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Abstract

The dispersal of rice (Oryza sativa) following domestication influenced massive social and cultural changes across South,
East, and Southeast (SE) Asia. The history of dispersal across islands of SE Asia, and the role of Taiwan and the Austronesian
expansion in this process remain largely unresolved. Here, we reconstructed the routes of dispersal of O. sativa ssp. japonica
rice to Taiwan and the northern Philippines using whole-genome resequencing of indigenous rice landraces coupled with
archaeological and paleoclimate data. Our results indicate that japonica rice found in the northern Philippines diverged
from Indonesian landraces as early as 3,500 years before present (BP). In contrast, rice cultivated by the indigenous peoples
of the Taiwanese mountains has complex origins. It comprises two distinct populations, each best explained as a result of
admixture between temperate japonica that presumably came from northeast Asia, and tropical japonica from the
northern Philippines and mainland SE Asia, respectively. We find that the temperate japonica component of these indig-
enous Taiwan populations diverged from northeast Asia subpopulations at about 2,600 BP, whereas gene flow from the
northern Philippines had begun before ~1,300 BP. This coincides with a period of intensified trade established across the
South China Sea. Finally, we find evidence for positive selection acting on distinct genomic regions in different rice
subpopulations, indicating local adaptation associated with the spread of japonica rice.

Key words: domestication, crop evolution, admixture, Austronesian expansion.

Introduction peoples of Taiwan, island SE Asia, and Polynesia, including the

The Austronesian expansion is considered one of the last of practices of tattooing, stilt houses, jade carving, weaving, and

the great movements of human populations. Current por-
trayals have suggested that Austronesians originated from
Taiwan, and beginning around 3000 to 1500 before common
era (BCE) began a seaborne migration that led to the spread
of people, crops, and technology across island Southeast (SE)
Asia, Oceania, and Madagascar (Bellwood 1997, 2005;
Diamond 2001; Diamond and Bellwood 2003). This dispersal
is presumed to have led to the spread of Austronesian lan-
guages, as well as cultural similarities between the indigenous

agriculture (Blust 1995; Bellwood 1997; Pawley 2003). The
Austronesian expansion is also thought to have led to these
cultures sharing a common set of domesticated plants and
animals that were presumably brought with them during
their migrations, including bananas, coconuts, breadfruit,
yams, taro, chickens, pigs, and dogs (Pawley 2003).

The movement of Oryza sativa (Asian rice) into much of
island SE Asia has also been linked to the Austronesian ex-
pansion (Bellwood 1997, 2005; Diamond 2001). Asian rice is
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one of the most important food species in the world, provid-
ing the major calorie source for more than one-half of the
world’s population and playing a significant role in the global
economy (Latham 2013; Hamilton 2014). This species was
first domesticated from wild Oryza rufipogon more than
8,000 years before present (BP) in the Lower Yangtze Valley
in southern China, and subsequently went through a pro-
tracted period of selection by humans leading to O. sativa ssp.
japonica (Purugganan and Fuller 2011; Choi et al. 2017;
Ishikawa et al. 2020). This subspecies is grown primarily in
temperate Northeast (NE) and tropical SE Asia, although to-
day is also found in Europe, Africa, and the Americas. Japonica
rice is thought to have contributed domestication alleles
through introgression to cultivated proto-indica rice in
India (Fuller 2011), which gave rise to O. sativa ssp. indica,
another major rice subspecies that is widely grown in tropical
Asia (Choi et al. 2017).

The dispersal of japonica rice to island SE Asia has been a
subject of intense debate and interest, because rice agriculture
is a foundational element of the food and culture of the region.
A leading theory posits that rice and rice agriculture spread to
island SE Asia from Taiwan as part of an Austronesian demo-
graphic expansion ~3,500-5,000 BP (Bellwood 2004), first to
the Philippine archipelago just south of Taiwan, and from
there to the rest of SE Asia. As part of the southward spread
of rice from the Yangtze basin after its domestication, rice
cultivation appears to have been established on Taiwan and
adjacent Fujian by 4,600 BP (Qin and Fuller 2019; Gao et al.
2020), and could therefore conceivably have been the source
population for this domesticated crop in island SE Asia. Part of
the evidence for rice movement into island SE Asia from
Taiwan rests largely on linguistic grounds, as the proto-
Austronesians already had words for rice and rice-associated
activities that is shared with other Austronesian languages in
SE Asia (Blust 1995; Diamond 2001; Pawley 2003; Spriggs 2003;
Bellwood 2005; Bedford 2006).

Despite the role of Taiwan in the Austronesian expansion
of humans into island SE Asia, the role of the Taiwanese
dispersal route in the movement of rice remains unclear.
The simple Out-of-Taiwan hypothesis for the spread of rice
in island SE Asia has been disputed on the grounds that
migrating Austronesian speakers may have mixed with local
populations, and instead of bringing rice they switched to
farming locally sourced tuber crops like yams and taro
(Donohue and Denham 2010; Bellwood 2011). Human ge-
netic studies suggest, for example, that indigenous peoples
related to those in contemporary mainland SE Asia were al-
ready present in island SE Asia before the arrival of
Austronesian-speaking groups (Lipson et al. 2018, 2014;
McColl et al. 2018; Larena et al. 2021). Early movement of
peoples in the region is also supported by a recent reappraisal
of ceramic assemblages from 20 archaeological sites in island
SE Asia and western Oceania, which likewise indicate a more
complex, multidirectional set of Neolithic dispersals over the
last ~5,500 years (Cochrane et al. 2021).

Thus, even as the human Austronesian expansion may have
led to the southward movement of people and cultures Out-of-
Taiwan (Lipson et al. 2014; Morseburg et al. 2016; Yang et al.
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2020), wet rice agriculture may not have come from this island,
but instead may represent a separate introduction from main-
land SE Asia. Current evidence suggests an early introduction of
upland (dry) rice into mainland SE Asia after ~4,000 BP,
whereas a transition from upland rice to more productive
wet rice took place later and was uneven across SE Asia
(Castillo 2017; d’Alpoim Guedes et al. 2020); this is seen
~2,000 BP in northeast Thailand (Castillo et al. 2018), and
~2,400 BP in central Yunnan (Dal Martello et al. 2021).
Ocean sediments near the Pearl River delta also record a marked
shift in proxies for erosion and upriver weathering from ~2,500
BP, consistent with the intensification and expansion of agricul-
ture throughout the Pearl River (Hu et al. 2013). Pollen records
from around the coasts of southern China and SE Asia suggest
the expansion of lower alluvial plains after ~2,700 BP that
would have facilitated the establishment of wet rice farming
in this period and near coastal areas (Ma et al. 2020).

