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Abstract  14 

Sessile plants exhibit diverse movement behaviors that have long intrigued the 15 

scientists. The legume plants display a rhythmic leaflet movement pattern 16 

characterized by horizontal opening during the day and vertical closure at night. 17 

However, the underlying mechanisms remain largely enigmatic. Here, we isolated a 18 

mutant designated as dlm1 (downward leaflet movement1) from Medicago truncatula 19 

that displays leaflets downward opening during daytime while upward closure at night. 20 

Cellular analyses reveal that this aberrant phenotype correlates with abnormal volume 21 

changes of motor cells within the pulvinus. DLM1 exhibits high expression level in 22 

the motor organ pulvinus and encodes an unreported nuclear-localized PP2C 23 

phosphatase. Notably, phylogenetic analysis demonstrates that species exhibiting 24 

rhythmic leaflet movements consistently retain DLM1 homologs, suggesting the 25 

possibility of its functionally conserved role in regulating leaflets movement pattern. 26 

Structural characterization reveals that DLM1 possesses both phosphatase and kinase 27 

domains. Functional complementation assays demonstrate that the phosphatase 28 

domain is necessary and sufficient for maintaining the leaflet movement pattern. 29 

Collectively, our work uncovers a novel PP2C protein that governs the leaflet 30 

movement, providing mechanistic insights into this intriguing plant behavior. 31 

32 
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Introduction 33 

Scientists have long been interested in plant movement and the underlying 34 

molecular mechanisms (Darwin, 1880), such as the heliotropic movement of 35 

sunflowers (Atamian et al., 2016), the gravitropic response of plant roots to gravity 36 

(Chen et al., 2023; Nishimura et al., 2023) and the seismonastic movements of 37 

carnivorous plants capturing insects (Procko et al., 2022; Scherzer et al., 2019). The 38 

legume species exhibit a circadian leaf movement pattern with leaflets open 39 

horizontally during the day and close vertically at night. This movement behavior 40 

initiates upon day-night transition and is driven by the motor organ pulvinus, which is 41 

located at the base of leaflets. To date, key factors responsible for pulvinus 42 

development have been identified, including the transcription factor ELP1 43 

(ELOGATED PETIOLULE1) (Chen et al., 2012; Hagihara et al., 2022; Zhou et al., 44 

2012), the cyclin protein GmILPA1 (Increased Leaf Petiole Angle1), the F-box 45 

proteins MIO1 (MINI ORGAN1)/SLB1 (SMALL LEAF AND BUSHY1) (Yin et al., 46 

2020; Zhou et al., 2021), as well as the plant hormones BR and auxin, all of which 47 

play a role in pulvinus-driven leaf movement process (Bai et al., 2022; Kong et al., 48 

2021; Zhao et al., 2020; Zhao et al., 2021). 49 

Additionally, it has been proposed that signal transduction influences the ion 50 

flow through pulvinus cells, resulting in the asymmetrical and reversible 51 

swelling/shrinking of motor cells (Cote, 1995; Kim et al., 1993; Kong et al., 2020; 52 

Moran, 2007; Oikawa et al., 2018; Satter, 1975; Satter and Galston, 1971), thereby 53 

triggering the leaflet moves between horizontal and vertical positions. When the 54 

adaxial extensor cells release K
+
, C1

-
 and water to shrink, meanwhile abaxial flexor 55 

cells take up K
+
, C1

-
 and water to swell, leaflets close. They open when the reverse 56 

ion movements and turgor changes occur (Cote, 1995; Kim et al., 1993; Kong et al., 57 

2020; Moran, 2007; Moshelion et al., 2002; Oikawa et al., 2018; Satter, 1975; Satter 58 

and Galston, 1971). The leaflets maintain a horizontal position after the open process 59 

while a vertical position after the close process. However, how the legume plants 60 
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maintain this special movement pattern, in which leaflets horizontally open during the 61 

day and close vertically at night, remains poorly understood. 62 

Protein phosphorylation and de-phosphorylation are reversible reactions 63 

(Bhaskara et al., 2019). PP2C family proteins are the most abundant phosphatases in 64 

plants and involved in various de-phosphorylation-related biological processes (Kerk 65 

et al., 2008). The most typical functions include members of subfamily A, which 66 

participate in developmental processes and stress responses in response to the plant 67 

hormone ABA (Komatsu et al., 2013; Miao et al., 2020). Additionally, members in 68 

clade D are involved in the leaves and flowers development (Song and Clark, 2005; 69 

Yu et al., 2003), while members in clade B and C have been found to participate in the 70 

protein kinase signaling pathway (Schweighofer et al., 2007; Smékalová et al., 2014) 71 

and deactivate H
+
-ATPase (Spartz et al., 2014), respectively. Furthermore, PP2C 72 

family members in clade E-G have been demonstrated to participate in stress response 73 

