of coverage of approximately 15X for each sample. The information
about world rice production in Fig. 1b was downloaded from the Food and
Agriculture Organization (http://www.fao.org/faostat/) and illustrated with the R
package recharts (https://madlogos.github.io/recharts/).

Variation calling. Raw paired-end reads were first cleaned by NGS QC Toolkit
v2.3.3%, with criteria of a Phred quality score greater than 20 and a percentage of
read lengths that met the given quality greater than 70. Clean paired-end reads

of each accession were mapped to the E. crus-galli reference genome (STB08)*
using BOWTIE2 v2.2.1* with the default settings. Consecutive pipelines, mainly
using SAMtools v0.1.19" and GATK v2.3°!, were applied to detect whole-genome
variations (SNPs and indels). To meet the criteria for variation discovery, the SNP and
indel calls were filtered according to the following parameters with the customized
scripts: QUAL <30, DP <5, QD <2, MQ < 20, FS> 60, HaplotypeScore > 13,
ReadPosRankSum < —8, MAF > 0.01 and integrity rate >0.8. The variations were
annotated by SnpEff v3.6°> and summarized by customized scripts.

Phylogenetic analysis. A total of 2.19 million whole-genome SNPs with filtering
standards of an MAF greater than 0.05, an integrity rate greater than 0.9 and

a heterozygous site ratio less than 0.1 were used for phylogenetic analysis. An
approximate maximum-likelihood phylogenetic tree of all 328 samples was
constructed using FastTree v2.1° with 1,000 replicates for bootstrap confidence
analysis. To test whether MIC evolved from NMC, we constructed a phylogenetic
tree using the paternal donor E. oryzicola (Z]JU2) as an outgroup*-'. We used iTOL
(itol.embl.de) to show and modify the constructed trees™ and conducted PCA with
the smartPCA script of EIGENSOFT (v6.1.3) with the default settings™.

Divergence time estimation. The divergence time of MIC from NMC was
estimated using SMC++ v1.13.1%, which can infer the effective population size
history based on whole-genome sequence data and is powerful for recovering
history for short timescales. As the SMC++ split model requires no gene flow
after the split of two populations, only samples with typical mimetic and non-
mimetic types in MIC and NMC, respectively, were selected. Those with outlier
phenotypes in each population, which may be caused by gene flow, were excluded
from this analysis. Seven and six lineages in MIC and NMC, respectively, were
then randomly chosen as the distinguished individuals to improve the estimation
of effective population size with SMC++ estimate, and the divergence time was
inferred with SMC++ split. Pairwise sequentially Markovian coalescent analysis
(v0.6.5-r67)° was also used in the demographic history inference of MIC and
NMC by selecting individuals with high sequencing depth (greater than 20x).
Consensus sequences were generated by SAMtools™. To improve the accuracy,
sites with read depth less than 10 or greater than 50 were filtered out. Parameter-p
(which specifies the atomic time intervals) was set twice as ‘4+30X2+4+6+10
and ‘4+25X2+4+ 6 and other parameters were set as default. The mutation rate
was assumed as ¢ =6.5X 10~ mutations X bp~' X generation™ as rice’” and 1yr per
generation were adopted for both SMC++ and pairwise sequentially Markovian
coalescent analysis.

Detection of selection signals. VCFtools v0.1.15°° was used to calculate genetic
statistics across the whole genome with a 50 kb sliding window and a step size

of 20kb for 7 and F; and a 20kb sliding window for Tajima’s D using the SNP
dataset with an integrity ratio of >0.8. Windows with fewer than 10 SNPs were
eliminated. The ROD was then calculated with a customized script. An empirical
threshold of 5% was chosen to find outlier windows of ROD and Fg; values.
Windows with a Tajima’s D value less than the 95% confidence limit for the
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corresponding population size were considered to be significant™. Windows
showing significant negative Tajima’s D values in both MIC and NMC were ruled
out if the Fg; values of the windows between the two groups were very low (less
than the empirical threshold of 5%). Outlier windows with interval lengths less
than 50kb were merged for each detection. Only genes with significant differences
in variation between MIC and NMC (P < 1x 10-%, Fisher’s exact test) and potential
impacts (MODIFIER, MODERATE and HIGH in the SnpEff annotation results)
were considered candidate genes under selection during the mimicry process.
Homologues of plant architecture-related genes in E. crus-galli were annotated
against known plant architecture-related genes by BLASTP v2.6.0 with a cut-off
value less than 1x 1072 (Supplementary Table 6).

