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In brief

Identification of genes or alleles from wild
soybean to introgress into modern elite
cultivars will improve soybean
productivity. Dong et al. show that Tof4
has undergone natural selection in wild
soybean and facilitated adaptation to
high latitudes. This study provides a new
approach for precision breeding of early-
maturity soybean varieties.
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SUMMARY

In many plants, flowering time is influenced by daylength as an adaptive response. In soybean (Glycine max)
cultivars, however, photoperiodic flowering reduces crop yield and quality in high-latitude regions. Under-
standing the genetic basis of wild soybean (Glycine soja) adaptation to high latitudes could aid breeding
of improved cultivars. Here, we identify the Tof4 (Time of flowering 4) locus, which encodes by an E1-like pro-
tein, E1La, that represses flowering and enhances adaptation to high latitudes in wild soybean. Moreover, we
found that Tof4 physically associates with the promoters of two important FLOWERING LOCUS T (FT2a and
FT5a) and with Tof5 to inhibit their transcription under long photoperiods. The effect of Tof4 on flowering and
maturity is mediated by FT2a and FT5a proteins. Intriguingly, Tof4 and the key flowering repressor E7 inde-
pendently but additively regulate flowering time, maturity, and grain yield in soybean. We determined that
weak alleles of Tof4 have undergone natural selection, facilitating adaptation to high latitudes in wild
soybean. Notably, over 71.5% of wild soybean accessions harbor the mutated alleles of Tof4 or a previously
reported gain-of-function allele Tof5"2, suggesting that these two loci are the genetic basis of wild soybean
adaptation to high latitudes. Almost no cultivated soybean carries the mutated tof4 allele. Introgression of the
tof4-1 and Tof52 alleles into modern soybean or editing E7 family genes thus represents promising avenues

to obtain early-maturity soybean, thereby improving productivity in high latitudes.

INTRODUCTION

Soybean (Glycine max [L.] Merr.) is an important edible oil and
protein feed crop.” In 2020, 100.31 million tons of soybean
were imported into China, while the domestic soybean produc-
tion was only 19.6 million tons. The Heilongjiang province ac-
counts for 56.11% of China’s total soybean production, mainly
in the north, for example, in the cities of Heihe, Qigihar, and Jia-
gedagqi at latitudes of over 48° N (National Bureau of Statistics,
NBSC). Notably, soybean production has also experienced rapid
growth in Russia, with the Amur region of the Far Eastern Federal
District (48°51-57°04’ N) providing nearly 30% of Russia’s total
production.® Despite being major soybean-producing and vari-
ety-breeding areas, these northern regions in both China and
Russia usually have only short frost-free periods. Thus, early-
maturity or super-early-maturity soybean varieties are needed
to ensure natural maturity before early frost in these regions.
However, few early-flowering and -maturity genes have been
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identified, limiting the soybean varieties suitable for planting in
these high-latitude regions with short seasons.

Cultivated soybean was domesticated from its wild relative
(Glycine soja [Sieb. and Zucc.)) in central China ~5,000 years
ago.®’ It is a facultative short-day (SD) plant and is extremely
sensitive to photoperiod.” Cultivated soybean gained the ability
to flower under long-day (LD) conditions during the growing
season at higher latitudes, mainly through the reduction of
photoperiod sensitivity.® In recent decades, studies focused on
the molecular pathways of soybean flowering and adaptation
to high latitude have determined that a legume-specific E1
gene-mediated photoperiodic network plays a crucial role in
soybean.’'> The PHYTOCHROME A (PHYA) photoreceptors
E3 (PHYAS3) and E4 (PHYAZ2) receive light signals and convert
them into oscillatory signals through the circadian clock, which
directly or indirectly regulate the expression of E7 and in turn
release its transcriptional suppression of downstream genes,
such as FLOWERING LOCUS T 2a (FT2a), FT5a, and Time of
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Figure 1. Identification of the Tof4 gene by map-based cloning

(A and B) GWAS of flowering time (R1 stage) using data from 295 wild soybean accessions grown over the 2018 (A) and 2019 (B) field seasons in Harbin, China.
(C) Delimitation of the Tof4 locus to a 260-kb region of chromosome 4 in a segregating heterozygous inbred family (n = 2,210) from a cross between Williams82
(W82) and Dongnong50 (DN50). A, homozygous for the Tof4 allele from W82; B, homozygous for the tof4 allele from DN50; H, heterozygous.

(legend continued on next page)
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flowering 5 (Tof5; a homolog of FRUITFULL), ultimately control-
ling the flowering time and maturity under LD conditions.”"""®
In addition, loss-of-function alleles of E2, E1-like-b (E1Lb),
Tof11, and Tof12 as well as gain-of-function alleles of Tof5
facilitate early flowering and maturity and improve soybean
adaptation to high latitude.'*~"° Allelic variation in ET-E4 genes
explains 62%-66% of the variation in soybean flowering, indi-
cating that allelic combinations of E1-E4 genes play major roles
in determining soybean flowering time and thus adaptation
zone.'® The allelic combination e725/e2/e3/E4 (1% is a weak
mutant allele of E7) plays a dominant role in southern Northeast
China, and only cultivars carrying mutations at all four E7-E4 loci
are distributed in high-latitude (above 47° N) cold regions.'”'®
However, wild soybean is distributed across a broad geograph-
ical range (24°-53° N, 97°-143° E), which includes the northern
Heilongjiang province in China and Far Eastern Federal District
in Russia at latitudes over 48° N.'®?° Therefore, we reasoned
that elucidating the genetic basis of wild soybean’s adaptation
to high-latitude regions with short seasons could point us toward
useful genetic resources that could be reintroduced into culti-
vated soybean via breeding.

