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A novel MORN-motif type gene GmMRF2 controls flowering time and plant 
height of soybean 
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A B S T R A C T   

The flowering time of soybean is a highly important agronomic characteristic, which affects the adaptability and 
yield. AtMRF1, a MORN-repeat motif gene, acts as a floral promoter in Arabidopsis, its functions in soybean are 
not yet understood. Here, we employed qRT-PCR to analyze the tissue expression patten of MRF1 homologs in 
soybean and determined that the GmMRF2 gene, containing a MORN-motif, highly expressed in the shoot and 
responded to photoperiod. GmMRF2 overexpression soybean lines exhibited earlier flowering time under long- 
day (LD) conditions, and increased plant height under both LD and short-day (SD) conditions compared to 
wild-type (WT) plants. The expression levels of gibberellic acid (GA) pathway genes that positively regulate plant 
height genes and flowering-promoting genes were up-regulated in the GmMRF2 overexpression lines, were up- 
regulated in the GmMRF2 overexpression lines. Further study revealed that GmMRF2 interacted with 
GmTCP15 to co-induce the expression of GmSOC1b. Together, our results preliminarily reveal the functions and 
mechanisms of GmMRF2 in regulating flowering time and plant height, provide a new promising gene for soy-
bean crop improvement.   

1. Introduction 

Soybean (Glycine max L.) is one of the world’s most vital sources of 
protein, oil, and livestock feed [1]. As a short-day crop, soybean is 
particularly sensitive to photoperiod. Day length is the key factor in 
determining soybean flowering time-a short-day stimulates flower bud 
formation, whereas long-day inhibits flowering. This growing area spans 
nearly 30 degrees from ~20◦ N to ~50◦ N in the northern hemisphere 
[2]. Unfortunately, soybean is generally limited to a very narrow range 
of latitudes to attain the highest yields possible [3]. This limitation 
makes expanding the regional adaptability of soybean the key to revi-
talizing the soybean industry. 

Flowering time is a key agronomic trait that contributes to the ability 
of a plant to adapt to different climates. Four major pathways have been 
reported to control floral transition in Arabidopsis thaliana, including the 
photoperiod, vernalization, autonomous, and GA pathways [4]. These 
processes converge on the integrators, then transmit these signals to 
floral identity genes for determining the start of flowering [5]. 
Furthermore, emerging evidence shows that miRNA and transposable 
elements also have a profound impact on flowering time [6,7]. To date, 

multiple genetic loci have been reported to affect flowering and matu-
rity in soybean, such as E1-E11 and J, GmTof4, GmTof5, GmTof11, 
GmTof12, GmTof16, and GmqDTF-J [8–11]. Of these, the soybean- 
specific gene E1 is the most important gene affecting flowering and 
maturity [12]. E2, an ortholog of Arabidopsis GI (GIGANTEA), plays 
major roles in photoperiodic flowering and yield in soybean [13]. E3 and 
E4 were identified as homologs of phytochrome A (GmPHYA3 and 
GmPHYA2, respectively), and act as major flowering promotors by 
activating the expression of AP1 (APETALA1), LFY2 (LEAFY 2) and SOC1 
(SUPPRESSOR OF OVEREXPRESSION OF CO 1) [14,15]. Recently, 
several studies have characterized FT homologs in soybean. The GmFT1a 
was identified as a flowering inhibitor, induced by E1 to delay flowering 
and maturity; GmFT2b was found to accelerate flowering under LD 
conditions; GmFT2a and GmFT5a redundantly promoted flowering 
through interacting with GmFDL12 and GmFDL19 [16–19]. In addition, 
the FT-FD complex was reported to stimulate the expression of 
flowering-related genes (including FUL (FRUITFULL), SOC1 and LFY), 
induce AP1 to initiate flowering [20,21]. In soybean, AP1 homologs 
were reported to involve in regulation of flowering time and plant height 
[22].GmSOC1a and GmSOC1b, two homologs of SOC1, belong to the 
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MADS-box gene family, have been reported to contribute to floral in-
duction through inter-regulation with GmFT genes [23]. 