(Bhaskara et al., 2017; Ding et al., 2018; Guo et al., 2022; Liu et al., 2012). Despite 74 

the extensive study of PP2C proteins belonging to several subfamilies, the functions 75 

of most other PP2C subfamily members are still unknown, especially in legume 76 

plants. 77 

Here, we characterized the DLM1 (Downward Leaflet Movement1) gene 78 

encoding an unreported PP2C subfamily L member PP2C75 to orchestrate the leaflet 79 

movement pattern in M. truncatula. In the daytime, the dlm1 mutant pulvinus cells 80 

were sharply shrunk on the abaxial side while swelled on the adaxial side, which is 81 

associated with the downward leaf movement phenotype. We identified that DLM1 82 

contains both phosphatase and kinase domains and are evolutionarily conserved 83 

across leaflet movement species. Additionally, the phosphatase domain of the DLM1 84 

protein is essential for maintaining the leaflet movement pattern. Our study provides a 85 

novel insight into understanding the underlying mechanism of leaflet movement 86 

pattern maintenance as well as the function of PP2C proteins in legume plants.  87 

88 
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Results 89 

Isolation and characterization of the dlm1 mutant in M. truncatula 90 

To gain a better understanding of the molecular mechanisms underlying leaflet 91 

movement, we screened the Tnt1 insertion population of M. truncatula to identify 92 

mutants with abnormal leaflet movement pattern through forward genetic approaches 93 

(Tadege et al., 2008). Under normal light-dark cycle conditions, the wild-type (R108) 94 

leaflets expand to maintain a horizontal position during the day and close upwards at 95 

night (Figure 1A and 1B). However, we identified a mutant with an abnormal leaf 96 

movement pattern where the leaflets cannot keep a horizontal position during the day 97 

and exhibit downward movement phenotype (Figure 1A). Therefore, we named dlm1 98 

(downward leaflet movement 1). Further phenotypic analysis found that the dlm1 99 

mutant leaflets close upwards at night, displaying a behavior similar to the wild-type 100 

(Figure 1B). Statistical analysis of lateral leaflets angles further confirmed that we 101 

have identified a dlm1 mutant that exhibits an abnormal leaflet movement pattern, 102 

with leaflets opening downward during the day and closing upward at night (Figure 103 

1C, Figure S1). 104 

Our previous studies have shown that ELP1 determines the pulvinus organ 105 

identity in M. truncatula, loss of function of ELP1 results in failing to fold leaflets 106 

due to loss of motor organs (Chen et al., 2012). To investigate whether the downward 107 

leaflet movement of dlm1 is driven by the ELP1-dependent motor organ pulvinus, we 108 

generated elp1 dlm1-1 double mutants. Phenotype analysis revealed that, similar to 109 

the elp1 single mutant, the double mutant loses the pulvinus identity and leaflet 110 

movement behavior (Figures 1D-1F), indicating that the leaflet movement pattern of 111 

dlm1 mutant is driven by the motor organ pulvinus. We then performed scanning 112 

electron microscopy (SEM) to analyze the epidermal structure of pulvini. The results 113 

showed that the surfaces of pulvini epidermal cells of dlm1-1 were highly convoluted, 114 

giving the appearance of knitted wool, which is highly similar to the WT (Figures 1G 115 

and 1H).  116 
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Previous studies indicated that the reversible cell turgor-induced volume changes 117 

on the opposite side of pulvinus could drive leaf movement behavior. When the 118 

adaxial extensor cells release K
+
 and C1

-
 and shrink, meanwhile abaxial flexor cells 119 

take up K
+
 and C1

-
 and swell, leaflets close. They open when the reverse ion 120 

movements and turgor changes occur (Cote, 1995; Kim et al., 1993; Oikawa et al., 121 

2018). To make clear the dynamic volume change of motor cells in dlm1 mutant 122 

pulvinus, we used semi-thin sections analysis of pulvinus at ZT9 (zeitgeber time, 9 h 123 

after lights on) and ZT17, corresponding to the downward and upward leaflet 124 

movement state during the day and night, respectively. Results showed that both the 125 

WT and dlm1-1 mutant displayed the normal pulvinus structure with layers of motor 126 

cells surrounding the central vascular bundle (Figures 1I and 1L). Further comparison 127 

analysis with the WT found that, at ZT9 the dlm1-1 mutant motor cells of pulvini 128 

were sharply shrunk on the abaxial side while swelled on the adaxial side (Figures 129 

1J-1K, 1M and 1N, 1O and 1P), which is consistent with the downward leaf 130 

movement phenotype. Reasonably, when compared at ZT17, both the motor cells of 131 

pulvini of WT and dlm1 mutant were significantly shrunk on the adaxial side while 132 

swelled on the abaxial side, which is consistent with the upward leaf movement 133 

phenotype (Figure S2). Taken together, our results indicate that the dynamic volume 134 

change of motor cells mutant is associated with the leaflet movement pattern of dlm1 135 

mutant. 136 

DLM1 encodes a PP2C phosphatase to control leaflet movement 137 

To identify the gene responsible for the dlm1-1 mutant phenotype, we first 138 

backcrossed to the wild-type (WT, R108 ecotype) to purify the Tnt1 insertion 139 

background. The F2 offspring of self-pollinated F1 plants showed a segregation ratio 140 

of 3:1, indicating that dlm1-1 is caused by a single recessive nuclear mutation. 141 