In this study, we identified a novel locus, Tof4, that controls
flowering time and latitude adaptation in wild soybean under
LD conditions. Using a genome-wide association study
(GWAS) and positional cloning of quantitative trait loci (QTLs),
we show that Tof4 accounts for a major portion of the natural
variation in flowering and adaptation to high latitude in wild soy-
bean. Tof4 encodes a homolog of the legume-specific E1 protein
(E1La) that represses flowering and maturity by directly regu-
lating the transcription of FT2a, FT5a, and Tof5 in soybean.
Furthermore, we determined that weak alleles of Tof4 have un-
dergone natural selection, facilitating adaptation to high latitudes
in wild soybean. Finally, we establish that Tof4 inhibits flowering
under LD conditions, independently of E7, and plays a major role
in the control of flowering in soybean. By modulating combina-
tions of E7 homolog mutations or different Tof4 and E7 alleles,
it should be possible to breed early-maturity and super-early-
maturity soybean varieties suitable for high-latitude regions
with short seasons. Our findings thus uncover the major genetic
basis for the adaptation of wild soybean to high latitudes and
provide a new approach for precise breeding to improve
soybean crop adaptation to such regions.

RESULTS

Identification of the Tof4 locus

To identify the QTLs that control flowering time in wild soybean,
we first evaluated the flowering time of 295 wild soybean
accessions, including 200 wild soybean accessions that were
described in a previous study ' and 95 wild soybean accessions
newly collected and sequenced in this study (Data S1), grown
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under natural LD conditions in Harbin (45.75’ N). We conducted
a GWAS using 4,893,018 single-nucleotide polymorphisms
(SNPs) with a minor allele frequency (MAF) > 0.05 and identified
one consistent significantly associated locus on chromosome 4
(hereafter referred to as Time of flowering 4 [Tof4]) controlling
flowering time under natural LD conditions in both 2018 and
2019 (Figures 1A-1D). Consistent with the GWAS results, we
previously identified a major QTL controlling flowering time and
maturity on chromosome 4, using a biparental recombinant
inbred line population derived from a cross between Dong-
nong50 (DN50, a cultivar introgressed from wild soybean) and
Williams 82 (W82).?" We concluded that Tof4 denotes a major
QTL regulating flowering time in wild soybean under LD
conditions.

Tof4 encodes an E1La protein and represses soybean
flowering

We generated a large (n = 2,210) inbred Fg population from
DN50 x W82 for fine mapping of the Tof4 locus by recurrent se-
lection for heterozygosity at Tof4 from the F, to F; generations.
Analysis of this population located Tof4 within a 260-kilobase
(kb) region harboring four genes (Figure 1E; Table S1), based
on the W82 reference genome.?” We cloned and sequenced all
four of the predicted genes coding regions in the two parents;
ofthese, only the sequence of the E7La gene (Glyma.04G156400)
differed between the two parents (W82 and DN50). The early
flowering parent DN50 harbored one SNP predicted to convert
alysine into a glutamate, in which the lysine is conserved in legu-
minous species (Figures 1F, 1G, and S1), indicating that this SNP
may impair the functions of E1La. The presence of this mutationin
DN50 suggested that the E7La gene was a strong candidate for
the Tof4 locus.

The examination of tissue-specific expression showed that
E1la was highly expressed in leaves and almost not expressed
in other tissues (Figure S2A). To examine the specific effect of
the Tof4 locus, we generated two Fg near-isogenic lines (NILs)
carrying either the functional Tof4 allele (NIL-Tof4) or mutated
tof4 allele (NIL-tof4-1) and evaluated the flowering time of
both NILs under natural LD conditions in Changchun, China.
Compared with NIL-Tof4, NIL-tof4-1 showed significantly
earlier flowering time and maturity (Figures 2A-2C), along
with decreased plant height, node number, and pod number
(Figures S2B-S2D), as well as reduced grain yield (Figure 2D).
These results support the notion that the tof4-1 allele promotes
flowering and maturity in soybean under LD conditions. Like
the function of E1, E1lLa also acts as a flowering repressor.
The loss of function of ET and E7La might have contributed to
the adaptation of soybean to high latitude.

To validate whether E7La is associated with flowering time in
soybean, we generated loss-of-function mutants of E7La (named
tof4°R) in the W82 background, using CRISPR-Cas9-mediated

(D) Segregation of flowering time is shown in boxplot format, where the interquartile region, median, and range are represented by the box, the bold vertical line,
and the horizontal line, respectively (n = 20 plants). Each boxplot corresponds to the segregant on the same row in (C). For phenotypic investigations, the days
from emergence to the first flowering (DAE), corresponding to the R1 stage, were scored.

(E) The 260-kb genomic region between markers M2 and M5 contains four predicted genes in the reference genome Glycine max Wm82.a2.v1.

(F) Allelic variation in the Tof4 candidate gene Glyma04G 156400 in W82 and DN50. The top line is base change, and the bottom line is amino acid change.
(G) Sequence comparison of W82 and DN50. The red indicates the position of the single amino acid variation in DN50. An asterisk indicates the termination of

translation. See also Figure S1, Table S1, and Data S1.
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Figure 2. Tof4 negatively regulates flowering time in soybean under long-day conditions
A) Phenotypes of NIL-Tof4 and NIL-tof4-1 under natural long-day (LD) conditions in Changchun. Scale bars, 20 cm.

B) Flowering time. DAE, days after emergence.
C) Time to maturity.
D) Grain yield per plant.

F) Schematic figure of Tof4 protein in tof4°7 mutants.

G) Phenotypes of Tof4°" and W82 under natural LD conditions in Changchun. Scale bars, 20 cm.