In Arabidopsis, a novel MRF1 (MORN-MOTIF REPEAT PROTEIN 
REGULATING FLOWERING 1) gene, was found to be significantly 
induced in the PCCs (phloem companion cells) when responding to LD 
conditions. The MRF1 gene was identified as a floral promoter which 
induces the expression of FT in Arabidopsis [24]. The PCCs coordinated 
the physiological processes between the vasculature and other cell types 
in the leaf, and were believed to control systemic plant growth and 
development through the integration of information about carbohydrate 
availability and photoperiod [25,26]. For example, the PCC-specific 
proteins mediated the transportation of FT proteins (acting as long- 
distance signals or florigens) through SEs (sieve elements) to the SAM 
(shoot apical meristem), and then interacted with the basic Leu zipper 
transcription factor FD to induce flowering [27,28]. In addition, 
BrMORN, a gene composed of seven C-terminal MORN motifs in Chinese 
cabbage, could enhance the growth rate, induce acchypocotyl elonga-
tion, and increase vegetative organs size and seed productivity of Ara-
bidopsis [29]. 

Until now, the function of MRF gene in soybean has not been re-
ported. Here, we cloned a MORN motif gene, GmMRF2, which was 
involved in accelerating flowering and increasing plant height of soy-
bean. The following study verified that GmMRF2 could interact with 
GmTCP15 to induce the expression of GmSOC1b. Our findings identified 
a novel type of soybean gene which promotes flowering and increases 
plant height, provided an insight for researching the molecular mecha-
nisms of GmMRF2, and a new genetic resource for soybean adaptability 
and architecture improvement. 

2. Materials and methods 

2.1. Plant materials and cultivation 

The soybean cultivar ‘Jack’ was used for RNA extraction, gene 
cloning, plant transformation, and phenotype measurement. All soybean 
plants were grown in a culture room maintained at 22–30 ◦C, with two 
photoperiods: SD (12 h light/12 h dark) and LD (16 h light/8 h dark). 

The tissue expression analysis was performed using soybean plants 
after the flowering stage under LD conditions, and several tissue types 
were samples including root, leaf, stem, shoot, bud, and flower. For 
diurnal expression pattern analysis, the 12 DAE (days after emergence) 
soybean leaves of early-flowering variety HH27 (Heihe 27) and late- 
flowering variety ZGDD (Zigongdongdou) were sampled at 0, 2, 4, 6, 
8, 10, 12, 14, 16, 18, 20, 22, and 24 h after light up under SD and LD 
conditions, respectively. 

For expression analysis of flowering-related genes, the samples were 
taken at 4 h after light under SD (15DAE) and LD (25 DAE), respectively. 
The shoot apices were used for examining the flowering-related genes, 
including GmMRF2, GmAP1a/b/c, GmSOC1a/b, GmFUL1a/b, GmLFY2, 
and the leaves were used for examining the GmFT2a and GmFT5a. For 
expression analysis of GA metabolic pathway-related genes, the leaves 
were sampled at 4 h after light under SD (15 and 25DAE) and LD (25 and 
40 DAE), respectively. DAE, days after emergence. 

2.2. RNA extraction and qRT-PCR 

Total RNA was extracted using a TransZol Up plus RNA kit (Trans-
gen, China). A reverse transcription kitHiScript® III 1st Strand cDNA 
Synthesis Kit (+gDNA wiper) (Vazyme, China) was used for reverse 
transcription of soybean RNA according to its operating procedures. 
Real-time quantitative PCR was performed using the method provided 
by ChamQ SYBR qPCR Master Mix (Vazyme, China). The primers in-
formation for qRT-PCR are listed in Supplementary Table S2. There were 
three replicates for each individual. The 2− ΔΔCt method was used for 
data analysis. 

2.3. Plasmid construction and plant transformation 

In-Fusion HD Cloning kits were used to amplify the cDNAs of 
GmMRF2 (Glyma.03G106900) and GmTCP15 (Glyma.13G089200). The 
amplified cDNAs were then inserted into the pTF101 vector which 
contained a CaMV35S promoter (pTF101-GmMRF2) (Takara, Japan). 
The pTF101-GmMRF2 vector was transformed into EHA101 (Zhuang-
meng, China), and then introduced into the ‘Jack’ soybean cultivar by 
agroinfiltration. Positive overexpression in soybean plants was detected 
by using PCR to amplifying the Bar gene, and determining the presence 
of the PAT protein by LibertyLink strips. Primers for plasmid construc-
tion are listed in Supplementary TableS1. 

2.4. Subcellular localization of GmMRF2 

The full length of GmMRF2 CDS was constructed into pTF101 and 
formed a recombinant vector, with a GFP (green fluorescent protein) 
label (GmMRF2-GFP). The recombinant plasmid was transiently intro-
duced into GV3101, an Electroporation Competent Cell (Zhuangmeng, 
China), and then injected into N. benthamiana as described by Yoo [30]. 
The FV3000 confocal microscope (Olympus, Japan) was used for GFP 
fluorescence imaging. 

