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and agronomic traits, and varieties planted in 2021 were used for

crude protein and oil quantification. Soybean plants were exposed

to preflowering SD or LD and then postflowering LD treatments.

The SD treatments consisted of 12 h light/12 h dark where

sunshine was applied from 7:00 to 19:00 and dark treatment was

conducted from 19:00 to 7:00 the following day. LD treatments

consisted of 18 h light/6 h dark where sunshine was applied from

7:00 to 19:00 and 100 � mol�mŠ2�sŠ1 fluorescent light was

extended from 19:00 to 1:00 the following day; dark treatment

was conducted from 1:00 to 7:00 the following day.

For gene expression and function analysis, HH27, DN36, ZGDD,

E1 RNAi plants and 35 S:GmFT2a OE plants were grown in growth

chambers at 26°C under photoperiod conditions which preflowering

SD or LD and postflowering LD treatments were conducted.

2.3 | Transcriptome analysis and gene function
annotation

The unifoliolate leaves of HH27 treated with preflowering SD or

LD and postflowering LD were sampled at 4 h after day light at R1

(beginning bloom) and R3 (beginning pod) stages. Each sample was

collected from three individual plants. Three biological replicates

were analysed. Total mRNA from leaves was extracted using RNA

Easy Fast Plant Tissue kits (Tiangen) and used for cDNA library

building and sequencing. cDNA was sequenced with the HiSeq. A

total of 4000 platform (Illumina) following the manufacturer's

protocols. Clean reads were obtained by removing reads with

adapters, reads containing ploy‐N (N > 10%) and low‐quality reads

(reads with Q < 5 bases for >50% in the raw data). The clean data

were mapped to the soybean genome Wm82.a4.v1. Gene expres-

sion levels were determined using the fragments per kilobase of

transcript per million reads (FPKM) to compare among the

different samples.

2.4 | Gene expression analysis

The unifoliolate leaves of HH27 plants treated with preflowering

SD or LD and postflowering LD were sampled at 4 h after dawn at

the V1 (unifoliolate fully developed), V2 (first trifoliolate fully

developed), V3 (second trifoliolate fully developed), R1, R3 and R5

(beginning seed). The unifoliolate leaves of E1 RNAi plants and

35 S:GmFT2a OE plants treated with preflowering SD or LD and

postflowering LD were sampled at 4 h after dawn at R5. Each

sample was collected from three individual plants. Total mRNA

from leaves was isolated using RNA Easy Fast Plant Tissue kits

(Tiangen) and cDNA was synthesised using FastKing RT kits

(Tiangen). The transcript levels of the floral‐promoting genes

(GmFT2a, GmFT3a, GmFT3b, GmFT5a and GmFT6), and floral‐

inhibiting genes (GmFT1a, GmFT4 and E1) were detected using

KAPA SYBR DNA Polymerase (KAPA Biosystems) on a Quant-

Studio 7 Flex system (Applied Biosystems). The qPCR data were

analysed using the �]�]2 C�Ó t method with GmActin as an internal

reference gene (Jian et al., 2008). Primers used for qPCR are listed

in Supporting Information S2: Table S2.

2.5 | Phenotyping and statistical analysis

Soybean developmental stages of emergence (VE), V1, V2, V3,

R1 (one open flower at any node on the main stem), R3 (a 0.5‐cm

long pod on one of the four uppermost nodes on the main stem),

R5 (a 3‐mm long seed in pod in one of the four uppermost nodes

on the main stem), beginning maturity (R7, one pod on the main

stem has reached mature pod colour) and full maturity (R8, 95% of

pods have reached mature pod colour) were recorded according to

the description of Fehr and Caviness (1977). We recorded the VE,

V1, V2, V3, R1, R3, R5 and R7 of eleven early‐maturing soybean

varieties treated with preflowering SD or LD and postflowering LD

photoperiods (Supporting Information Table S3). A total of

seven ~ twenty plants were recorded for each variety. Once these

plants reached the R8, we documented their plant height, node

number, branch number and seed number per plant (Supporting

Information Table S4).

The photoperiod response sensitivity (PRS) was calculated

using Equation (1) indicated below, and the PAE was calculated

according to Equation (2) (Fei et al., 2009). The data were analysed

using Excel and R packages, and are presented as the mean ±

standar3(se)6.6382
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3 | RESULTS

3.1 | The postflowering responses of early‐
maturing soybean varieties to preflowering
photoperiodic treatments

Five and six early‐maturing varieties in the MG 00 and MG 0 groups,

respectively, were selected to identify the PAE (Supporting Informa-

tion S1: Table S1
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FT is regarded as the integrator of signals in the flowering

pathway of plants (Andrés & Coupland, 2012). In soybean, FT

homologs are divided into two types including floral promoters

(e.g., GmFT2a,
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3.4 | The PAE of early‐maturing soybean lines
overexpressing floral‐promoting GmFT homologs

E1 has a high expression level in LD and a low expression level in SD

and regulates the flowering and maturity of soybean by inhibiting the

expression of floral‐promoting GmFT (Chen et al., 2020; Nan

et al., 2014; Su et al., 2022; Xia et al., 2012). We grew E1 RNAi (in

ZGDD background) and wild‐type ZGDD plants under preflowering

SD or LD and postflowering LD conditions. The results indicated that

the flowering time and maturity of E1 RNAi plants displayed no

significant difference (p > 0.05) between preflowering SD and LD

(Figure 5a,b). In E1 RNAi plants, E1 was dramatically down‐regulated

(p < 0.01) and the floral‐promoting GmFT2a, GmFT3a, GmFT3b

and GmFT5a were all highly up‐regulated (p < 0.01) compared to

wild‐type ZGDD plants (Figure 5c–g). Importantly, GmFT2a, GmFT3a,

GmFT3b and GmFT5a exhibited a higher expression level both in

preflowering SD and LD when E1 was suppressed (Figure 5d–g).

