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Latitudinal adaptation and dispersal pathway of foxtail
millet suggested by geographical distribution of transposable
elements inserted in the SIiPRR37 gene
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We investigated the variation and geographical distribution of the Pseudo-
regulator response 37 (Setaria italica PRR37; SiPRR37) gene, which is involved in
heading time (photoperiodism) in foxtail millet. An allele of the SiPRR37 gene, in
which an approximately 4.9-kb transposable element (designated TE1) is inserted
(a loss-of-function or reduction-of-function type), is distributed sporadically in
East Asia and broadly in Southeast Asia and South Asia, implying that this
gene is important in latitudinal adaptation. In addition, we found a new allele of
SiPRR37 with an insertion of a 360-bp TE (TE2) at this locus and investigated
the geographical distribution of this new type. This SiPRR37 allele with TE2 is
distributed in Japan, Korea, Nepal, Iran and Turkey. Both TE1 and TE2 are useful
markers for tracing foxtail millet dispersal pathways in Asia.
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Foxtail millet (Setaria italica (L.) P. Beauv.) is an ancient
cereal in Eurasia. This millet has been cultivated broadly
in Eurasia and parts of Africa and has adapted to various
ecological conditions (Fukunaga et al., 2015), e.g., from
low latitude to high latitude and from low altitude to
high altitude. As foxtail millet has some advantages for
genetic studies, it has become a model for species in the
subfamily Panicoideae (Doust et al., 2009), and its genome
was sequenced by Bennetzen et al. (2012) and Zhang et
al. (2012). As this millet shows high variability in several
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agronomic traits, it should also be a good resource for
studying domestication and crop evolution (Fukunaga and
Kawase, 2024).

Heading time is one of the most important traits for
adaptation to local environments (Izawa, 2007). Takei and
Sakamoto (1987, 1989) reported wide variation in heading
time in foxtail millet landraces due to their variety in basic
growth period and different sensitivity in their response
to changing day length. This trait has been investigated
in other plant species, particularly in two model plants,
rice and Arabidopsis (Izawa, 2007). In foxtail millet, QTL
analyses of heading time have been performed (Mauro-
Herrera et al., 2013; Yoshitsu et al., 2017). In particular,
the Heading date 1 (HD1) gene has been analyzed and a
splicing variant of this gene was found to be distributed
broadly in Eurasia (Fukunaga et al., 2015; Liu et al., 2015),
but it was not clear how this gene alters heading time.

Recently, two groups found that the foxtail millet
Pseudo-response regulator 37 (Setaria italica PRR37;
SiPRR37) gene plays an important role in the latitudinal
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adaptation of this crop (Li et al., 2021; Fukunaga et
al., 2022). PRR37 has been reported to be associated
with circadian rhythms and is a key gene in latitudinal
adaptation in rice and sorghum (Murphy et al., 2011;
Koo et al., 2013). In both species, this gene is the major
repressor of heading under long-day conditions. Li et al.
(2021) investigated Chinese landraces of foxtail millet
using a genome-wide association study and found that
a transposable element (TE) insertion in SiPRR37 was
important in the adaptation of foxtail millet to northeast
China. Fukunaga et al. (2022) also identified the same
TE insertion in a Taiwanese landrace by QTL analysis
between a Japanese landrace and a Taiwanese landrace,
and reported that this TE insertion is predominantly
distributed throughout southern Asia, in areas such as
South Asia, Afghanistan, Southeast Asia, Taiwan and up
to the Nansei Islands of Japan, by genotyping 99 Eurasian
and African accessions of foxtail millet landraces.

Here, we report a new TE insertion (designated TE2) of
360 bp, found using Nanopore sequencing, in addition to
the previously identified insertion (Fukunaga et al., 2022),
which we renamed TE1. The geographical distribution
of both TE1 and TE2 among the 480 accessions analyzed
reveals a new picture of how foxtail millet has expanded
its cultivation latitudinally.

We used 480 foxtail millet landraces and 13 accessions
of S. italica ssp. viridis (L.) Thell., the wild progenitor of
foxtail millet (Supplementary Table S1). These samples
covered the traditional area of foxtail millet cultivation,
from East Asia to Western Europe, and parts of Africa.
All foxtail millet samples were maintained in the NARO
Genebank (National Agriculture and Food Research
Organization), Tsukuba, Japan (https://www.gene.affrc.
go.jp/index_en.php). These 480 accessions were used to
analyze variation in rDNA, HD1, polyphenol oxidase
(Si7PPO) and SiDREB?2 genes (Eda et al., 2013; Fukunaga
et al., 2015; Inoue et al., 2015; Suehiro et al., 2018).