2.5. Phenotyping and statistical analysis 

The flowering time was recorded from time of plant emergence to the 
R1 stage (the time of appearance of the first flower at any node). The 
plant height was recorded as the distance between root base and the top 
of the main stem [31]. Statistical analysis and significance tests were 
performed with SPSS (version 19.0). 

2.6. Yeast two-hybrid system and library 

Total RNA was extracted from soybean shoot, leave, bud, flower, 
stem, and root at the flowering stage to create the AD library (Oebiotech, 
Shanghai). The fragment of GmMRF2 CDS was fused with pGBKT7 
(GmMRF2-BD), and the resulting GmMRF2-BD was transformed into 
yeast strain AH109 and used as bait for yeast two-hybrid screening. The 
yeast two-hybrid screening assay was carried out by the Yeast Protocols 
Handbook (Clontech, USA). For the yeast two-hybrid assay, the full 
length of the GmTCP15 coding sequence was fused with pGADT7 
(GmTCP15-AD), then GmTCP15-AD and GmMRF2-BD were co- 
transformed into yeast strain Y2HGold. pGBKT7 and pGADT7 were 
used as negative controls. Transformants were grown on SD/-Trp/-Leu 
and SD/-Trp/-Leu/-His/-Ade yeast culture media. The primers used 
for yeast two-hybrid are listed in Supplementary TableS1. 

2.7. Luciferase complementation imaging assay (LCI) 

The CDSs full length of GmMRF2 and GmTCP15 were constructed in 
the N-terminal fragment of luciferase (nLUC) and the C-terminal frag-
ment of luciferase (cLUC), respectively. The two recombined vectors 
were co-transformed into A. tumefaciens strain GV3101, and then infil-
trated into roughly 28-day-old N. benthamiana leaves. After 48 h of 
culture, the beetle luciferin treatment was conducted following detec-
tion the light by CCD imaging apparatus (NightShade LB 985, Berthold). 
The primers used for LCI assay are listed in Supplementary Table S1. 

2.8. Pull-down assay 

Full-length CDS of GmMRF2 was cloned into the pGEX-4T-1 vector 
(GST-GmMRF2), and the GmTCP15 CDS was fused with pMAL-C5X 
vector (MBP-GmTCP15). MBP-GmTCP15 and GST-GmMRF2 recombi-
nant vectors were transformed into BL21 competent cells, and the pull- 
down reaction was performed as described in the protocol. The purified 
proteins MBP/MBP-GmTCP15 and GST-GmMRF2 were incubated with 

J. Zhang et al.                                                                                                                                                                                                                                   



International Journal of Biological Macromolecules 245 (2023) 125464

3

Amylose-Resin (Sigma, USA) and Glutathione-Beads (Sigma, USA) in 
PBS buffer (150mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 2mM KH2PO4, 
pH 7.4) at 4 ◦C for 2 h, respectively. After washing five times with PBS 
buffer, the reactions were stopped by adding 50μL PBS buffer and 10μL 
5× protein loading buffer boiled for 5min. The immunoblot analysis 
used 10 % SDS-PAGE gel and detected with 1:5000 (anti-GST) and 
1:10000 (anti-MBP) dilutions of antibodies. 

2.9. Yeast one-hybrid system 

The CDSs of GmTCP15 and GmMRF2 were fused into the pB42AD 
vectors, respectively (pB42AD-GmTCP15/GmMRF2). The P1 (4906 bp, 
base pairs − 5068 bp to − 162 bp), P (2869 bp, base pairs − 3031 bp to 
− 162 bp), and P3 (1096 bp, base pairs − 1258 bp to − 162 bp) fragments 
of the GmSOC1b promoter region were amplified from the soybean 
cultivar ‘Jack’, then separately cloned into pLacZ2u vectors (P1/P2/P3- 

pLacZ2u). Appropriate pairs of constructs were transformed into yeast 
strain EGY48. The yeast clones were grown on SD/-Trp/-Ura medium at 
30 ◦C for 3days, and then spotted onto a SD medium (lacking Trp and 
Ura) plus X-gal to detect interactions. 