In a recent study, we provided a model for how rice spread
across East, South, and SE Asia following its domestication
(Gutaker et al. 2020), showing the broad patterns of dispersal
of japonica and indica. In particular, japonica rice was split into
tropical and temperate lineages around 4,100 years BP, which is
coincident with the 4.2K global cooling event and led to the
divergent adaptation of rice in NE Asia and increasing confine-
ment of tropical rice to the south in mainland and island SE
Asia. Our previous work using primarily whole-genome rese-
quencing data, however, was unable to address the role of
Taiwan in the dispersal of rice. The Taiwanese japonica rice
varieties we previously used (Gutaker et al. 2020) clustered with
lowland temperate varieties from Japan and South Korea, and
do not appear to represent traditional landraces. Ten of the 12
Taiwanese japonicas in that data set have been subsequently
identified as varieties whose parental lines are originally from
Japan, which is consistent with Taiwan'’s history of Japanese
colonization and agronomy in much of the first half of the 20th
century (e.g. Iso 1954). Thus, our previous analysis could not
elucidate possible relationships between indigenous Taiwanese
rice and other subpopulations across the region.

In the present study, we sought to examine in greater
detail the movement of rice along the maritime routes be-
tween East and SE Asia by sampling rice landraces cultivated
by Taiwanese indigenous peoples in the inland mountains, as
well as additional traditional varieties grown in the rice terra-
ces from the Cordillera mountain region in northern
Philippines. Using population genomic analysis, we find that
Taiwan is a contact zone for temperate japonica from the
north and tropical japonica from the south. We also find
evidence that indigenous rice from the northern part of
Luzon Island in the Philippine archipelago likely came up
from the south rather than from Taiwan, contrary to the
predictions of the Out-of-Taiwan theory.

Results

Indigenous Taiwanese and Northern Philippine Rice
from Distinct Genetic Clusters

To investigate the demographic history of rice in Taiwan and
island SE Asia, we sampled indigenous O. sativa ssp. japonica
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rice landraces from Taiwan (n=24) and the Philippines
(n=13) (fig. 1 and supplementary table S1, Supplementary
Material online). The Taiwanese rice landraces had been cul-
tivated by the indigenous peoples in the mountainous regions
of Taiwan, and two samples were collected in the last decade
whereas the rest were sampled during the early Japanese co-
lonial period more than 100 years ago. Based on the names,
several of the samples appear to have been cultivated by the
Atayal, Paiwan, Bunan groups. The Philippine rice varieties
were collected between 1963 and 1981 from the rice terraces
of the Cordillera region in northern Luzon; these terraces are
farmed by the indigenous Ifugao people and other ethno-
linguistic groups in the area.

The Taiwanese and Philippine landraces were sequenced
using 2 X 100 bp paired-end lllumina sequencing. This se-
quence data was added to the japonica panel from our pre-
vious study (Gutaker et al. 2020), to construct a new panel
containing 367 japonica rice landraces from South, East, and
SE Asia (fig. 2A and supplementary table S2, Supplementary
Material online). We also included the genome sequence of O.
barthii in the panel to serve as an outgroup. Reads from this
panel were mapped to the reference genome of indica variety

Fujian

Taiwan

Philippines

™

Fic. 1. Sampling locations of Taiwan and Northern Philippines Oryza
sativa ssp. japonica landraces. The approximate locations of Taiwan
indigenous landraces in the central mountain range are indicated by
the circle; the precise sampling locations are unknown. The triangles
indicate sampling locations of the northern Philippine landraces in
the Cordillera region of the island of Luzon.

Shuhui498 v.1.0 (Du et al. 2017), yielding ~7.46 million single-
nucleotide polymorphisms (SNPs) with a mean read depth of
8.76X.

To identify distinct geographical populations of O. sativa
ssp. japonica, we employed K-medoid clustering based on
genomic distances. At lower Ky values, the clusters mirrored
those from previous analyses (Gutaker et al. 2020). For exam-
ple, at Ky = 2, we see the separation of temperate and tropical
japonica, and at Kq=3, we see the further separation of
mainland and island SE Asian tropical japonica. At Ky=9
and above, the clustering analysis revealed two distinct
Taiwanese clusters containing the new Taiwanese samples
(designated as Taiwan 1 and 2), whereas the Philippine
Cordillera samples grouped with largely northern Philippine
samples from our previous analysis (Gutaker et al. 2020) (sup-
plementary table S2 and fig. S1, Supplementary Material on-
line). We saw substantial congruence between genetic
clusters and geographical locations of the japonica landraces
at Kq = 11 (fig. 2). We thus conducted all subsequent analyses
on the subpopulation clusters defined at Ky = 11, which con-
tained 10 subpopulations (after excluding one subpopulation
with n =2 landraces) that our analysis indicates are discrete
genetic clusters. We should note that our analysis does not
include landraces that do not belong to any of these discrete
clusters as they are likely admixed individuals.

Relationships between Taiwanese and Philippine
japonica Rice

To reconstruct subpopulation splits and dispersals in the his-
tory of O. sativa ssp. japonica using SNP data, we first
employed QPGRAPH, which looks at relationships between
subpopulations by building admixture graphs based on fitting
Patterson’s f-statistics (Patterson et al. 2012). When con-
structing admixture graphs using QPGRAPH, we found no
significant (maximum |z-score| < 3) models beyond Kq=9
subpopulations, and therefore report the model with the
lowest maximum |z-score| that excludes the mainland SE
Asian/Laos and the NE Asia upland temperate subpopula-
tions; these two subpopulations have been shown in our
analysis to be admixed in our K= 11 model (see supplemen-
tary fig. S2, Supplementary Material online). The admixture
graph at K4 =9 with the lowest maximum |z-score| (fig. 3A,
maximum |z-score| =2.907) suggests that the Philippine
landraces are divided into one group that is predominantly
in the Philippines and Borneo, and another group that is
narrowly distributed in the northern Philippines. The north-
ern Philippines group is largely concentrated in and around
the mountainous Cordillera region in the northern Luzon
island of the Philippine archipelago, and include traditional
rice varieties grown in the rice terraces by the Ifugao peoples.
In contrast, the Philippine/Borneo group is comprised of land-
races mostly from the central Philippine island of Mindoro
and from the island of Borneo (southwest of the Philippine
archipelago), and from the islands of Java and Sulawesi. Both
of these two Philippine groups are related to an Indonesian
group comprised primarily of landraces from the islands of
Java, Sulawesi, and Sumatra.
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Fic. 2. Population structure of japonica rice. (A) Map of collection sites for all the japonica landraces used in this study. Colors represent regions of
origin, as indicated in the next panel. Gray dots are landraces that do not fall into the discretized genetic/geographic clusters. (B) Subpopulations of
japonica rice. All japonica landraces projected onto the first two dimensions after multidimensional scaling of genomic distances. The japonica
genotypes were clustered using K-medoids (K = 11 subpopulations) and filtered using silhouette parameters, which resulted in K4 = 11 discrete
subpopulations (colored labels). Pie charts representing the geographical composition of each discrete subpopulation of japonica subgroups. Each
cluster is named for the general region where these landraces are found (e.g, SE Asia) and/or type of landrace (e.g, temperate, upland). Chart
diameter is proportional to the number of individuals in each subpopulation. Geographical country codes are: BTN = Bhutan, CHN = China,
IDN1 = Sumatra, IDN2 = Java, IDN3 = Borneo, IDN4 = Sulawesi, JPN = Japan, KOR = Korea, LAO = Laos, MYS = Malay Peninsula or neighboring,
PHL = Philippines from Gutaker et al. (2020), PHL2 = Philippines from the current study, THA = Thailand, TWN = Taiwan from Gutaker et al.
(2020), TWN2 = Taiwan from the current study.
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Fic. 3. Admixture graph and TREEMIX models of japonica rice. (A) Admixture graph Kq=9 japonica subpopulations (maximum |z-score-
=2.907), rooted with Oryza barthii as an outgroup. This graph represents topology that is consistent between models for all lower values of
K. Solid lines with arrowheads indicate lineages with uniform genetic ancestries, with the scaled drift parameter f, shown next to these lines.
Dashed lines lead to subpopulations with mixed ancestries, with the estimated proportion of ancestry indicated by the percentage values. (B)
Maximum likelihood trees based on Treemix. When a subpopulation has multiple ancestry sources, it forms a clade with one of the sources
whereas an accompanying arrow indicates shared ancestry with the other source; this analysis is suggestive (but not conclusive) on the level and
direction of gene flow.