H) Flowering time.
1) Time to maturity.
(J) Grain yield per plant.
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(E) Generation of Tof4 mutants by CRISPR-Cas9 in W82 (e1%°E3E4, e1%® is a weak mutant allele of £7) background.
(
(
(
(

All data are shown as mean + SD (n = 10 plants). One-tailed Student’s t test was used to generate the p values. See also Figure S2.

gene editing (Figure 2E). The mutation led to a truncation of
the E1La protein (Figure 2F). The tof4°" plants showed significantly
earlier flowering time and maturity, altered yield-related traits,
and reduced overall grain yield relative to wild-type W82
(Figures 2G-2J and S2E-S2G). We also genetically transformed
W82 to overexpress the coding sequence of Tof4 and character-
ized six independent T3 homozygous overexpression (Tof4-OE)

transgenic lines (Figure S2H). The Tof4-OE transgenic lines
showed significantly later flowering and maturity than wild-
type W82 and thus an improved grain yield under natural LD
conditions in Shijiazhuang, China (Figures S2I-S2L). These
observations establish E7La as the candidate for the Tof4 locus
and indicate that the natural mutations in DN50 cause Tof4
flowering.

Current Biology 33, 252-262, January 23, 2023 255




¢ CellPress

OPEN ACCESS

w
o
o
3

A 0.020

tof4CR
0.0154

o
o
=

0.010

FT2alTUB
FT5alTUB
IS)

o
S

0.005-

w82
tof4°R

0.000 T T T T 1 1

C Effector D
Tof4

z
[e]
»

1 \ 35S promoter 446 —
‘ 3+6
2+6
1+6
445 —
3+5

2 \ 35S promoter tof4-1 \

tof4°R [

z
(o]
(7]

3 \ 35S promoter

4 [ 35S promoter GFP [ Nos |

Reporter

1+5

Current Biology

Figure 3. Tof4 directly represses the expres-
sion of FT2a and FT5a

(A and B) Diurnal variation in transcript levels of FT2a
(A) and FT5a (B) in Williams82 and tof4°" plants
under LD conditions (16 h light/8 h dark) in growth
chamber. All data are given as mean + SD (n = 3
repeats).

(C) Constructs used for the transient transfection
assay.

(D) Luciferase activity under the control of the FT2a
or FT5a promoter, with the results from three inde-
pendent replicates shown; the value for each repli-
cate is represented by a dot. The combinations in
(D) link to the numbers in (C). A Student’s t test was
used to generate the p values.

(E) ChIP-gPCR results demonstrating the direct
binding of Tof4 to the FT2a promoter. EF1b as
negative control.

(F) ChIP-gPCR results demonstrating the direct
binding of Tof4 to the FT5a promoter; the value for
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Tof4 directly represses the expression of FT2a, FT5a,
and Tof5

Two florigen gene homologs, FT2a and FT5a, coordinately inte-
grate photoperiod responses to control soybean flowering and
adaptation.”*?* To gain more insight into the molecular mecha-
nism underlying the regulation of flowering and maturity by
Tof4, we investigated the expression of these genes in tof4°"
and NILs of Tof4 under LD conditions (16 h light/8 h dark, 16L/
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(G) Phenotypes of difference allelic combinations at
Tof4 and FT2a FTba at 47 days after emergence
under LD conditions in growth chamber. Red box,
magnified view. Flower buds were seen more clearly
in the small photos. Scale bars, 10 cm.

(H) Flowering time of different allelic combinations at
Tof4 and FT2a FT5a under LD conditions (16 h light/
8 h dark) in growth chamber.

All data are shown as mean + SD (n = 10 plants); the
value of each plant is represented by a dot. Different
lowercase letters above the histogram bars in
(H) denote significant differences across the two
panels (p > 0.05). One-way ANOVA was used to
generate the p values. See also Figure S3.

8D) in growth chamber. FT2a and FT5a
were expressed at higher levels in the
tof4°F mutant and NIL-tof4-1, compared
with those in wild-type W82 and NIL-Tof4,
respectively (Figures 3A, 3B, S3A, and
S3B). These results suggest that Tof4 acts
upstream of FT2a and FT5a in the soybean
flowering pathway. To further explore the
molecular nature of the relationship be-
tween Tof4 and FT2a/FT5a, we performed
a dual-luciferase transient expression and
chromatin  immunoprecipitation (ChlP)-
gPCR assay. Tof4 proteins could directly
associate with the promoters of FT2a and
FTba (Figures 3E and 3F) and significantly
inhibited the transcription of FT2a and

FT5a (Figures 3C and 3D). To further inves-
tigate the genetic relationship between Tof4 and FT, we devel-
oped a tof4°F ft2a ft5a triple mutant in the W82 background by
crossing the tof4°% mutant and a ft2a ft5a double mutant®* and
performed a phenotypic analysis under LD conditions in growth
chamber. The tof4°" mutant flowered significantly earlier than
wild-type W82; however, there was no difference in flowering
time between the ft2a ft5a double mutant and the tof4°" ft2a
ftba triple mutant, suggesting that Tof4 genetically depends on
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FT2a and FT5a to control flowering in soybean (Figures 3G and
3H). Collectively, these results indicate that Tof4 directly re-
presses FT transcription (FT2a and FT5a) to control flowering
and maturity in soybean.

Our previous report confirmed that E1 inhibited the transcrip-
tion of Tof5 by associating with its promoters.’ To determine
whether Tof4 also regulates Tof5 expression, we performed
reverse-transcriptase quantitative PCR (RT-gPCR) assays to
determine the transcription levels of Tof5 in the tof4°" mutant
and in NILs of Tof4. Tof5 was expressed more highly in the tof4°?
mutant and NIL-tof4-1, compared with that in wild-type W82 and
NIL-Tof4, respectively (Figures S3C and S3D). Consistent with
the finding that E1 binds to the promoter of Tof5, we also deter-
mined that Tof4 could bind to the promoter of Tof5 near the adja-
cent fragment sites P2 and P3 by ChIP-gPCR assay (Figure S3E),
and significantly repressed the transcription of Tof5 (Figures S3F
and S3G). These results indicate that Tof4 can directly bind to the
promoter of Tof5 and inhibit its expression. Therefore, Tof4
proteins directly associate with the promotors of flowering en-
hancers FT and FUL to suppress their transcription, thus delay-
ing soybean flowering and maturity.