2.10. Dual-luciferase assay 

According to the results of the yeast one-hybrid (Y1H) assay, the 
CDSs of GmTCP15 and GmMRF2 were inserted into pGreenII 62-SK 
(GmTCP15/GmMRF2-pGreenII 62-SK) as effectors. P1 segment of 
GmSOC1b was cloned into pGreenII 0800-LUC to active the LUC reporter 
gene (P1-LUC). The Renilla luciferase gene (REN) was used as an in-
ternal control. The relative constructs were transferred into the roughly 
4-week-old tobacco leaves. The LUC/REN activity was determined by a 
dual-luciferase reporter system. All primers used are listed in Supple-
mentary Table S1. 

Fig. 1. Identification and sequence analysis of GmMRF2. (A) Protein sequence alignment of GmMRF2 with MRF2 of other species; AtMRF1: AT1G21920. (B) 
Phylogenetic and structure analysis of MRF homologs in different species; Pv, Phaseolus vulgaris L.; Va, Vigna angularis; Vr, Vigna radiata; Mt., Medicago truncatula; Tp, 
Trifolium pratense L.; La, Lupinus angustifolius L.; Gm, Glycine max L.; Zm, Zea mays; At, Arabidopsis thaliana; Na, Nicotiana attenuate; Os, Oryza sativa; Ta, Triticum 
aestivum L. 
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A

B

35S:: GmMRF2-GFP

35S:: GFP

GFP Bright field Merged

Fig. 2. Expression analysis. (A) Diurnal expression pattern of GmMRF2 in leaves. White and blue bars represent dark and light periods, respectively. The expression 
analysis used GmActin as an internal control. The data are means ± SE of three technical replicates. (B) Subcellular localization of GmMRF2 in N. benthamiana. Bar =
10 μm. 
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WT GmMRF2-OE
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A

WT
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Fig. 3. Overexpression of GmMRF2 in soybean promotes flowering and increases plant height. (A) Phenotypes of GmMRF2 overexpressing lines and WT under LD and 
SD conditions. White bar = 10 cm, Yellow bar =0.5 cm. (B) Days to flowering. (C) Days to maturity (R7 stage). (D) Plant height under SD conditions. (E) Plant height 
under LD conditions. (F) Number of nodes. (G) Internode length. LD, long day (16 h light/8 h dark); SD, short day (12 h light/12 h dark). *, ** indicate statistically 
significant differences at the level of P < 0.05, P < 0.01, respectively. Student’s t-test, two-tailed, n = 13. 
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3. Result 

3.1. Cloning of GmMRF2 

Ten homologs of GmMRF genes were identified in a soybean genome 
database (Phytozome 2017), including Glyma.01G094800, Gly-
ma.03G106900, Glyma.04G251700, Glyma.05G067200, Glyma.06G1 
11100, Glyma.07G118500, Glyma.08G340800, Glyma.12G161600, Gly-
ma.14G147000, and Glyma.17G149400. The multiple sequence align-
ments of GmMRFs showed that GmMRF protein sequence varied greatly 
in soybean (Fig. 1A). To better investigate the functions of MRF in 
soybean, we detected the expression levels of all 10 selected GmMRFs in 
different organs (root, stem, shoot, leaf, bud, flower, and pod). The re-
sults showed that the expression level of Glyma.03G106900 was the 
highest among all analyzed GmMRF genes in various tissues and organs, 
with the highest levels recorded in the shoot (Fig. S1). Sequence analysis 
showed that Glyma.03G106900 gene shared 53.76 % amino acid 
sequence identity with AtMRF1, and the annotation of protein domain 
structure revealed that the Glyma.03G106900 protein contained a 
MORN-motif (Fig. S2). Thereby, Glyma.03G106900 was chosen to be 
cloned from ‘Jack’, and hereafter named as GmMRF2. GmMRF2 com-
prises 3070 bp, and includes 1 intron and 2 exons, a 402 bp CDS region, 

and 133 responding amino acids. We also performed phylogenetic 
analysis of GmMRF2 with other MRFs in multiple species. The results 
revealed that GmMRF2 was closely related to Zea mays (Fig. 1B). 

3.2. Expression patterns and subcellular localization 

In this study, we evaluated the diurnal expression pattern of 
GmMRF2 in early-flowering variety HH27 and late-flowering variety 
ZGDD in leaves sampled under SD and LD conditions. Under SD condi-
tions, the expression of GmMRF2 peaked at 4 h after dark in both HH27 
and ZGDD. Results were comparable under LD conditions, although 
GmMRF2 levels peaked 2 h earlier in ZGDD than in HH27 (Fig. 2A). 
These results demonstrated that GmMRF2 is regulated in response to 
circadian rhythms under both SD and LD conditions. 