Our admixture graph analysis indicates that the subpopu-
lations Taiwan 1 and 2 share ancestry with both temperate
and tropical japonica. The Taiwan 1 subpopulation shares
ancestry with the NE Asian lowland temperate japonica
group (which are mostly from South Korea and Japan) and
the northern Philippine group. For Taiwan 2, we also find
shared ancestry with the NE Asian lowland temperate group,
as well as the tropical mainland SE Asia/Bhutan subpopula-
tion (fig. 3A). If we include the admixed mainland SE Asia/

Laos subpopulation in our analysis, however, as in our K= 11
model, we find that these Laotian landraces are most closely
related to the Taiwan 2 landraces. It should be noted that
currently these mainland SE Asian/Laos landraces in our panel
are mostly from Laos, and there is a paucity of samples from
other areas in mainland SE Asia that may prove closer to
Taiwan 2.

To compare different models that include the relative po-
sition of the Taiwan subpopulation, we undertook a
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simplified admixture graph analysis with different topologies
of genetic relationships between Taiwan, Northern
Philippines, and Java/Sulawesi/Sumatra, and NE Asian low-
land temperate subpopulations. Here, we focus on Taiwan
1 because this is the most relevant for our subsequent analysis
on the movement of rice in island SE Asia. Using the base
topology (fig. 3A) and O. barthii as an outgroup, we compared
the following four models: i) Taiwan 1 forms a clade with the
shared ancestor of both the Northern Philippines and Java/
Sulawesi/Sumatra, with NE Asian lowland temperate as sister
to these three populations, no admixture between popula-
tions (this model would be the strict Out-of-Taiwan model),
ii) Taiwan 1 in a clade with NE Asian lowland temperate,
whereas Northern Philippines in a clade with Java/Sulawesi/
Sumatra, no admixture, iii) Taiwan 1 forms a clade with
Northern Philippines, whereas Java/Sulawesi/Sumatra forms
a clade with NE Asian lowland temperate, no admixture, and
iv) the inferred topology between these subpopulations
depicted in our best model (fig. 3A) where Northern
Philippines forms a clade with Java/Sulawesi/Sumatra, and
Taiwan 1 is an admixture between Northern Philippines
and NE Asian lowland temperate. In this analysis, only model
(iv) is supported (|z| =1.771), and the other three models
have substantially larger z values and are rejected based on
our criteria of |z| < 3 (|z| in the other models ranged from
7411 to 11.257; see supplementary fig. S3, Supplementary
Material online). This result is consistent with the topology
depicted in our global admixture analysis (fig. 3A), and we
should note that the model that represents a strict Out-of-
Taiwan scenario for rice moving to island SE Asia is rejected.

Finally, we explored population relationships between geo-
graphic subpopulations of japonica rice using TREEMIX,
which uses allele frequencies to infer relationships as well as
between-population migrations (Pickrell and Pritchard 2012).
The model inferred from TREEMIX (fig. 3B) is generally con-
sistent with our QPGRAPH results and previous analyses
(Gutaker et al. 2020). It reveals an early split between lowland
temperate and tropical japonica, followed by subsequent di-
vergence between mainland and island SE Asian tropical ja-
ponica subpopulations (fig. 3B). Also consistent with our
previous results (Gutaker et al. 2020) and the admixture
graph analyses (see above), we find four gene flow episodes
that lead to mixed ancestry for several geographic subpopu-
lations (fig. 3B). For example, the NE Asian upland temperate
japonica (found primarily in China, Japan, and Korea) appears
to share ancestry with island SE Asian tropical subpopulation
from the northern Philippines and Taiwan 1, and gene flow
with the NE Asian lowland temperate japonicas. Taiwan 2
shares ancestry with a lineage close NE Asian lowland tem-
perate japonica, with gene flow from the mainland SE Asia/
Laos group. It should be noted, however, that both the ad-
mixture graph and TREEMIX analysis provide global views of
shared ancestries that may arise from migration events; they
are less informative on the levels and directions of gene flow.

Taiwan as a Contact Zone between Temperate and
Tropical japonica

To better examine the extent of gene flow, we estimated the
proportions of ancestry in these potentially admixed geo-
graphic subpopulations in Taiwan. We used the QPADM
framework which can evaluate models with combinations
of ancestral subpopulations (Haak et al. 2015). We evaluated
each Taiwanese subpopulation as a product of two- to four-
way admixtures between combinations of subpopulations.
The best supported models are consistent with results from
QPGRAPH. We find that Taiwan 1 shares 57.4-63.0% of its
ancestry with the northern Philippine subpopulation and
30.7-34.0% with the NE Asian lowland temperate group.
Taiwan 2 shares 70.3% of its ancestry with the mainland SE
Asia/Laos subpopulation and 23.8% from NE Asian lowland
temperate group (supplementary fig. S4, Supplementary
Material online). Across these models, minor contributions
(2.4-5.5%) from the other Taiwanese landraces that cluster
with the NE Asia lowland temperate group could either re-
flect actual contribution from a geographically proximal sub-
population, or represent artifacts of the shared lowland
temperate ancestry of the two subpopulations. Similarly, mi-
nor contributions from the island SE Asian Java/Sulawesi/
Sumatra (8.2%) and Borneo (3.4%) groups to Taiwan 1 in
two separate models could be artifacts via their similarity
with the northern Philippines group.