Loss-of-function alleles of Tof4 have the potential for
breeding early-maturing soybean varieties

To explore the genetic relationship between Tof4/E1La and E1,
we developed a tof4°" e1°F double mutant by crossing the
tof4°" mutant and the e7°F mutant that were described in a pre-
vious study.’ We subjected the mutants to phenotypic evalua-
tion in Harbin (45.75’ N) and Changchun (43.88" N) under natural
LD conditions. In Changchun, the tof4°" e1°F double mutant
flowered earlier than the e7°® mutant and wild-type W82 and
had altered vyield-related traits (Figures 4A-4D and S4D-S4F)
However, in Harbin, wild-type W82 and the e7°" mutant failed
to mature, and it was difficult to harvest their seeds naturally until
the end of the growing season, whereas the tof4°F 17 double
mutant showed earlier flowering and maturity, and high-quality
seeds were harvested (Figures 4E-4H and S4G-S4l). The soy-
bean genome contains two E7 homologs (E7La and E71Lb), and
their amino acid sequences maintain high similarity.”> We gener-
ated a tof4°" e1°F e1/b°" triple mutant using CRISPR-Cas9
technology and performed phenotypic analysis (Figures S4A-
S4C). The tof4°F e1°7 e11b°" triple mutant showed super-early
flowering and maturity under natural LD conditions in two high-
latitude locations, Changchun and Harbin (Figures 4A-4H and
S4D-S4l). We tested the expression levels of FT2a, FT5a, and
Tof5 in these mutants and determined that the transcription of
FT2a, FT5a, and Tof5 correlated with flowering, maturity, and
yield under LD conditions (Figures 4l, 4J, and S4J). Together,
these results suggest that loss-of-function alleles of Tof4 pro-
mote soybean adaptation to high latitudes and that E7La and
E1 independently but additively regulate flowering time, matu-
rity, and grain yield in soybean.

Geographical distribution of Tof4 alleles in wild soybean

To explore the evolutionary origin of different Tof4 alleles, we
examined variations of the Tof4 coding sequence in 2,387 rese-
quenced accessions, including 2,292 previously described ac-
cessions'®*"® and 95 wild soybean accessions used in this
study. We identified five unique high-confidence haplotypes for
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Tof4 (Figure S5A; Data S2). Median-joining network analysis
indicated that Tof4™ originated from Tof4"2 (tof4-1) and
Tof4" originated from Tof4"** (Figure S5B). To further examine
the functional significance of the different alleles of Tof4, we
performed a dual-luciferase transient expression assay in Arabi-
dopsis (Arabidopsis thaliana) protoplasts. The results demon-
strate that the Tof4* (tof4-1) and Tof4"*® (named tof4-2) alleles
partially impaired the inhibitory ability of Tof4 in the expression
of FT5a, but the Tof4"* and Tof4"™ alleles had no effects
(Figures S5C and S5D). We generated a second null functional
tof4 mutant (named tof4°7-D) in the DN50 (tof4-1 allele) back-
ground (Figures S5E and S5F). Phenotypic analysis showed
that the tof4°F-D mutant flowered significantly earlier than
wild-type DN50 under LD conditions in growth chamber
(Figures 5A and 5B). We also performed a population genetic as-
sociation analysis of flowering time in the 295 wild soybean ac-
cessions, and the results indicated that wild soybean carrying
the tof4-1 allele showed earlier flowering than wild accessions
carrying the Tof4 allele (Figures 5C and 5D), suggesting that
tof4-1 is a weak allele.

To further investigate the evolutionary history of Tof4, we
analyzed the percentages of different alleles in accessions of culti-
vated soybean, landraces, and wild soybean in our panel of 2,387
resequenced accessions. Weak alleles of Tof4 (tof4-1 and tof4-2)
were present in 32.9% of wild soybean accessions; however, only
0.35% (3/857) of cultivated soybean accessions contained the
tof4-1 allele, indicating that the mutated tof4 alleles observed in
wild soybean are rarely present in cultivated soybean (Figure 5E).
However, three cultivated soybean accessions that contained
the mutated tof4-1 allele may be derived from natural or artificial in-
trogressions of wild soybean (Figure 5E).

We examined the geographical distributions of different Tof4
alleles in 441 wild soybean accessions from China. The fre-
quency of tof4 alleles was 61.6%, with those of tof4-1 and
tof4-2 being 58.8% and 2.8%, respectively, in the northeast re-
gions of China (NE), whereas tof4 alleles were absent in the wild
soybean accessions from medium- or low-latitude regions (Fig-
ure 5F). Nucleotide diversity analysis showed that mutated tof4
alleles exhibited lower nucleotide diversity than Tof4 allele in
the NE (Figure 5G). In addition, wild soybean accessions carrying
tof4 alleles were found at a higher mean latitude than accessions
carrying Tof4 (Figure 5H). These results indicate that the tof4-1
allele was the major genetic variant in wild soybean to adapt to
high latitudes. Our previous research showed that gain-of-func-
tion alleles of Tof5 (Tof5"" and Tof5'"?) and loss-of-function al-
leles of E3 also contributed to the adaptation of wild soybean
to high-latitude regions.” We therefore examined the geograph-
ical distribution of different Tof5 and E3 alleles in the 441 wild ac-
cessions. The frequencies of the Tof5"? and Tof5""" alleles were
15% and 18%, respectively, but that of the e3 allele was only 4%
in NE; the Tof5"" and e3 alleles also arose in other regions of
China (Figure 5F). Notably, more than 71.5% of accessions
harbored the mutated alleles of Tof4 or gain-of-function alleles
of Tof5 (Data S3), suggesting that these genes are the major ge-
netic basis of adaptation to high latitude in wild soybean.