To determine the subcellular localization of GmMRF2, we con-
structed a recombinant vector, GmMRF2-GFP, with a GFP-label. We 
then transiently introduced the vector into N. benthamiana by Agro-
bacterium infection. As shown in Fig. 2B, GmMRF2 protein was localized 
in both the cytosol and nucleus, similar to the cellular localization of the 
GFP alone. 

SD

WT

GmMRF2-OE15

GmMRF2-OE23

GmMRF2-OE27

WT

GmMRF2-OE15

GmMRF2-OE23

GmMRF2-OE27

LD

Fig. 4. Expression levels of flowering-related genes of GmMRF2 overexpressing lines and WT. RNA was extracted at 25 DAE (LD) and 15 DAE (SD). GmMRF2: 
Glyma.03G106900; GmFT2a: Glyma.16G150700; GmFT5a: Glyma.16 g04830; GmAP1a: Glyma.16 g13070; GmAP1b: Glyma.01 g08150; GmAP1c: Glyma08g36380; 
SOC1a: Glyma.18G224500; SOC1b: Glyma.09G266200; FUL1a: Glyma.04G159300; FUL1b: Glyma.06G205800; LFY2: Glyma.06G163600. DAE, days after emergence. 
Relative expression levels are the means ± SE of three replications. LD, long day (16 h light/8 h dark); SD, short day (12 h light/12 h dark). ** indicates statistically 
significant differences at the level of P < 0.01. Student’s t-test, two-tailed. 
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3.3. GmMRF2 positively regulates flowering time and plant height 

To further identify the functions of GmMRF2, the gene was geneti-
cally transformed into the soybean cultivar ‘Jack’ by using the CaMV35S 
promoter. By employing Bar gene and PAT protein detection, we iden-
tified three GmMRF2 transgenic soybean lines (Fig. S3). Under LD con-
ditions, transgenic lines OE15, OE23, OE27, and the WT plants flowered 
at 39.2 DAE, 39.0 DAE, 39.5 DAE and 43.3 DAE, respectively; and the 
flowering time of the transgenic lines were 4.1 d, 4.3 d, and 3.8 d earlier 
than the WT plants, respectively. Under SD conditions, the flowering 
time of all tested transgenic lines (OE15, 22.8 DAE; OE23, 22.6 DAE; 
OE27, 23.0 DAE) were almost the same as that of the WT (23.2 DAE) 
(Fig. 3A, B). Moreover, the maturity time in GmMRF2 transgenic 

soybean lines were earlier than WT under LD conditions, and similarly 
with that of the WT under SD conditions (Fig. 3C). The results demon-
strated that GmMRF2 significantly promote soybean flowering and 
maturity under LD conditions. 

In addition, overexpression of GmMRF2 was found to increase plant 
height under both SD and LD conditions. At 25 DAE when flowering was 
initiated, the height of GmMRF2 overexpressed lines (OE15, 116.9 cm; 
OE23, 115.8 cm; OE27, 113.4 cm) was significantly higher than the WT 
(90.9 cm), and the difference increased at 70 DAE under SD conditions 
(Fig. 3D). Under LD conditions, we found that the transgenic soybean 
lines were taller than WT at 40 (OE15, 148.1 cm; OE23, 147.6 cm; OE27, 
147.8 cm; WT, 125.3 cm) and 150 DAE (OE15, 251.1 cm; OE23, 249.4 
cm; OE27, 249.2 cm; WT, 227.7 cm) (Fig. 3E). These results suggested 

Fig. 5. Expression levels of GA metabolic pathway-related genes of GmMRF2 overexpressing lines and WT. Under SD conditions, at 15 and 25 DAE; under LD 
conditions at 25 and 40 DAE. GmGA1: Glyma.09G149200; GmGR2: Glyma.20G230600; GmGR8: Glyma.11G216500; GmGA3ox: Glyma.17G205300; GmDW1: Gly-
ma.08G163900; GmCPS2: Glyma.19G157000; GmGA2: Glyma.20G153400. DAE, days after emergence. Relative expression levels are the means ± SE of three rep-
lications. LD, long day (16 h light/8 h dark); SD, short day (12 h light/12 h dark). Student’s t-test, two-tailed. 