Haplotype analysis of LA1. SNPs and indels in scaffold 445 containing the LA1
genetic region were phased using Beagle v5.0 with the default settings®’. Single-
gene genetic statistics were computed by the R package PopGenome v2.2.4°'; *
was calculated for every pair of SNPs given a window size of 5 Mb by Plink v1.9°*
and was illustrated by the R package LDheatmap v0.99-5%. To analyse the selection
pattern of LAI in rice, whole-genome resequencing data of 100 Oryza sativa ssp.
japonica accessions and 43 O. rufipogon accessions were downloaded from the
National Center for Biotechnology Information®~° (Supplementary Table 10).
Cleaned reads were mapped to the rice reference genome (MSU6.1). SNP calling,
scanning of selection signals and LA 1 haplotype analysis were then performed.

RNA-seq analysis. Accessions ]JS26 (MIC) and JX58 (NMC), with typical

mimetic and non-mimetic characters, respectively, were chosen for transcriptome
sequencing. RNA was extracted from collected tiller bases (~ 1 cm, tillering stage, 3
weeks after three-leaf-stage seedlings were transplanted into the paddy fields) and
sequenced with a routine protocol by Illumina HiSeq 4000. Adaptor sequences,
low-quality sequences and empty tags were removed before mapping reads to the
reference genome of E. crus-galli. Reads were mapped to the reference genome
(STB08)* by TopHat v2.1.1”. The number of tags mapped to genes was normalized
to FPKM values, and differentially expressed gene analysis was performed by
Cufflinks v2.2.1%. Differentially expressed genes, which were required to exhibit

a minimum fold change of 2, were identified on the basis of an adjusted false
discovery rate of 0.05.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The genomic resequencing and RNA-seq data included in this study were
deposited into the BIG data centre (https://bigd.big.ac.cn/) under accession
number PRJCA001519.

Code availability
The custom scripts and pipelines used in this study have been deposited in Github
(https://github.com/bioinplant/Vavilovian_mimicry).
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Data collection Wget (version 1.11.4) was used to download raw reads of Echinochloa oryzicola, Oryza sativa and O. rufipogen from NCBI SRA.
Morphological data was collected manually.

Data analysis For variation calling and annotation, we used NGS QC Toolkit(v2.3.3), Bowtie2 (v2.2.1), SAMtools (v0.1.19), GATK (v2.3) and SnpEff (v3.6).
For phylogeny analysis, FastTree (v2.1), SNPRelate (v1.0.1), iTOL (itol.embl.de) were used. For population historical demography analysis,
SMC++ (v1.13.1) and PSMC (v0.6.5-r67) were used. For selection analysis, we used VCFtools (v0.1.15), PopGenome (v2.2.4) and BLASTP
(v2.6.0). For gene expression analysis, we used TopHat (v2.1.1) and Cufflinks (v2.2.1). For haplotype analysis, we used Beagle (v5.0), Plink
(v1.9) and LDheatmap (v0.99-5). Custom codes are available at https://github.com/bioinplant/Vavilovian_mimicry.
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Study description To uncover a striking example of Vavilovian mimicry in barnyardgrass (Echinochloa crus-galli), We have carried out comparisons of
mimetic and nonmimetic E. crus-galli populations in the Yangtze River basin based on phenotypic analysis and genome re-
sequencing, which provided first clear genomic evidence of human selection in Vavilovian mimicry.
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Research sample 328 accessions of Echinochloa crus-galli from the Yangtze River basin were phenotyped at the seedling stage and genotyped by
whole-genome resequencing.

Sampling strategy We focused the morphology of E. crus-galli at the seedling stage, thus the traits were recorded manually at the tillering stage three
weeks after the three-leaf-stage seedlings were transplanted into the paddy fields. Whole-genome resequencing was carried by

Illumina HiSeq 4000 platform in a routine protocol.

Data collection Phenotypic information was collected by Lu Group. Raw reads of WGS and RNA-seq was generated by Illumina platform in Shengting
Biotech, Taizhou, China. Public data was downloaded from NCBI.

Timing and spatial scale  Samples were planted and phenotyped at the seedling stage in 2017 and 2018.

Data exclusions No data were excluded from the analyses.
Reproducibility This is not applicable as there is no experiments involved.
Randomization This is not applicable as there is no experiments involved.
Blinding All designs were transparent to every participants.
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Field work, collection and transport

Field conditions Experimental paddy fields at the China National Rice Research Institute (CNRRI), with average annual 18 centigrade and 1400
mm annual rainfall.

Location Fuyang, Hangzhou, China (30.0818° N,119.9307° E)
Access and import/export The Fan group worked in Zhejiang University, Hanghzou, China and Lu group worked in CNRRI, Fuyang, China.

Disturbance We used fields which were originally used for rice planting.
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