Based on our data, we propose a model describing how the
natural selection of Tof4 and Tof5 facilitated the adaptation of
wild soybean to high latitudes (Figure 5l). Tof4 represses FT
and Tof5 expression, and Tof4 physically associates with the
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Figure 4. Tof4 and E1 additively control flowering time and latitude adaptation

(A) Phenotypes of Williams82 (W82), e1°7, tof4€ e1°F, and tof4°" e1°F e1/b°"F plants under natural LD conditions in Changchun. Scale bars, 20 cm.

(B) Flowering time.

(C) Time to maturity.

(D) Grain yield per plant.

(E) Phenotypes of W82, e1°F, tof4°" e1°F, and tof4°F e1°F e1/b°" plants under natural LD conditions in Harbin. Scale bars, 20 cm.

(F) Flowering time.

(G) Time to maturity.

(H) Grain yield per plant.

All data are shown as mean + SD (n = 10 plants); the value of each plant is represented by a dot. Different lowercase letters above the histogram bars in (B)-(D) and
(F)—~(H) denote significant differences across the two panels (p > 0.05). One-way ANOVA was used to generate the p values.

(1) Diurnal variation in transcript levels of FT2a in W82, e1°7, tof4°F e1°F, and tof4°F e1°F e1/b°F plants under LD conditions (16 h light/8 h dark) in growth
chamber.

(J) Diurnal variation in transcript levels of FT5a in W82, e1°F, tof4°" e1°R, and tof4°" e1°F e1Ib°F plants under LD conditions (16 h light/8 h dark) in growth
chamber.

All data are given as mean + SD (n = 3 repeats). See also Figure S4.
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promoters of the two key soybean FT homologs and Tof5 to pro-
mote their expression, ultimately resulting in the promotion of
flowering and earlier maturity (Figure 5J).

DISCUSSION
Determining the genetic basis of wild soybean adaptation to high

latitudes will help us identify valuable genes or alleles from wild
soybean that can be introgressed into modern elite cultivars to

Early flowering

High latitudes
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Figure 5. Geographical distribution of ge-
netic diversity of Tof4

(A) Phenotypes of Dongnong50 (DN50) and tof4°F-D
plants under LD conditions (16 h light/8 h dark) in
growth chamber. Red box, magnified view. Scale
bars, 10 cm. In tof4°F-D, D indicates that it is
CRISPR in DN50.

(B) Flowering time of DN50 and tof4°F-D plants
under LD conditions (16 h light/8 h dark) in growth
chamber.

(C) Flowering time variations in 379 wild soybean
accessions carrying Tof4 and tof4-1 alleles under
natural LD conditions in 2018 in Harbin.

(D) Flowering time variations in 379 wild soybean
accessions carrying Tof4 and tof4-1 alleles under
natural LD conditions in 2019 in Harbin. For box-
and-whisker plots, the central line, box, and whis-
kers indicate the median, interquartile range (IQR),
and 1.5 times the IQR, respectively. One-tailed
Student’s t test was used to generate the p values.
(E) Proportions of Tof4 alleles and their co-occur-
rence with each of the three germplasm groups.

(F) Latitudinal distribution of all wild Chinese soy-
bean accessions possessing different alleles at
Tof4.NE, northeast region of China; NR, north region
of China; HR, Huanghuai region of China; SR, south
region of China.

(G) Nucleotide diversity analysis of the region sur-
rounding Tof4 in different region of China.

(H) Latitudinal distribution of all wild Chinese soy-
bean accession po ing different alleles at Tof4.
For box-and-whisker plots, the central line, box, and
whiskers indicate the median, IQR, and 1.5 times the
IQR, respectively. A Student’s t test was used to
generate the p values.

() A proposed model illustrating natural selection of
Tof4 and Tof5.

(J) Molecular regulatory mechanism of Tof4 in soy-
bean flowering and adaptation. See also Figure S5
and Data S2 and S3.

improve soybean productivity. In the cur-
rent study, we identified the novel locus
Tof4, which encodes the EllLa protein,
and determined that mutated tof4 alleles
were targeted by natural selection and
contributed to earlier flowering and matu-
rity and geographical adaptation to high-
latitude regions in wild soybean. We
confirmed that Tof4 depends genetically
on two key soybean FT homologs (FT2a
and FTb5a) and that Tof4 directly binds to
the promoters of FT and Tof5 to repress

their transcriptions. Tof4 inhibits flowering and maturity indepen-
dently of E7 and plays a major role in the control of flowering in
soybean under LD conditions. The weak alleles of Tof4 that
were identified in this study provide valuable genetic resources
for molecular breeding to improve soybean adaptation and pro-
ductivity at high latitudes.