To validate the relationships among island SE Asian sub-
populations and Taiwan 1 and 2, we use the outgroup f;-test
for detecting shared genetic drift between populations
(Raghavan et al. 2014). We calculated f; (OUT; X, Laos)
and f; (OUT; X, northern Philippines), where OUT is the
outgroup O. barthii, and X is our focal subpopulation
(Taiwan 1 or 2). Our results do indicate a high degree of
shared genetic drift between Taiwan 1 and the northern
Philippine subpopulations (f; =0.0562, |z] =34.5), and
Taiwan 2 and the mainland SE Asian/Laos groups
(f; = 0.0542, |z| = 42.6) relative to other comparisons, as we
would expect if there was gene flow between these subpop-
ulation pairs (supplementary fig. S5, Supplementary Material
online). We also found shared drift between NE lowland
temperate japonica and both Taiwan 1 (f;=0.0494,
|z| = 37.3) and Taiwan 2 (f; = 0.0498, |z| = 41.9) (supplemen-
tary fig. S5, Supplementary Material online).

Finally, we performed f; tests for admixture for both
Taiwan 1 and 2; in this test, we calculate f; (A, B; C, D), where
the Taiwanese subpopulation is C, and A is the outgroup O.
barthii, and B and D are alternately the NE Asian lowland
temperate, northern Philippines or mainland SE Asian/Laos
subpopulations. Significantly negative f, values would indicate
gene flow between populations B and C. We again find evi-
dence for gene flow with northern Philippines for Taiwan 1 (f;
[OUT, northern Philippines; Taiwan 1, NE Asia lowland tem-
perate] = —0.0098, z= —12.87), and mainland SE Asia/Laos
with Taiwan 2 (f; [OUT, mainland SE Asia/Laos; Taiwan 2, NE
Asia lowland temperate] = —0.0076, z = —16.1) (fig. 4).
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Demographic Models Elucidate Gene Flow Dynamics
between Taiwan and the Philippines

Our analyses indicate shared ancestry between Taiwanese,
tropical SE Asian, and temperate NE Asian subpopulations
which suggests gene flow along a north-south cline in the
eastern periphery of Asia. We examine this gene flow further,
including the direction of migration, using demographic
modeling. As the Taiwan 2 subpopulation shares ancestry
with the mainland SE Asian/Laos cluster, which itself appears
to be an admixed subpopulation and thereby complicates
demographic modeling we focused our attention on
Taiwan 1. Moreover, the focus on the relationship between
Taiwan 1 and the northern Philippines groups allows us to
examine the possible role of Taiwan in the expansion of rice
agriculture to island SE Asia as proposed by the Out-of-
Taiwan hypothesis for Austronesian expansion (Bellwood
2004).

We performed demographic modeling using dadi
(Diffusion Approximation for Demographic Inference), which
allows for demographic history based on diffusion approxi-
mations to the joint allele frequency spectrum (Gutenkunst
et al. 2009). We estimated the timing of divergence between
the NE Asian lowland temperate and Taiwan 1 subpopula-
tions, and the magnitude and directionality of gene flow be-
tween the northern Philippines and Taiwan 1 (supplementary
fig. S6, Supplementary Material online). In our final set of
models, we fix the split of temperate and tropical japonica
to 4,100 years BP, based on previous estimates (Gutaker et al.
2020). Changing this divergence time does not substantially
affect our conclusions.

We first compared the topologies (northern Philippines
[Taiwan 1, NE Asia lowland temperate]) and (NE Asia lowland
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temperate [Taiwan 1, northern Philippines]) with or without
symmetrical gene flow between Taiwan 1 and the other sub-
populations. The best model supported the first topology
(northern Philippines [Taiwan 1, NE Asia lowland temperate])
with  symmetrical gene flow (log likelihood [log
L] = —506,752.67; P=0.044 vs. no gene flow model). This
indicates that the Taiwanese population was first established
as a lineage from temperate japonica. Next, we compared the
model of (northern Philippines [Taiwan 1, NE Asia lowland
temperate]) with symmetrical gene flow versus models of
unidirectional or asymmetrical bidirectional gene flow be-
tween Taiwan and the Philippines. The best model supported
asymmetrical bidirectional migration (log L = —455,586.18,
P =10.01 vs. symmetrical migration model), with Taiwan split-
ting off from lowland temperate ~2,644 years ago (confi-
dence interval [Cl], 2,112-3,063 years ago). The rate of
migration in this model from the Philippines to Taiwan is
357 x 107 (Cl 2.82-451 x 10~%), which is an order of
magnitude higher than the rate in the reverse direction
(~214 x 107°, Cl 262 x 107°-1.74 x 10”% fig. 5). This
suggests that gene flow occurred predominantly from the
Philippines to Taiwan.

Our models assumed diffuse migration rates over the en-
tire period since the split of the Taiwanese and NE Asia low-
land temperate subpopulations. Alternatively, we examined a
bidirectional pulsed migration model, where we allowed a
single pulse of admixture in each direction between Taiwan
and the Philippines (fig. 5). Except for migration parameters,
all other parameters were fixed from the best asymmetric
bidirectional gene flow model above. In the best model (log
L = —444,857.93) we found a small early pulse from Taiwan
to the Philippines, contributing 1.38% (Cl 1.378-1.381%)
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approximately 40 years (Cl 27-60) after the Taiwan/NE Asia
lowland temperate split. This was followed by a major pulse
~1,372 years after the Taiwan/NE Asia lowland temperate
divergence (Cl 1,212-1,554), where gene flow was from the
Philippines to Taiwan, contributing 57.95% (Cl 57.39-58.52;
fig. 5). Together, these results suggest early gene flow from the
Philippines to Taiwan, likely occurring ~1,300 years ago or
earlier.

Paleoclimate Modeling and Rice in Taiwan

Our analysis suggests that temperate japonica may have been
introduced in Taiwan as early as ~2,600 years ago. We esti-
mated the probability of the thermal niche suitability of tem-
perate versus tropical rice in Taiwan from approximately
5,500 to 1,000 years ago (fig. 6). We assume a requirement
of 2,900 growing degree-days (GDD) at 10 °C base for tropical
japonica and 2,500 GDD at 10 °C base for temperate japonica.
Our analysis shows that the climate in Taiwan ~4,000 years

ago and earlier was suitable for tropical japonica rice, but the
climate had become more favorable for temperate japonica
as opposed to tropical japonica by ~3,600 years ago, espe-
cially in the mountainous interior.

Dispersal of Early Tropical japonica Rice across Island
SE Asia

Across island SE Asia, we have identified four genetic clusters
for japonica rice: the northern Philippine cluster, a Java/
Sulawesi/Sumatra Indonesian cluster, a Philippine/Borneo
group and a Borneo-specific subpopulation. The relationships
between these populations are somewhat different compared
with our previous work in the placement and admixture of
the Borneo group, which in our analysis shares ancestry with
an ancestral island SE Asian (possibly Indonesian) lineage and
the Philippine/Borneo group. In both analyses, however, the
relationships suggest that contemporary japonica rice
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landraces in island SE Asia likely moved first to the Indonesian
archipelago, and later northwards to the Philippines.