All ssp. viridis accessions were obtained from the
Genetic Resources Information Network of the Agriculture
Research Service, United States Department of Agriculture
(USDA). The 13 accessions included three from Turkey;
two each from Russia, Afghanistan, Iran and mainland

China; and one each from Chile and Mongolia. DNA
extraction was carried out according to Eda et al. (2013).
We performed de novo assembly for three foxtail millet
accessions (‘Yuikogane’, a new cultivar released by Iwate
Prefecture; JP 222871, Kochi Prefecture, Japan, which has
been used for developing a new mapping population in
the Prefectural University of Hiroshima; and JP222980,
an Indian landrace, which has been used in our research
group for analyzing several traits as a representative
for Indian landraces) using Nanopore long reads and
Illumina short reads. Libraries were then prepared
using a Ligation Sequencing Kit (SQK-LSK-109; Oxford
Nanopore Technologies, United Kingdom) according to the
manufacturer’s instructions. Nanopore sequencing and de
novo assembly were carried out as described by Fukunaga
et al. (2022). The genome sequences of the four accessions
(JP71640 from Miyazaki Prefecture, Japan, JP73913
from Taiwan, and two landraces from Iwate Prefecture,
‘Nisatai-zairai’ and ‘Otsuchi 10’) obtained previously
(Fukunaga et al., 2022) were also used in this study. All
genome sequences were deposited in Zenodo (https:/doi.
org/10.5281/zenodo0.10461727). The SiPRR37 gene was
retrieved and its sequences in the seven accessions and
“Yugul’, the reference sequence (Bennetzen et al., 2012),
were compared by BioEdit (Hall, 1999). In addition to the
TE previously reported in ‘Yugul’, ‘Nisatai-zairai’, JP73913
and JP222980 (Fukunaga et al., 2022), we found a 360-bp
insertion in intron 3 in ‘Otsuchi 10’ and ‘Yuikogane’ (Fig. 1).
As ‘Otsuchi 10’ is one of the parents of “‘Yuikogane’ (Nakajo,
2015), this SiPRR37 gene sequence of ‘Yuikogane’ will have
been derived from ‘Otsuchi 10’. We renamed the TE found
by Fukunaga et al. (2022) TE1 and designated this new
360-bp sequence as TE2. We genotyped the TE1 insertion
in intron 3 of the SiPRR37 gene according to Fukunaga et
al. (2022), and checked the absence or presence of TE2 (Fig.
1). For genotyping of TE2, we used the primer set TE2-F
and TE2-R (Supplementary Fig. 1). The PCR conditions
were as follows: 5 min at 94 °C; 35 cycles of 1 min at 94
°C, 1 min at 60 °C and 1 min at 72 °C; and 5 min at 72 °C.
Quick Taq HS DyeMix (Toyobo, Osaka, Japan) was used for
amplification. The PCR products were electrophoresed on a
1.2% agarose gel and visualized under UV light with EtBr
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Fig. 1. Structure of the SiPRR37 gene and insertion of transposable elements (TE1 and TE2). Primers used for the analysis of TE

insertions are shown as arrows.
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staining.

Censor (https://www.girinst.org/censor/) was used for
homology searching of known transposable elements and
Phytozome (https://phytozome-next.jgi.doe.gov/) was also
used to determine the distribution of the transposable
elements in the foxtail millet genome (The JGI Plant Gene
Atlas Setaria italica v2.2).

We compared the gene sequences of the seven accessions
(JP71640 from Miyazaki Prefecture, Japan; JP73913 from
Taiwan; two landraces from Iwate Prefecture, Japan,
namely ‘Nisatai-zairai’ and ‘Otsuchi 10’; JP222871 from
Kochi Prefecture, Japan; ‘Yuikogane’, a new cultivar
from Iwate Prefecture, Japan; and JP222980, an Indian
landrace) and ‘Yugul’, the reference sequence of foxtail
millet (Bennetzen et al., 2012). TE1 (previously reported
as TE by Fukunaga et al., 2022) in intron 3 was observed
in JP222980 (Indian accessions) but not in ‘Yuikogane’
or JP222871 of Kochi Prefecture in Japan, as expected
by PCR genotyping. In addition to TE1, we found a 360-
bp sequence inserted in different positions of intron 3 in
“Yuikogane’ and ‘Otsuchi 10’ (Fig. 1, Supplementary Fig.
S1). We carried out a homology search with this 360-

3

bp sequence using Censor and found homology with
harbinger-like sequences of maize (HARB14Zm and HARB
N36Zm). We also performed a BLAST homology search
of the foxtail millet genome (The JGI Plant Gene Atlas
Setaria itailca v2.2) using Phytozome and found that more
than 1,000 sequences throughout the genome show 67—
100% identity with this sequence, which is thus highly
repetitive in the foxtail millet genome and probably still
active.

Twelve of the 13 wild ssp. viridis accessions showed no
insertion of either TE1 or TE2. PI212625 from Afghanistan
was the exception, with TE1 but not TE2. As this accession
shows non-shattering grains (Liu et al., 2022), similar to
foxtail millet, it may have been misidentified as ssp. viridis
or derived from introgression between ssp. viridis and
foxtail millet.