Crop domestication is the process during which wild species
are converted into crop plants through artificial selection.”®
Due to artificial selection and population/genetic bottlenecks,
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modern crops have much lower genetic diversity than their wild
relatives.?’~2° This reduced variation may have led to the loss of
some genes or alleles that are important for adapting to different
environments. Natural variations from wild ancestors can be
introduced into modern crops via breeding to improve plant
adaptation and yield. For instance, the Upright plant architec-
ture2 (UPA2) allele from teosinte was lost during maize domesti-
cation, and re-introducing the wild UPA2 allele into modern
maize hybrids facilitated high-density planting and increased
yields.®° Our previous report established that the Tof5"2 allele
leads to earlier flowering and maturity than the Tof5 allele in
wild soybean, representing a good genetic resource for
improving cultivated soybean adaptation to high latitudes.’
Here, we show that mutated Tof4 alleles from wild soybean pro-
moted earlier flowering and maturity and facilitated wild soybean
adaptation to high-latitude short-season regions. The weak al-
leles of Tof4 mainly occurred in wild soybean accessions from
the NE regions of China but rarely (3/1,187) occurred in cultivated
soybeans. Because cultivated soybean was domesticated from
its wild relative Glycine soja in temperate regions (32° N and 40°
N) of China ~5,000 years ago,”’ the wild soybean from the NE
regions of China has not undergone the process of domestica-
tion; therefore, mutated Tof4 alleles have not been used in mod-
ern breeding of cultivated soybean. Plants with loss-of-function
alleles of both E7 and Tof4 exhibited very early maturity and
matured normally in high-latitude regions with short frost-free
periods. RNAI suppression of E7 and its paralogs resulted in a
near-complete loss of photoperiod sensitivity and was sufficient
to convert an extremely late-flowering maturity group (MG) VIII
cultivar to MG 000.°" Here, we also determined that the triple
mutant of E7 family genes confers super-early maturity and
adaptation to high-latitude short-season regions. Therefore,
introducing mutated tof4 alleles from wild soybean into modern
cultivated soybean can improve cultivated soybean adaptation
and could be used to breed earlier-maturity and high-yield
soybean.

The adaptation of soybean to high latitudes was facilitated by
the presence of natural loss-of-function alleles of six flowering
suppressors—E1, E2 (homolog of GIGANTEA), E3, E4, and two
PSEUDO-RESPONSE-REGULATOR3 homologs, Toff1 and
Tofl12—and the gain-of-function allele of flowering activator
Tof5.211:142.1.32 Although these genes controlling flowering
and maturity have been identified in various cultivated soybean
accessions, the genetic basis of wild soybean adaptation to
high latitudes is still unclear. Our previous study report that
Tof5 contributes to the wild soybean adaptation to high-latitude
regions. The frequency of the Tof5" allele in the northeast re-
gions of China was only 18.8% in the 257 wild soybean acces-
sions from China. In addition, natural variation in E7La may be
present in a high frequency in wild soybean accessions adapted
to high latitudes, and it has likely been used only rarely in North
American cultivar development.®® However, the genetic basis of
wild soybean (G. soja) adaptation to high-latitude cold regions
remains largely unclear. In this study, we collected 379 wild soy-
beans to perform a population genetic association analysis of
flowering time and observed that more than 61.6% of wild soy-
bean accessions harbor mutations of tof4 alleles and about
15% of wild soybean accessions harbor Tof5'2. Moreover,
more than 71.5% of wild soybean accessions in high-latitude
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regions harbor tof4 mutant alleles or Tof5 gain-of-function al-
leles. Together, these results suggest that mutated alleles of
Tof4 and gain-of-function Tof5" alleles are the major genetic
basis of wild soybean adaptation to high latitudes. The identifica-
tion of novel genes involved in the geographical adaptation of
wild soybean will improve our understanding of flowering mech-
anisms in wild soybean and facilitate the improvement of culti-
vated soybean.

In the LD model plant Arabidopsis, CONSTANS (CO), a tran-
scriptional activator of FT,**~*° plays a key role in the regulation
of photoperiodic flowering.®’° Transcriptional and post-tran-
scriptional up-regulation of CO results in accumulation of the CO
protein in the late afternoon under LD conditions, which in turn ac-
tivates FT expression. The SD model plant rice CO ortholog
HEADING DATET (HD1) acts as an activator of HD3A expression
under SD conditions but as a suppressor under LD conditions.*®
Unlike Arabidopsis and rice, there is a PHYTOCHROME A-medi-
ated transcriptional induction of legume-specific E7 by light that
plays a critical role in photoperiodic induction of flowering in soy-
bean.'"*® The maturity gene E7, which has the largest effect on
flowering in soybean and is a B3-related transcription factor, sup-
presses the expression of FT2a and FT5a.>'%%*%> E1 has two ho-
mologs, E1La and E1Lb, which share high nucleotide and amino
acid identities and exhibit similar expression patterns to £7.%° Vi-
rus-induced silencing of E1La and E1Lb up-regulates the expres-
sion of FT2a and FT5a and leads to early flowering.”® A loss-of-
function allele of E7Lb identified in far-eastern Russian soybean
cultivars promotes flowering by up-regulating the expression of
soybean FT2a and FT5a under LD conditions.'® Despite these ef-
fects, we do not know how E1La regulates the expression of FT2a
and FT5a to control soybean flowering under LD conditions. Here,
we generated stable genetic soybean plants and sufficient
biochemical evidence to conclude that Tof4 (E1La) directly binds
to the promoters of FT2a and FT5a and represses their expression,
and Tof4 depends genetically on FT2a and FT5a to control soy-
bean flowering under LD conditions. In addition, we demonstrate
that Tof4 also directly regulates the transcription level of Tof5.
Therefore, the roles of Tof4 in controlling flowering are integrated
into the classical E3/E4-E1-FT pathway. E1 and its homologs
(E71La and E1Lb) are the critical regulators in photoperiodic flower-
ing in wild and cultivated soybean. The loss-of-function alleles of
E1 family genes thus can be used to develop early-maturity and
high-yield soybean cultivars for high-latitude regions.
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Details of genome resequencing data Lu et al.? BioProject: PRINA394629; PRJCA000205;
PRJCA001691;
Experimental models: Organisms/strains
Diverse soybean accessions China, Russia, and the See Data S2
United States
Soybean: Williams82 Widely distributed N/A
Soybean: tof4°F, tof4°Fe1°F, This paper N/A
tof47e1%e 116", tof4°7-D
Soybean: Tof4-OE This paper N/A
Soybean: ft2a ft5a Li et al.>* N/A
Soybean: e1°" Dong et al. N/A
Oligonucleotides
Primer sequences used for vector construction, This paper See Table S2
sequencing and expression analysis
Recombinant DNA
pTF101 Luetal® N/A
pGreenll 0800-LUC Bu et al.*® N/A
PRT107-358,,,,:SOC1b This paper N/A
proFT2a-LUC-REN This paper N/A
proFT5a-LUC-REN This paper N/A
proTof5-LUC-REN This paper N/A
proTof4-Tof4-Flag This paper N/A
pro35S-Tof4-Flag This paper N/A
pro35S-tof4-1-Flag This paper N/A
pro35S-tof4-2-Flag This paper N/A
pro35S-Tof4-H4-Flag This paper N/A
pro35S-Tof4-H5-Flag This paper N/A