We undertook dadi analysis to infer the dates of diver-
gence between island (Java/Sulawesi/Sumatra) and mainland
SE Asia (Bhutan) landraces, and between the northern
Philippine and Java/Sulawesi/Sumatra subpopulations within
island SE Asia. From our dadi analysis, we find that the diver-
gence of the Bhutan versus Java/Sulawesi/Sumatra subpopu-
lations occurred ~3,584 years ago (Cl 2,648-3,917 years ago)
and the northern Philippines versus Java/Sulawesi/Sumatra
groups around the same time at ~3,424years ago (Cl
2,338-3,841 years ago; fig. 5). Interestingly, the dadi analysis
suggests an earlier time for the diversification of tropical ja-
ponica across SE Asia by 500-1,000 years from our previous
analysis (Gutaker et al. 2020), although the confidence inter-
vals of the estimates from the dadi analyses overlap with the
distribution of our previous split time estimates using the
sequentially Markovian coalescent (Gutaker et al. 2020).

Selection Associated with the Dispersal of japonica
Rice in Taiwan and Island SE Asia

Elucidation of the demographic history of O. sativa ssp. ja-
ponica subpopulations corresponding to geographical loca-
tions across South, East, and SE Asia enables us to study the
extent and timing of local adaptations in rice populations
during their dispersal. In the current study, we employed
the recently developed method GRoSS (Graph-aware
Retrieval of Selective Sweeps) (Refoyo-Martinez et al. 2019)
to scan for genomic regions under selection across different
branches of our best admixture graph model (fig. 3A).

In our analysis, we inferred selection across the genome in
10-SNP windows for each branch of the admixture graph. The
method essentially functions as an outlier test, and if we
choose P < 10™% we find 2,139 out of 15,145,525 SNP win-
dows putatively under selection across 12 of 25 branches in
the admixture graph of japonica (fig. 7). If we choose the more
conservative P value threshold of P < 107>, we find 64 SNP
windows across 3 of 25 branches in japonica (fig. 6). In the
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more conservative threshold, selection was detected in the
lineages leading to the two Taiwan and the Philippine/Borneo
populations.

We investigated potential targets of selection by looking at
overlaps between regions under selection, and both function-
ally annotated genes, and genes associated with known quan-
titative trait nucleotides (QTNs) for abiotic stresses (Wei et al.
2021). At P < 10~% we found overlap of putatively selected
genomic regions with 92 distinct annotated genes with a wide
range of predicted functions (supplementary table S3,
Supplementary Material online). Two of these genes,
OsTBT1 and OsUGT706D1, which are found in genomic
regions under selection in the Philippines/Borneo and
Taiwan 2 subpopulations, respectively, are associated with
known QTNs (Wei et al. 2021). Interestingly, OsUGT706D1
has been shown to be associated with UV tolerance (Peng et
al. 2017), and may hold some functional relevance in adap-
tation to growing at higher altitudes in Taiwan. OsTBTT is a
BAHD N-acyltransferase that is known to modulate levels of
benzoyl tryptamine, which is involved in defense against bi-
otic and abiotic stress (Park et al. 2014). At P< 10>, we
found overlap of regions putatively under selection with
nine distinct annotated genes, and two of these regions are
within 10kb of OsTBT1 and OsUGT706D1 (supplementary
table S4, Supplementary Material online).

Discussion

The question of the establishment of japonica rice in Taiwan
and island SE Asia remains historically entangled with the
expansion of Austronesian-speaking peoples out of Taiwan
into SE Asia, Polynesia, and Melanesia (Bellwood 2011). Rice
cultivation was brought to Taiwan and was established by
4,600 BP, possibly via Jiangxi and overland cultural expansion
from the mixed rice-millet farmers of Jiangxi and interior
Fujian (Gao et al. 2020; Deng, Yan, et al. 2020). Based on
site locations, some arable weed flora assemblages and the
co-occurrence with millets, this early rice is inferred to be
ancestral japonica and grown under upland conditions (Qin
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and Fuller 2019; Deng, Yan, et al. 2020; Fuller 2020). From this
region of southern China upland rice and millets also dis-
persed through mainland SE Asia from northern Vietnam
to central Thailand between 4,300 and 3,700years ago
(Castillo 2017; Higham 2021). Alternatively, linguistic, geno-
mic, and other cultural markers have also led to suggestions
that the Shandong peninsula in NE China was where these
early Taiwanese inhabitants originated, possibly migrating via
intermediate coastal settlements on the mainland (Sagart et
al. 2018).

Dispersal of rice to the northern Philippines and across
island SE Asia, however, is unclear. Austronesian migrants
from Taiwan is though to have settled in Luzon, the largest
northernmost island of the Philippine archipelago,
~4,000 years ago (Gray and Jordan 2000; Diamond and
Bellwood 2003). From there they expanded across SE Asia,
and it was theorized that this migration also brought with it
rice agriculture (Bellwood 2004, 2011). The colonization of the
Philippines, however, appears to have been more complex. A
recent analysis (Larena et al. 2021) indicates that the ethnic
Manobo and Sama group in central and southern Philippines
appear to have migrated from the south, possibly
~12,000 years ago. In contrast, the Cordillera indigenous
group in northern Luzon, who cultivated the northern
Philippine rice landraces reported here, are clearly related to
the Taiwan Ami and Atayal indigenous peoples, but appar-
ently diverged from each other ~8,500 years ago (Larena et al.
2021). Thus, the settling of Taiwan and northern Luzon may
have occurred prior to the arrival of rice agriculture in the
area.

This provides context for our genomic analysis, which
indicates that tropical japonica from across island SE Asia
show affinities with subpopulations from mainland SE Asia
rather than Taiwan. Our demographic models, which assume
a temperate-tropical japonica split 4,100 years ago, also sug-
gest that tropical japonica subpopulations found today in
mainland SE Asia, Java/Sulawesi/Sumatra, and the northern
Philippines may have begun diverging as early as ~3,500 years
ago (fig. 8). This date is earlier than our previous analyses
(Gutaker et al. 2020), but nevertheless puts the initial diver-
sification of tropical japonica in mainland SE Asia in the time-
frame of the establishment of rice in the region.

Archaeological evidence for Neolithic dispersal from China
into northern Vietnam is dated from ~4,000 BP (Castillo
2017; Higham 2021), around the time of the 4.2k climate
event, whereas the appearance of domesticated rice at
Khok Phanom Di in central Thailand occurred after ~4,000
BP (fig. 8). Subsequent dispersal outwards into island SE Asia,
such as from the Malay peninsula through Indonesia, can be
suggested to have taken place after this, establishing some
dispersed areas of rice cultivation over the next millennium.