To test whether the floral‐promoting GmFT homologs are required

for the PAE in soybean, 35 S:GmFT2a overexpression plants

(35 S:GmFT2a OE, in ZGDD background) and wild‐type ZGDD plants

were treated with preflowering SD or LD and postflowering LD. The

flowering time of 35 S:GmFT2a OE plants was 12.1 ± 1.5 and 11.7 ± 0.6

d after emergence under SD and LD conditions, which were significantly

earlier than the MG 00 and MG 0 varieties (Figures 1a,d and 6a).

Moreover, the flowering time and maturity of 35 S:GmFT2a OE plants

displayed no significant difference (p > 0.05) between preflowering SD

and LD treatments (Figure 6a,b). Next, we analysed the expression level

of GmFT2a in 35 S:GmFT2a OE and wild‐type ZGDD plants and found
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that 35 S:GmFT2a OE plants showed a high expression level of GmFT2a

even under LD � LD conditions (Figure 6c). Additionally, GmFT2a

displayed constitutively high expression levels no matter the preflower-

ing SD and LD treatment (no significant difference; p > 0.05) (Figure 6c).

Thus, the high expression of the floral‐promoting GmFT2a regulates the

PAE of early‐maturing varieties.

4 | DISCUSSION

4.1 | The characteristics of photoperiodic
after‐effect (PAE) in early‐maturing soybean varieties

Soybean is an SDP in which flowering is promoted by SD conditions

and suppressed by LD conditions (Garner & Allard, 1920; Wu

et al., 2006). The PAE was discovered in parallel with the

photoperiodic response in soybean (Garner & Allard, 1920). Indeed,

the PAE is a continuation of the photoperiodic response in soybean

plants after flowering. Thus, preflowering SD‐induced factors are also

required for postflowering developments. This phenomenon is

consistent with the previous notion that the photoperiodic response

exists in the whole life cycle from emergence to maturity in soybean

(Han et al., 1995, 2006; Wu et al., 2006; Xu et al., 2021). Early‐

maturing varieties display no difference in the flowering time under

SD and LD conditions but greatly accelerated the postflowering

maturation process after SD preflowering exposure compared to LD.

Hence, the maturation of early‐maturing soybean varieties is

sensitive to photoperiods and is impacted during reproductive

growth, but not during vegetative growth. In other words, the

maturity of early‐maturing varieties is more sensitive to photoperiod
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maturing varieties adapt to high latitudes mainly by adjusting the

length of their reproductive maturation period.

Besides the developmental status, the PAE also influences the

formation of important agronomic traits including plant height, node

number, pod number, seed number, biomass and so on (Han

et al., 1995; Liu et al., 1983; Xu et al., 1990). Additionally, quality‐

related traits, like protein and oil content, oleic acid and linoleic acid

proportions in oil, are also influenced by preflowering photoperiodic

treatments (Han et al., 1995). Protein content is negatively correlated

with the PAE, revealing that the preflowering SD treatment is

unbeneficial to seed protein accumulation for early‐maturing

varieties with low levels of protein content that are prevalently

found in high latitudes (Han et al., 1995, 1997; Song et al., 2016).

4.2 | Floral‐promoting GmFT homologs play key
roles in the PAE

The photoperiodic response of soybean is controlled by multiple

genes, including the photoreceptor phytochrome A (E3 and E4) (Liu

et al., 2008; Watanabe et al., 2009), circadian evening complex

components (J and LUX) (Bu et al., 2021; Lu et al., 2017; Yue

et al., 2017), central flowering repressor (E1) (Xia et al., 2012) and

downstream integrators (floral‐promoting GmFT2a and GmFT5a, and

floral‐inhibiting GmFT1a) (Liu et al., 2018; Nan et al., 2014; Sun

et al., 2011). In the present study, we demonstrated that these

integrators, mainly the floral‐promoting GmFT homologs of GmFT2a,

GmFT3a, GmFT3b and GmFT5a, are greatly up‐regulated in the early‐

maturing varieties treated with preflowering SD and continuously

maintain a high expression level postflowering even under LD

conditions. It was proposed that E1�FT module may play a central

role in the PAE and two factors may contribute to maintaine high

expression levels of the floral‐promoting GmFT homologs after

photoperiod conversion. First, E1, the upstream inhibiting gene of

floral‐promoting GmFT homologs, showed low expression level under

preflowering SD treatment compared to preflowering LD treatment.

Second, the total or partial dysfunction of E1 resulting from

mutations in early‐maturing soybean varieties decrease the inhibition

to the expression of flowering‐promoting GmFTs. These observations

revealed that PAE on postflowering development are caused by the

same mechanism as the photoperiodic response before flowering,

and further indicate that the PAE is another presentation of the

complete photoperiodic response in the whole life cycle of soybean

(Han & Wang, 1995b).

FT is a part of the florigen signal that promotes floral

development (Corbesier et al., 2007; Tamaki et al., 2007). In soybean,

the floral‐promoting GmFT homologs GmFT2a and GmFT5a have

been demonstrated as the mobile factors that move from leaves to

roots (Wang et al., 2021