(Continued on next page)

Current Biology 33, 252-262.e1-e4, January 23, 2023 el



¢? CellPress Current Biology

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

BWA version 0.7.17-r1188 Luetal? http://bio-bwa.sourceforge.net/

Picard version V1.109 Lu et al.? http://broadinstitute.github.io/picard/
Genome Analysis Toolkit version V3.2-2 Lu et al.? https://gatk.broadinstitute.org/hc/en-us
GATK and SAMtools version 1.9 Lu et al.? http://samtools.sourceforge.net/

SnpEff version 1.9.6 Lu et al.? https://pcingola.github.io/SnpEff/

PHYLIP version 3.68 Lu et al.? https://evolution.gs.washington.edu/phylip/
EIGENSOFT version 6.1.1 Lu et al.? https://github.com/DReichLab/EIG

PLINK version 0.72 Lu et al.? http://pngu.mgh.harvard.edu/purcell/plink/
EMMAX beta version Lu et al.? https://genome.sph.umich.edu/wiki/EMMAX
VCFtools version 0.1.16 Luetal? https://vcftools.github.io/man_latest.html

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Fanjiang
Kong (kongfi@gzhu.edu.cn).

Materials availability
The genetic materials that support the findings of this study are available from the corresponding authors upon request.

Data availability
The sequencing data of the 95 wild accessions used in this study have been deposited into the NCBI database: https://www.ncbi.
nlm.nih.gov/bioproject/PRINA859249. The previously reported sequence data of 372 accessions used in this study have been
deposited into the NCBI database: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA743225." The previously reported sequence
data of 1,295 accessions were deposited into the NCBI database: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA394629 and
the GSA database of the BIG Data Center: https://ngdc.cncb.ac.cn/search/?dbld=gsa&q=PRJCA000205 and https://ngdc.cncb.
ac.cn/search/?dbld=gsa&q=PRJCA001691.% The previously reported sequence data of 349 accessions were deposited into the
NCBI database: https://www.ncbi.nim.nih.gov/bioproject/PRJNA776405.% Accession numbers are listed in the key resources table.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions

The 295-accession panel was grown during the cultivation season (May to October) in 2018 and 2019 in Harbin (45.75’ N, 126°63’ E).
Flowering time was investigated in 2018 and 2019. For map-based cloning, one heterozygous inbred progeny population of 2,210
individuals segregating at the Tof4 locus was subsequently developed. NILs for the Tof4 locus were selected from Fg progeny of
this same cross using molecular markers for Tof4. The heterozygous inbred progenies, NILs, and CRISPR-Cas9 knockout mutants
used for phenotyping were grown under natural LD conditions in the field from 2018 to 2021 in Harbin or under natural LD conditions
in 2021 at the Experimental Station of the Jilin Academy of Agricultural Sciences (43.88' N, 125°35’ E). For natural LD conditions,
plants were sown in the beginning of May, spaced 0.15 m apart in rows 5 m long with 0.7 m between rows, and harvested
in September or October. Plants used for expression analysis and ChIP assays were grown under LD conditions (16 h light/8 h
dark) in a plant growth cabinet (Conviron Adaptis A1000) with a light intensity of 500 pmol m~2 s~". For phenotypic investigations,
the days from emergence to the first flowering, corresponding to the R1 stage,*® were scored. The days from emergence to
when pods attained a mature color, corresponding to the R8 stage,’® were also scored. Yield-related traits were recorded at the
R8 stage.””

METHOD DETAILS

Resequencing, mapping, and variation calling

The libraries for each accession in the 95-accession panel were constructed following the manufacturer’s instructions (lllumina Inc.,
San Diego, CA, USA). The DNA-seq libraries were sequenced on the HiSeq X Ten system (150-bp paired-end reads). Resequencing
reads of the 95 accessions sequenced in this study and the 2,292 previously sequenced accessions, as well as mapping and SNP
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calling, were performed as described previously.'®"* In brief, all quality-controlled reads were aligned to the cultivated soybean
W82 genome (Wm82.a2.v1) using BWA 0.6.1-r104 software with default parameters.?*“® DNA variants, including SNPs and InDels,
were called using GATK (ver. 3.1.1) and SAMtools (ver. 0.1.19) software independently,’*>" the common sites identified by both
methods were retained for further analysis. SNPs with missing data minor allele frequency (MAF) < 1% were filtered, and InDels
with a maximum length of 10 bp were included. Annotations of SNPs and InDels were performed based on the W82 genome using
snpEff (ver. 3.1) software.®> SNPs in coding sequences were classified as synonymous SNPs or nonsynonymous SNPs. InDels in
exons were further categorized according to whether they led to a frameshift.