Unambiguous evidence for rice cultivation is lacking but
two sites with phytolith data in Sulawesi suggest possible
cultivation by as early as 3,400-3,200 BP (Anggraeni et al.
2014; Deng, Hung, et al. 2020). In the northern Philippines,
there are rice-tempered ceramics dated to ~3,500 BP, and
rice grains dated to ~3,000 BP ( Snow et al. 1986; Silva et al.
2015; Carson and Hung 2018; Deng et al. 2018; fig. 9).
Nevertheless, for most of island SE Asia rice finds only become
common place after ~2,000 BP (Silva et al. 2015; Barron et al.
2020), although archaeobotanical studies in this area remain
sparse. Our genetic data could suggest that rice initially di-
versified in SE Asia ~3,500 BP but was cultivated at small
scale, and only expanded across the region a millenium later.
This would indicate that rice agriculture in island SE Asia,
especially in the crucial crossroads that is the Philippine ar-
chipelago, most likely occurred by cultural diffusion from the
south, rather than by demic diffusion of human populations.
Analysis of more populations in the region, as well as expand-
ing archaeobotanical studies in island SE Asia, may help pro-
vide greater resolution to dates of dispersal in both mainland
SE Asia and the archipelagic islands of insular SE Asia.

Our work also provides insights into the status of the
Taiwan landraces cultivated in the mountain regions of the
island by indigenous peoples. Instead of being a major source
population for contemporary japonica landraces in SE Asia,
this island has apparently acted as a contact zone between
the north and south. Our analysis suggests that temperate
japonica rice was introduced to Taiwan after ~2,600 years
ago during the Late Bronze Age, possibly from northern
China or the Korean Peninsula (fig. 8); this is distinct from
early (likely tropical japonica) rice that have been found
alongside millets in archaeological sites over 4,000 years ago.
The introduction of temperate japonica in Taiwan after
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Fic. 8. Schematic model of the movement of japonica rice into Taiwan and SE Asia. The blue lines broadly indicate main lines of japonica dispersal
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into Taiwan japonica rice subpopulations from mainland SE Asia and the northern Philippines. The question mark on the date for japonica rice
diversification in SE Asia indicates uncertainty in the timing given different estimates based on this study and our earlier work (Gutaker et al. 2020).

~2,600 years ago is consistent with results from paleoclimate
niche reconstruction (fig. 6), which shows that the climate in
Taiwan had become more favorable for temperate japonica
as opposed to tropical japonica by ~3,600years ago.
Moreover, a recent ancient DNA analysis indicated that
Taiwanese peoples from ~1300 BCE to 800 CE carried
~25% of a northern East Asian lineage in their genomes
(Wang et al. 2021). Analysis of contemporary Taiwanese in-
digenous populations also show a genomic component from
NE Asia (Larena et al. 2021). Together, these support contact
of Taiwanese indigenous peoples with immigrants from
northern latitudes that may also be associated with the
movement of NE Asian temperate japonica.

The movement of temperate japonica appears to have
been followed by the introduction of tropical japonica rice
lineages from both the northern Philippines and mainland SE
Asia, with subsequent admixture between the tropical and
temperate rice in Taiwan (fig. 8). One group of Taiwanese
indigenous landraces share ancestry with a Laotian popula-
tion; because the Laos population is itself admixed, we are
unable to establish the timing of gene flow between this
population and Taiwan temperate japonica, although this
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must have occurred after the arrival of temperate rice in
Taiwan ~2,600 years ago. We are, however, able to conduct
demographic modeling to date the movement from the
Philippines to Taiwan, and our analysis suggests that it had
begun at around or before ~1,300 years ago.

Cultural contact between Taiwan and the northern
Philippines, as evidenced by the export of Fengtian nephrite
from Taiwan to the Philippines, likely existed since
Austronesian-speaking  groups migrated to Luzon
~4,000 years ago (Hung et al. 2007). The scale of trade net-
works around the South China sea, however, is much broader,
and the Austronesian trading sphere encompassed mainland
SE Asia, Indonesia, the Philippines, Taiwan and southern
China, as well as India to the west. There was a dramatic
increase in activity in this area from ~2,500 to ~1,800 BP
(Hung et al. 2007, 2013; Calo 2014, 2020; Bellina 2017; fig. 9),
overlapping with the period between the introduction of
temperate japonica to Taiwan and tropical japonica from
the Northern Philippines. Between 500 and 100 BCE, bronze
drums manufactured in northern Vietnam are found as far
away as the Malay Peninsula and Bali (Calo 2014). After 500
BCE, itinerant jade workers from Taiwan likely made and
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traded Fengtian jade along this network, largely between
widely dispersed Austronesian peoples (Hung et al. 2007);
indeed, Taiwanese jade in this period is found in multiple
archaeological sites in Vietnam and the Philippine archipelago
(fig. 9). It is also plausible that iron was being exported from
the Philippines to Taiwan around the same time (Tsang
2000). Once established this trading network kept mainland
and island SE Asia and Taiwan in reciprocal contact. We
suggest that it is in the context of these extensive trading
activities with the south, and possible human migration from
the north, that temperate japonica from NE Asia and tropical
japonica from mainland SE Asia and the Philippine archipel-
ago made their way to Taiwan.

Our study has been able to examine the relationships be-
tween traditional landraces grown by the indigenous peoples
of Taiwan and the northern Philippines, and link these to our
reconstruction of the dispersal of japonica rice across Asia.
Although we do not find evidence for movement of rice from
Taiwan to island SE Asia based on our genome analysis, we
remain cautious, as our Taiwanese landraces come from the
mountain regions and we have no traditional varieties from
the coastal areas of the island. Unfortunately, no more low-
land Taiwan landraces are known to exist, as they have all
been replaced by more modern elite varieties. Nevertheless,
our analysis points to movement of tropical japonica from
mainland SE Asia as the source of present-day rice across
island SE Asia. Interestingly, we also find evidence for selection

associated with the establishment of the Taiwan indigenous
rice subpopulations and have identified genomic regions that
may harbor loci that allow for adaptation to new environ-
ments as rice populations dispersed. As we reconstruct the
history of the spread of rice after it was domesticated in the
Yangtze Valley, we continue to study the role that climatic
changes and human migrations and cultural contacts play in
the dispersal of this important global food species, and to
examine the nature of adaptation that has led to the diver-
sification of this vital crop.

Materials and Methods

Sequencing Data
We conducted whole-genome resequencing on 24 Taiwanese
and 13 Philippine landraces (see supplementary table S1,
Supplementary Material online). Seed for the Taiwanese land-
races was obtained from the Plant Germplasm Center of the
Taiwan Agricultural Research Institute; these landraces were
from the indigenous peoples of the mountain regions of
Taiwan, with 22 of the samples collected around 1900 and
2 collected in 2010. The Philippine landraces were all from the
rice terrace systems of the Cordillera region of northern
Luzon, and seed was obtained from the germplasm collection
of the International Rice Research Institute.