AD+BD

GmTCP15-AD+BD

GmMRF2-BD+GmTCP15-AD

c. GmMRF2-nLUC+GmTCP15-cLUC

b. GmMRF2-nLUC+cLUC

d. GmTCP15-cLUC+nLUC

a. nLUC+cLUC

SD/‒Trp/‒Leu SD/‒Trp/‒Leu/‒His/‒ Ade

100        10-1        10-2       10-3 100        10-1        10-2       10-3

B

A

GmMRF2-BD+AD

a b

c d

C

Low

D E

High

Fig. 6. GmMRF2 interacts with GmTCP15 co-regulate the expression of GmSOC1b. (A) GmMRF2 interacted with GmTCP15 in yeast. The transformants were assessed 
on SD/− Trp/− Leu and SD/− Trp/− Leu/-His/− Ade media. Empty vectors were negative control. AD: pGADT7; BD: pGBKT7. (B) GmMRF2 associated with GmTCP15 
in LCI assays. (C) GmMRF2 interacted with GmTCP15 in pull-down assays. MBP-TCP15 was used as the bait to pull down glutathione-labeled GmMRF2. MBP tag used 
as negative control. (D) The association of GmMRF2 and GmTCP15 with the GmSOC1b promoter by Y1H assay. The GmMRF2 and GmTCP15 CDSs were inserted into 
pB42AD vector and 3 fragments of GmSOC1b promoter were fused with pLacZ2u vector. The transformants were assessed on SD/− Trp/-Ura media plus 20 mM X-gal. 
Empty vectors and were negative control. (E) The association of GmMRF2 and GmTCP15 with the GmSOC1b promoter by dual-luciferase assay. The GmMRF2 and 
GmTCP15 were inserted into the effector construct pGreenII 62-SK, and P1 fragment of GmSOC1b promoter was fused with the reporter vector pGreen II 0800-LUC. 
Empty pGreenII 62-SK was used as negative control. Values are means ± SE (n = 3). *, ** indicate statistically significant differences at the level of P < 0.05, P <
0.01, respectively. 
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that GmMRF2 positively regulates plant height in soybean. Moreover, 
the internode length of transgenic lines was notably increased compared 
with WT (Fig. 3F, G). These results suggested that in addition to acting as 
a floral promotor, GmMRF2 also regulates plant height and other agro-
nomic traits in soybean. 

3.4. Expression levels of downstream flowering-related and GA metabolic 
pathway-related genes 

To integrate GmMRF2 into the photoperiodic flowering regulation 
network of soybean, qRT-PCR was performed to measure the expression 
levels of several genes known to be important in the flowering time 
pathway of GmMRF2 transgenic lines and the wild-type. These included 
two representative GmFT genes (GmFT2a: Glyma.16G150700, GmFT5a: 
Glyma.16G044100), GmAP1 genes (GmAP1a: Glyma.16g13070, 
GmAP1b: Glyma.01g08150, GmAP1c: Glyma.08g36380), GmFUL1 genes 
(GmFUL1a: Glyma.06g22650, GmFUL1b: Glyma.04g31847), GmSOC1 
genes (GmSOC1a: Glyma.18G224500, GmSOC1b: Glyma.09G266200), 
and GmLFY2 (Glyma.06g17170). Under LD conditions, the expression 
levels of GmFT2a, GmFT5a, GmAP1a, GmAP1b, GmAP1c, GmFUL1a, 
GmFUL1b, GmSOC1b, and GmLFY2 in GmMRF2-OE plants were signifi-
cantly higher compared with wild-type. While, no significant expression 
differences were observed under SD conditions (Fig. 4). These results 
suggest that the GmMRF2 regulates the expression of downstream 
flowering-related genes to promote flowering under LD conditions. 

Previous studies have shown that GA is able to increase plant height 
by promoting cell elongation, playing a key role in determining plant 
height [32]. In this study, the internode lengths of GmMRF2 transgenic 
lines were found to be longer than in the wild-type. We therefore 
determined the relative expression levels of several GA biosynthesis 
pathway genes in GmMRF2 transgenic lines, including GA-20 oxidase, 
copalyl pyrophosphate synthase, ent-kaurene synthase, and GA- 
responsive genes, which corresponds to GmGA1 and GmGA2, GmCPS2, 
GmDW1, GmGR2, and GmGR8. The expression levels of these genes in 
GmMRF2 transgenic lines were higher compared to WT under both LD 
and SD conditions (Fig. 5). These results indicate that GmMRF2 has a 
positive regulation on the expression of GA signal transduction pathway 
genes which control plant height. 