Genome-wide association analysis

Principal components as determined with TASSEL5 were used as population structure (Q) matrices. Kinship (K) matrix was calcu-
lated using centered IBS method in TASSELS5. To identify loci influencing flowering time in the 295-accession panel, we conducted
a GWAS through the MLM implemented in Efficient Mixed-Model Association eXpedited (EMMAX) software based on the SNPs with
a MAF > 0.05 and using the flowering time in Harbin in 2018 and 2019 for each accession.”®

DNA isolation and map-based cloning

Genomic DNA was extracted from fresh trifoliate leaves of 2-week-old seedlings with a SurePlant DNA kit (CWBIO) and used
to amplify InDel (Insertion-Deletion) markers. The primer sequences used to amplify the markers for mapping are listed in
Table S2. For fine mapping, InDel and simple sequence repeat markers were developed in the regions of Tof4 based on the rese-
quencing data of the two parents, W82 and DN50. Ten recombinants were identified in the fine-mapping population of Tof4 using
seven markers. The flowering time of the progeny of these recombinants was evaluated to delimit the genomic interval contain-
ing Tof4.

RNA extraction and RT-qPCR

Leaves were sampled from W82 and tof4°7 mutant, and NILs of Tof4 soybean plants at 20 DAE under long-day (16 h light/8 h dark)
conditions for expression analysis of FT2a, FT5a and Tof5.Total RNA was extracted using an Ultrapure RNA kit (CWBIO), and the RNA
was reverse transcribed using a Super Script First-strand cDNA Synthesis System (Takara, Dalian, China). Quantitative PCR (qPCR)
was performed using SYBR Green Real-Time PCR Master Mix (Roche). Three independent RNA samples were prepared for biolog-
ical replicates. The soybean Tubulin (Glyma.05G157300) gene was used as the internal reference. All gPCR primers are listed in
Table S2.

Plasmid construction and plant transformation

The coding sequence of Tof4 was amplified from cDNA of W82 using the primer set Tof4-3Flag-F/R and inserted into the Xba | and
Miu | sites of the pTF107-3 X Flag vector (containing the BAR gene for glufosinate resistance) to generate the pro35S,,,:Tof4-3x Flag
construct. To obtain soybean tof4°7 and tof4°7 e 1°F e 1/b°F triple mutants, one 20-bp sequences of Tof4 were selected as target site
for Cas9 cleavage and cloned into the pYLCRISPR-Cas9-p35S-BS vector as previously described.' The recombinant vector was
introduced into Agrobacterium tumefaciens strain EHA101 and used to transform W82 via A. tumefaciens—-mediated transforma-
tion.>* Primers used for vector construction are listed in Table S2.

Transient expression assay

The FT2a,,,:LUC and FT5a,,,:LUC reporter constructs were described previously.' The different alleles of Tof4 (tof4-1 and tof4-2,
Tof4-H4, Tof4-H5) were introduced into the pTF107-3xFlag vector to generate the constructs 35S,,,:Tof4-3xFlag, 35S,.,:tof4—1-
3xFlag, 35S,,,:tof4—2-3% Flag, 35S,,: Tof4—-H4-3 %X Flag, and 35S,,,: Tofd-H5-3x Flag. The FT2a,,,:LUC and FT5ap,:LUC reporter
construct was used as the reporter, and various Tof4 constructs were used as the effectors in the Arabidopsis protoplast
transient expression system to test whether Tof4 suppresses the transcription of FT2a or FT5a. Arabidopsis mesophyll protoplasts
were prepared, transfected and cultured as previously described.’ The LUC and REN activities were measured under the manufac-
turers’ instructions (Promega). The LUC/REN ratio was presented with three biological replicates, and the primers used are listed in
Table S2.

Immunoblot analysis

To analyze protein expression in the transgenic plants, total proteins were extracted from W82 and the Tof4,,,:Tof4-3X Flag trans-
genic lines with protein extraction buffer (50 mM Tris—HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 2 mM PMSF and 1 x
Protease Inhibitor Cocktail). Samples were centrifuged at 16,0009 for 5 min at 4 °Cand the supernatants were electrophoresed on a
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) mini-gel to separate the proteins.

For immunoblotting the separated proteins were transferred onto a polyvinylidene fluoride membrane (PVDF) by the Trans-Blot
Turbo Transfer System (Bio-rad). Blots were probed with anti-Flag antibody (Sigma, A8692) antibody conjugated to horseradish
peroxidase (HRP). The blots were developed with a 1:1 mix of SuperSignal West Femto Maximum Sensitivity and SuperSignal
West Dura Extended Duration Substrates and signals were detected on Amersham Imager600 System (GE). Anti-Flag (HRP) antibody
was used at 1:5,000-fold dilutions.
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ChIP assay

Leaf samples were collected from 20-day-old seedlings at Zeitgeber time 4 under LD conditions from W82 and Tof4,,,,. Tof4-3x Flag
transgenic lines. The samples were fixed in 1% formaldehyde on ice for 15 min under a vacuum. Nuclei were isolated from the sam-
ples and sonicated to generate DNA fragments with an average size of ~250-500 bp. The solubilized chromatin was immunoprecip-
itated with anti-Flag M2 magnetic beads (Sigma, M8823). The coimmunoprecipitated DNA was recovered and analyzed by gPCR in
triplicate. Relative fold enrichment was calculated by normalizing the amount of a target DNA fragment against that of a genomic
fragment of the reference gene Tubulin (Glyma.05G157300) and then against the respective input DNA samples. The enrichment
of the EF1b genomic fragment was used as a negative control. Three biological replicates were performed in ChIP-gPCR. The
primers used for amplification are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS
In this study, all values were presented as mean = s.d. and numbers (n) of samples or replicates are indicated in figure legends. Data
were analyzed with GraphPad Prism 8 (ver. 8.0.1). Significance levels of differences were calculated by one-tailed, two-sample Stu-

dent’s t-tests or one-way ANOVA with GraphPad Prism 8 (ver. 8.0.1). To evaluate the phenotypes of the 329 accessions, at least 10
individual plants of each accession were analyzed.
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