Genomic DNA from rice plants was extracted from healthy
leaves from a single-seed—descent plant using either the
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DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s
protocol (Qiagen) [for the Taiwanese samples] or phenol-
chloroform-isoamyl alcohol extraction followed by isopropa-
nol precipitation (for the Philippine samples). Extracted DNA
from each sample was prepared for lllumina genome se-
quencing using either the lllumina TruSeq or Nextera DNA
Library Preparation Kit. Sequencing was done on the lllumina
HiSeq 2000 (for the Taiwanese samples) or 2500 (for the
Philippine samples) with 2 x 100bp read configuration.
Sequencing data for these accessions are available from the
NCBI Short Read Archive (SRA) under Bioproject accession
numbers PRJNA485658 and PRJNA717716.

These new sequence data from Taiwan and the Philippines
was combined with data from the 330 O. sativa ssp. japonica
accessions from Gutaker et al. (2020). This data was down-
loaded in fastq format from the SRA using the FASTQ-DUMP
tool v.2.8.2 with the option to split reads into forward and
reverse reads, and sequences trimmed. All postsequencing
steps are outlined in supplementary fig. S7, Supplementary
Material online.

Alignment and Genotyping

Alignment of the sequencing reads and subsequent SNP call-
ing was performed as described previously (Gutaker et al.
2020). Briefly, we used a Nextflow v.0.25.1.4460 pipeline
(https://github.com/grafau/NextGatkSNPs, last accessed July
14, 2021) to produce the final set of SNPs via the following
steps outlined below.

Sequencing reads in fastq format were first aligned to the
Shuhui498 v.1.0 indica reference genome using BWA v.0.7.15
(Li and Durbin 2009) in “mem” mode (Li 2013). Sequences
were sorted, those from the same sample but from different
runs were merged, and amplification duplicates were re-
moved using PICARD v.2.15.0 (http://broadinstitute.github.
io/picard/, last accessed July 14, 2021). The resulting sam files
were converted to bam files, validated, and indexed. The bam
files were used to call haplotypes in gvcf format files via the
HAPLOTYPECALLER function of GATK v3.8 (McKenna et al.
2010; Poplin et al. 2018), and the gvcf files were used to pro-
duce the raw set of SNPs segregating across the samples via
the GENOTYPEGVCFS function of GATK.

SNP Filtering

The raw set of SNPs was subject to a series of filtering steps, as
described previously (Gutaker et al. 2020). First, we kept only
biallelic SNPs. Subsequently, we applied five filtering criteria:
qualities normalized by depth (QD), mapping quality (MQ
and MQRankSum), read position bias from Wilcoxon'’s test
(ReadPosRankSum), and strand bias from Fisher’s test (FS).
Filtering thresholds for these criteria were trained dynamically
using the VARIANTRECALIBRATOR function of GATK,
referencing a true-positive set of SNPs that were discovered
independently in the 3K-RG project (Wang et al. 2018), and in
the rice diversity panel that was genotyped with a high-
density SNP array. We applied the dynamic filter to the raw
SNP set using the APPLYRECALIBRATION function of GATK,
conservatively set to recover 90% of true positives. We also
filtered out SNPs with excess observed heterozygosity as
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described previously (Gutaker et al. 2020), using a custom
perl script. We interpret excessively heterozygous sites as
mismapped reads in chromosomal regions with structural
variants that are present in the resequencing data but not
in the reference genome.

Next, we transformed vcf files into bed format files and
filtered out any SNP that had a genotyping rate lower than
80%, using PLINK v.1.90 (Purcell et al. 2007). For some anal-
yses, SNP sets were subject to additional two-step linkage-
disequilibrium pruning. The first step was carried out with the
INDEP-PAIRWISE function in windows of 10 kb, with variant
shift = 1 and r* = 0.8. The second step was carried out with
the same function in windows of 50 variants.

Clustering and Discretization
Clustering and discretization were performed as described
previously (Gutaker et al. 2020). Clustering was visualized us-
ing the multidimensional-scaling function of PLINK v.1.90
(Purcell et al. 2007) as described previously (Gutaker et al.
2020). Formal clustering of landraces was carried out on the
basis of pairwise genetic matrices with the PAM method,
implemented as the PAM function in the CLUSTER package
for R v.4.02 (https://CRAN.R-project.org/package=cluster,
last accessed July 14, 2021) followed by filtering with the
DISCRETIZE algorithm implemented in R (https://github.
com/grafau/discretize, last accessed July 14, 2021).
Clustering and discretization were carried out indepen-
dently for a number of clusters, Ky, that varied from 2 to
12. Discrete clusters are considered subpopulations and their
members are considered landraces conditional on a colocal-
ized geographic distribution within each discrete cluster.

Admixture Graph Construction

Population admixture graphs for the K4 = 11 subpopulations
with 19 accessions of Oryza barthii as the outgroup popula-
tion were inferred using TreeMix (Pickrell and Pritchard 2012)
and QPGRAPH (Patterson et al. 2012). TreeMix was run with
m =1 through 8, and k = 1, 200, 400, 600, 800, 1,000, 2,000,
and 5,000. Results computed from different values of k were
used as replicates to fit linear models to identify the optimal
number of migration episodes using the OptM package on R.

We reconstructed admixture graphs using QPGRAPH as
described previously (Gutaker et al. 2020). The CONVERTF
function from ADMIXTOOLS (Patterson et al. 2012) was used
to produce eigenstrat data files. Models were built using the
ADMIXTUREGRAPH  package (https://cran.r-project.org/
web/packages/admixturegraph/indexhtml, last accessed
March 1, 2021) in R v.4.02, and evaluated using the
QPGRAPH function of ADMIXTOOLS.

We first explored all possible models with six subpopula-
tions and two migrations, keeping only those with maximum
absolute f,-statistic z-scores (|z-score|) < 3.0. For each model
we kept, we attached an additional subpopulation in all pos-
sible nodes using ADMIXTUREGRAPH and tested the result-
ing models in ADMIXTOOLS, again keeping only models with
maximum |z-score| < 3.0. We progressively added subpopu-
lations until no more were present or until no models with
maximum |z-score| < 3.0 were found. In the latter case, we
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kept all models with maximum |z-score| lower than 10.0. We
then added an additional admixture event in all possible
nodes using ADMIXTUREGRAPH and tested resultant mod-
els in ADMIXTOOLS, keeping only models with maximum |z-
score| < 3.0. Beyond k =9, we selected models with maxi-
mum |z-scores|< 3.5 after adding migration edges, as there
were no models with maximum |z-score| < 3.0.

Migration events involving the Taiwanese subpopulations
were validated using outgroup f; and f; statistics using the
QP3POP and QPDSTAT functions, respectively, of the
ADMIXTOOLS 2.0 package (https://github.com/ugrmaiel/
admixtools/, last accessed July 14, 2021) in R v.4.0.2.