Genotyping of TE1 and TE2 in foxtail millet landraces
revealed clear geographical distribution patterns, as
shown in Fig. 2. No accessions had both of the two TEs
(TE1 and TE2) together. Of the 480 accessions, 155 (32.3%)
had neither TE1 nor TE2, 238 (49.6%) had only TE1 and
84 (17.5%) had only TEZ2. For three accessions (two from
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Fig. 2. Geographical distribution of TE1 insertion type, TE2 and non-insertion type (wild type) of SiPRR37 gene of foxtail millet. Blue,
orange, gray and yellow in the pie charts represent non-insertion type, TE1 insertion type, TE2 insertion type and TE1 non-amplified
type, respectively. The size of the pie chart represents the number of accessions. South of approximately 30°N, the TE1 insertion type is

predominant.
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India and one from Sri Lanka), TE2 was not inserted, and
no bands were amplified by the primer combinations for
genotyping TE1 (Supplementary Fig. S2). This may be due
to deletions or nucleotide substitutions within the primer
sequence(s) for genotyping TE1, which may have prevented
amplification.

TE1 was found broadly in landraces from subtropical
and tropical regions (south of approximately 30°N), such
as the Nansei Islands of Japan, Taiwan, the Philippines,
Indonesia, Laos, Thailand, Myanmar, Bangladesh,
Bhutan, India, Sri Lanka, Afghanistan, Kenya and South
Africa, and sporadically in Japan, Korea, China, Nepal
and Pakistan (Fig. 2, Supplementary Table S1). Li et al.
(2021) proposed that TE1 insertion into the SiPRR37 gene
plays an important role in adaptation in northeastern
China based on a detailed genetic analysis of 299 Chinese
accessions, but they did not use material collected outside
China. As TE1 insertion is frequently found in East
Asia in our study, but the collection sites of our material
from China are not clear (most of them are from north
China), our data did not indicate so clearly that TE1
insertion into SiPRR37 is important in adaptation to
high latitude in China. Although we used 125 Japanese
landraces, we did not find clear differences between the
eastern and the western parts of Japan excluding the
Nansei Islands (Okinawa Prefecture) (frequency of TE1
insertion was 13.6% (6 of 44 accessions) and 13.2% (9 of
68 accessions), respectively, as shown in Supplementary
Table S2). However, this study strongly indicates that TE1
in the SiPRR37 gene is found in low-latitude (south of
approximately 30°N) areas in Southeast and South Asia
(Fig. 2 and Supplementary Table S1). The present study
indicates that TE1 insertion into the SiPRR37 gene is
important for adaptation not only in northeast China, as
Li et al. (2021) suggested, but also in the low-latitude area.

TE2 has also been detected in Japan, Korea, Nepal, Iran
and Turkey; two Chinese accessions also had this insertion.
There is no evidence that the insertion of TE2 is associated
with adaptation, because no genetic analysis has been
carried out for the TE2 insertion type, but the geographical
distribution of TE2 will be useful as a genetic marker for
tracing the dispersal of foxtail millet. As foxtail millet was
probably domesticated in China (Fukunaga and Kawase,
2024), this implies a close relationship between foxtail
millet landraces among East Asia, Nepal and western
parts of Asia (Iran and Turkey) (Fig. 2, Supplementary
Table S1).

This suggests that a functional SiPRR37 gene is
necessary for foxtail millet to adapt to the middle
latitudinal regions, but is not essential in the high and
low latitudinal regions, where changes in day length are
not critical for heading. This clock gene probably controls
photoperiodism and suppresses flowering under long-day
conditions. The wild type having neither TE1 nor TE2 is
distributed in the middle latitudinal regions (Fig. 2), where

plants can be affected by changes in day length, although
the wild type showed early to late heading and the TE1
type also showed early to extremely late heading under
natural day length in Japan (data not shown). Detailed
analysis of the effect of TE1 insertion into the SiPRR37
gene is required using near-isogenic lines. The effect of TE2
on the SiPRR37 gene in heading time is not clear. Further
analysis of effect of TE2 insertion in this gene on heading
time is therefore also required, e.g., using near-isogenic
lines.

TEs have played important roles in the domestication
and diversification of foxtail millet. In our previous study
(Fukunaga et al., 2022) and in this study, we identified two
transposable elements in the SiPRR37 gene. TEs are also
found in several other genes, such as shattering genes and
the Waxy, Si7PPO and C genes (Fukunaga and Kawase,
2024). Genome-wide polymorphisms of TE insertions have
been identified by transposon display in the foxtail millet
genome (Hirano et al., 2011).

As reviewed above, TE insertions in certain genes have
played important roles in domestication, followed by crop
evolution with landrace diversification. Further studies
of genome-wide TE insertions will be helpful in better
understanding the evolution and phylogeny of this millet.
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