3.5. GmMRF2 interacts with GmTCP15 to directly induce GmSOC1b 
expression 

To further determine the role of GmMRF2 in flowering time and plan 
height, we performed a yeast two-hybrid screening assay. At first, the 
CDS full length of GmMRF2 was fused with pGBKT7 (pGBKT7-GmMRF2) 
to detect the transactivation activity. The results revealed no detection 
of transactivation activity (Fig. S4). Afterwards, the pGBKT7-GmMRF2 
vector was used to conduct a yeast two-hybrid library screening. As a 
result, seven candidate proteins were identified that might interact with 
GmMRF2 (Table S3). To confirm the interaction between GmMRF2 and 
candidate proteins, we isolated the CDSs of the 8 genes and constructed 
them into pGADT7. We then transformed each into the yeast host 
AH109, along with pGBKT7-GmMRF2. As shown in Fig. 6A, GmMRF2 
could interact with GmTCP15 in the yeast colony growth assay. To 
identify the occurrence of these interactions in plants, LCI assay was 
performed. GmMRF2 was constructed in the N-terminal part of LUC 
(GmMRF2-nLUC), and GmTCP15 was constructed in the C-terminal part 
of LUC (GmTCP15-cLUC). The result showed when GmMRF2-nLUC and 
GmTCP15-cLUC were co-expressed in tobacco leaves, significant fluo-
rescence signals were observed; and no signal was detected in the con-
trol zones (Fig. 6B). We also verified the physical interaction between 
GmMRF2 and GmTCP15 by pull-down assay. The GST-GmMRF2, MBP- 
GmTCP15, and MBP proteins were purified and isolated from Escherichia 
coli. The pull-down assay using MBP beads suggested that GST-GmMRF2 
pulled down MBP-GmTCP15, but not MBP alone (Fig. 6C). Altogether, 
these results indicated that GmMRF2 interacts with GmTCP15 both in 

planta and in vitro. 
In Arabidopsis, TCP15 was reported to induce flowering by binding to 

the promoter of SOC1, a flowering pathway integrator [33]. As the 
expression level of GmSOC1b was up-regulated in GmMRF2, we con-
ducted a yeast one-hybrid assay to confirm whether GmSOC1b was a 
direct target of GmTCP15. The coding sequences of GmTCP15 and 
GmMRF2 were cloned into vector pB42AD (pB42AD-GmTCP15/ 
GmMRF2). Three fragments of the GmSOC1b promoter were constructed 
into vector pLacZ2u (P1/P2/P3-pLacZ2u). The results of this assay 
showed that only GmTCP15 bound to the P1 and P2 of GmSOC1b pro-
moter, but not P3. This suggests that the GmSOC1b promoter is the direct 
target of GmTCP15 (from − 1258 bp to − 3031 bp region), whereas 
GmMRF2 couldn’t directly bind to the promoter of GmSOC1b (Fig. 6D). 
To explore whether GmTCP15 and GmMRF2 could co-regulate the 
expression of GmSOC1b, we conducted a dual-luciferase reporter assay. 
The results showed that only GmTCP15 could directly activate the 
expression of GmSOC1b alone, but the co-transformation of GmTCP15 
and GmMRF2 had a stronger promoting effect than GmTCP15 alone 
(Fig. 6E). These results suggest that GmTCP15 and GmMRF2 co-regulate 
the expression of GmSOC1b. 

4. Discussion 

Flowering time is a crucial trait that directly affects the ability of 
soybean to adapt to different latitudes [34]. MRF1 (MORN-MOTIF 
REPEAT PROTEIN REGULATING FLOWERING1) is a novel gene that 
positively regulates flowering in Arabidopsis. However, the biologic 
mechanisms of AtMRF1 have not been reported, and the functions of 
MRF homologous genes in soybean remained unknown [24]. In this 
study, GmMRF2, a new MORN-motif gene in soybean, was cloned and 
identified. Expression pattern analysis showed that this gene was 
expressed in various tissues at flowering stage, reached the highest 
expression level in the shoot, and responded to the photoperiod, sug-
gesting that GmMRF2 might be involved in soybean growth and devel-
opment. To verify the functions of GmMRF2 in regulating soybean 
flowering time, we generated GmMRF2 overexpression lines. The 
phenotypic analysis showed that these altered lines flowered signifi-
cantly earlier than WT in LD conditions. The expression analysis of 
downstream flowering-related genes showed that GmFT2a, GmFT5a, 
GmAP1s, GmFUL1s, GmSOC1b and GmLFY2 were induced in GmMRF2 
overexpression soybean lines under LD conditions. Therefore, we spec-
ulated that GmMRF2 promotes soybean flowering by up-regulating the 
expression of several flowering-related genes under LD conditions. 