Admixture Proportion Modeling

We performed admixture proportion modeling on the
Taiwanese subpopulations using the QPADM_ROTATE func-
tionofthe ADMIXTOOLS2.0packageinRv.4.0.2.Inthismethod,
feasibility of admixture (i.e, alladmixture weights fall between 0
and 1) and adeparture from a null model with no admixtureaare
computed fora putativelyadmixed target population from des-
ignated source populations, with the remaining populations
accounted for as reference populations. Each of the Taiwanese
subpopulations was considered a target population, whereasall
possible combinations of the remaining Ky = 11 subpopula-
tions were considered as source and reference populations, re-
spectively. The outgroup Oryza barthii was always considered a
reference population. Feasible models with P > 0.05 were se-
lected based on a nested model (Harney etal. 2021).

Demographic Modeling
Demographic modeling was performed using the method
Diffusion Approximation for Demographic Inference (dadi)
(Gutenkunst et al. 2009). To derive the site frequency spectra
(SFS), genic SNPs were filtered out with bedtools v2.28.0 and
biallelic SNPs containing no missing data for the Taiwan 1
(n=7), Northern Philippines (n=21), NE Asian lowland
temperate (n < 49), Mainland SE Asia/Bhutan (n = 6), and
Java/Sumatra/Sulawesi (n < 32), subpopulations were
extracted with PLINK v.1.90. The VCF2DADI function in R
(https://github.com/cjbattey/vcf2dadi, last accessed July 14,
2021) was used to convert the vcf file into the format that
daodi can recognize and convert into an SFS. SNPs were po-
larized based on fixed alleles in our Oryza barthii set.
Demographic parameters were estimated using the Nelder-
Mead algorithm via the dadi_pipelinev3.1.5 (Portik etal.2017).
A single optimization routine consisted of 100 replicates over
four rounds, and each model was optimized over five indepen-
dent routines. Optimization was run on GPUs using the dadi.
CUDA extension (Gutenkunst 2021). To restrict the parameter
space, we sought to run models with a fixed divergencetime T 5,
between tropical and temperate japonica, which has been pre-
viously estimated using SMCH-+- (Terhorst et al. 2017). To do
this in dadi, it was also necessary to fix the ancestral effective
population size, Na. The values for these fixed parameters were
chosen to represent the modes and extremes of estimated
ranges (Gutaker et al. 2020). Ancestral population size and di-
vergence time were fixed via fixing theta as described previously
(Bourgeois et al. 2019), using a mutation rate (1) of 6.5 x 10>

(Gautetal. 1996 ). Only SNPs that occurred in nongenic regions,
and that had fixed variants in the outgroup were considered in
the analyses. The value for the fixed theta was computed using
the formula: =4NA(S¢/St)(Lr — L), where S¢are the number
of SNPs that have fixed variants in the outgroup, St is the total
number of nonmissing SNPs in the nongenic regions, Ly is the
reference genomelength and L is the length of genic regions. In
allmodels, inbreeding was included as an explicit parameter for
all subpopulations (Blischak et al. 2020). A parameter for esti-
mating the ancestral allele misidentification rate was also in-
cluded toaccount forerrorsin polarization of the site frequency
spectra. lllustrations of all tested models are in supplementary
figure S6, Supplementary Material online.

In our first set of models, which included the topologies
(Northern Philippines, [Taiwan 1, NE Asian lowland temper-
ate]) and (NE Asian lowland temperate [Taiwan 1, northern
Philippines]) with and without symmetrical, bidirectional
gene flow with Taiwan 1 and the other subpopulations, we
assessed the performance of combinations of T = 3,100,
4,100, and 5,000 and N, = 5,000, 20,000, and 50,000. As mod-
els with T =4,100 and N5 = 20,000 consistently performed
best (supplementary fig. S8 and table S5, Supplementary
Material online), we only considered these values in all sub-
sequent models. In our second set of models, we set gene flow
to be asymmetrical or unidirectional between Taiwan and the
Philippines to compare with our best model from the first
round—(Northern Philippines [Taiwan 1, NE Asian lowland
temperate]) with symmetrical gene flow. In our final set of
models in this iterative series, we fixed all the parameters of
the best model from the previous round—(Northern
Philippines [Taiwan 1, NE Asian lowland temperate]) with
asymmetrical gene flow between Taiwan and the
Philippines—and explored a pulsed migration model to esti-
mate the relative timing of migration events.

We then ran models with topologies (NE Asian lowland
temperate [mainland SE Asia/Bhutan, Java/Sumatra/
Sulawesi]) and (NE Asian lowland temperate [Northern
Philippines, Java/Sumatra/Sulawesi]) with no migration and
with Tp =4,100 and N, = 20,000 to estimate split times be-
tween the SE subpopulations.

Parameters estimated by dadi were converted to real units
using a mutation rate of L = 6.5 X 10", a generation time of
1year, and a sequence length of 272,413,732 bp (rice chro-
mosomes minus genic regions). Confidence intervals were
estimated using the Godambe Information Matrix with 100
bootstrapped frequency spectra that were constructed by
randomly sampling 1 Mb blocks with replacement until the
total sequence length was as close as possible to the size of
the full genome. For each model, a step size for numerical
differentiation of 10 was selected, when estimates of confi-
dence intervals remained stable from 10 to 107 * . The
bootstrapped frequency spectra were also used to conduct an
adjusted likelihood ratio test between nested models.

Selection Analysis

We used the GRoSS method (Refoyo-Martinez et al. 2019) to
scan the genome for positive selection along each branch of
our best-supported nine-population admixture graph (fig.

13

120Z Jaquiardeg g0 uo 1senb Aq /£8/ | £9/6020BSW/ASQI0W/SE0 L 0L /I0p/3|o1e-a0uBApE/aqW/Woo dno olwapese//:sdiy Woll papeojumoc]


https://github.com/uqrmaie1/admixtools/
https://github.com/uqrmaie1/admixtools/
https://github.com/cjbattey/vcf2dadi
https://github.com/cjbattey/vcf2dadi
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab209#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab209#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab209#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab209#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab209#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab209#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msab209#supplementary-data

Alam et al. - doi:10.1093/molbev/msab209

MBE

3A). The method yields an SB statistic with an associated P
value for each SNP on each branch of the population graph.
We computed P values for overlapping 10-SNP windows
along the genome, and used P < 10~ “and 10~ as thresholds
to identify loci that have putatively undergone selective
sweeps on any of the branches of the admixture graph. We
mapped the identified loci to annotated genes along the
Shuhui498 reference genome (Du et al. 2017), based on any
overlap between the selected SNPs and gene coordinates.
Finally, we examined whether genes associated with loci un-
der selection contained known QTNs, using a recently
reported rice database (Wei et al. 2021).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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