The TCPs (TEOSINTE BRANCHED1-CYCLOIDEA-PCF) family is a 
group of plant-specific transcription factors which is grouped into two 
classes. They exert their biological functions by interacting with each 
other or other functional proteins, allowing them to play an important 
role in plant growth and development processes [35–39]. For example, 
class I TCP7 could integrate the SOC1 gene to promote Arabidopsis 
flowering by interacting with Nuclear Factor-Ys (NF-Y) [40]. In contrast, 
class II TCP20 and TCP22 interact with LWD1 (LIGHT-REGULATED 
WD1) and bind to the TCP-binding site of CCA1 (CIRCADIAN CLOCK 
ASSOCIATED1) to delay flowering in Arabidopsis [41]. Meanwhile, 
TCP15, belonging to the TCP 1 subfamily, was reported to accelerate 
flowering in Arabidopsis [33]. In our study, GmTCP15, a homolog of 
AtTCP15, was verified to interact with GmMRF2 through yeast two- 
hybrid assay, LCI assay, and pull-down assay. Additionally, previous 
reports showed that the TCP15 could induce flowering by binding to the 
promoter of SOC1 in Arabidopsis [33]. SOC1 is a MADS-box transcription 
factor gene, which plays a pivotal role in flowering-time regulation [42]. 
In soybean, two SOC1 homologs, GmSOC1a and GmSOC1b, were verified 
to affect flowering time in soybean [23]. Then, we investigated whether 
GmTCP15 and GmMRF2 could bind to the promoter of GmSOC1a and 
GmSOC1b. The results of yeast one-hybrid assay verified that the 
GmTCP15 or GmMRF2 could not bind to the promoter of GmSOC1a 
(Fig. S5), while GmTCP15 could directly bind to the promoter of 
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GmSOC1b. The expression of GmSOC1b was up-regulated in GmMRF2 
overexpression soybean lines under LD condition. A further study 
showed that the interaction between GmTCP15 and GmMRF2 could 
induce the expression of GmSOC1b. Thus, we infer that GmMRF2 and 
GmTCP15 co-regulate the expression of GmSOC1b to promote flowering. 
In addition, previously report showed that MRF1 was identified as a 
floral promoter which induces FT in Arabidopsis [24]. In our study, the 
expression of flowering promoters GmFT2a and GmFT5a was up- 
regulated in GmMRF2 overexpression soybean lines. Therefore, we 
speculated that GmMRF2 may also indirectly induce the expression of 
GmFT2a and GmFT5a to promote flowering. 

In addition to early flowering, the GmMRF2 transgenic soybean lines 
exhibited significantly longer plant height and internode length 
compared to WT. There was no difference in node number and the 
expression levels of several GA pathway genes were up-regulated in the 
overexpression lines. The results indicate that GmMRF2 might positively 
regulate plant height through the GA signal transduction pathway. In 
Arabidopsis, TCP14 and TCP15 were able to co-regulate plant height by 
promoting cell division in young internodes [43]. The Arabidopsis TCP15 
was also verified to determine plant height by interacting with DELLA 
[44]. Thus, we believe that GmMRF2 might interact with GmTCP15 to 
increase plant height through the GA pathway. Our study showed that 
the number of pods and seeds produced by the GmMRF2 overexpression 
lines was increased under SD and LD conditions (Fig. S6). Therefore, we 
speculate that GmMRF2 may act in coordination with GmTCP15 to 
promote flowering, increase plant height, and benefit yield. The final 
verification of how these two genes interact to regulate soybean flow-
ering and plant height will be the focus of follow-up research (Fig. 7). 
Our findings provide a useful candidate gene for soybean architecture 
breeding. 

Overall, our findings demonstrate that GmMRF2 is an essential pos-
itive regulator of flowering time and plant height in soybean, provide 

new insights for the simultaneous breeding of improved flowering time 
and plant height. 
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Fig. 7. A proposed model illustrating GmMRF2-invoveled regulatory mechanisms of soybean flowering and plant height. GmMRF2 physically interacts with 
GmTCP15 and activates the expression of GmSOC1b and GA-related genes. The lines, arrows, and T-shaped symbols represent protein-protein interactions, positive 
and negative effects, respectively. Dashed lines represent unverified regulatory mechanism. 
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