Subsequently, we collected an equal amount of leaflet tissue from eighteen dlm1-1 142 

mutants from the BC1F2 population for whole genome resequencing at 20× coverage. 143 

This analysis identified a total of eighteen homozygous Tnt1 insertions in the dlm1-1 144 

genome (Table S1). Genetic linkage analysis revealed that the mutation may be 145 
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caused by the reverse homozygous insertion of Tnt1 into the first exon of the DLM1 146 

(Medtr6g087000/MtrunA17_Chr6g0486661) gene (Figure 2A, Figure S3). The amino 147 

acid sequence alignment results indicated that DLM1 encodes a protein phosphatase 148 

homologous to the Arabidopsis PP2C75 (AT2G20050), which contains an N-terminal 149 

phosphatase domain and C-terminal kinase domain (Figures 2B, Figure S4).    150 

In order to confirm the candidate gene, we further screened the public mutation 151 

database and isolated two other Tnt1 inserted alleles, dlm1-2 and dlm1-3, both 152 

exhibited downward leaflet movement at ZT9 and upward leaflet movement at ZT17, 153 

displaying movement pattern similar to dlm1-1 (Figures 2A and 2C, Figure S5A). 154 

RT-PCR showed undetectable transcript levels of Medtr6g087000 in the three dlm1 155 

mutant alleles, indicating successful knockout of candidate gene in the dlm1 alleles 156 

(Figure 2D). Then, we introduced 35S::DLM1 into the dlm1-1 mutants and generated 157 

two independent transgenic lines. Phenotype and RT-qPCR analyses results indicated 158 

that overexpression of DLM1 completely restored the abnormal leaf movement 159 

phenotype of dlm1-1 mutant (Figures 2E and 2F, Figure S5B). Collectively, these 160 

results suggest that the gene Medtr6g087000/MtrunA17_Chr6g0486661 is responsible 161 

for the dlm1 downward leaf movement phenotype.  162 

Expression pattern of DLM1 and subcellular localization of its encoding protein 163 

To better investigate the role of DLM1 in regulating leaf movement in M. 164 

truncatula, we characterized its expression pattern. RT-qPCR results demonstrated 165 

that DLM1 is highly expressed in the pulvinus organ, with the highest levels found in 166 

pulvinus (Figure 3A). To further examine the temporal and spatial expression patterns 167 

of DLM1 in pulvinus tissue, we then generated pDLM1::GUS transgenic plants in the 168 

R108 ecotype. GUS staining assays indicated that the signal was predominantly 169 

enriched in the pulvinus and leaves (Figures 3B and 3C). Both of the RT-qPCR and 170 

GUS staining results suggest that DLM1 is highly expressed in pulvinus, which is 171 

consistent with its function in leaf movement behavior. 172 

To explore the role of DLM1 at the cellular level, we performed subcellular 173 

localization analysis by using 35S::GFP-DLM1 transformed Arabidopsis thaliana. 174 
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The results showed that the GFP signal was specifically detected in the nucleus, 175 

indicating that the DLM1 protein is localized to the nucleus. This finding further 176 

suggests that DLM1 functions within the nucleus (Figure 3D).  177 

Phylogenetic analysis of DLM1 and its homologs 178 

Traditional studies identified that PP2C family proteins function as a major 179 

phosphatase group and participate in many key biological processes in plants (Kerk et 180 

al., 2008). Phylogenetic analysis of DLM1 in the representative species including 181 

spore plants (Chlamydomonas reinhardtii, Micromonas pusilla, Marchantia 182 

polymorpha, Physcomitrium patens, Diphasiastrum complanatum, Ceratopteris 183 

richardii, Marsilea vestita), gymnosperm (Pinus taeda, Ginkgo biloba) and 184 

angiosperm (Amborella trichopoda, Oryza sativa, Arabidopsis thaliana, Solanum 185 

lycopersicum, Averrhoa carambola, Euphorbia peplus, Sauropus androgynus, 186 

Cucumis sativus, Pisum sativum, Medicago truncatula, Lotus japonicas) indicated 187 

that DLM1 encodes a protein phosphatase belonging to the L subfamily of the PP2C 188 

protein phosphatase family (Figures 4A and B). To our knowledge, DLM1 is the first 189 

member of this subfamily which has been functionally characterized in plants to date. 190 

Additionally, phylogenetic analysis revealed that DLM1 homologs are widely 191 

conserved across species, all containing both phosphatase and kinase domains (Figure 192 

4C). Notably, species displaying pulvinus-driven leaflets movement behavior 193 

including Medicago truncatula, Pisum sativum, Lotus japonicas, Sauropus 194 

androgynus, Averrhoa carambola and Marsilea vestita consistently retain DLM1 195 

homologs (Figure 4C), indicating that DLM1 may have a functionally conserved role 196 

in regulating leaflets movement patterns. Together, these results suggest that DLM1 197 

represents a functionally uncharacterized PP2C family member that may be 198 

evolutionarily conserved to regulate leaflet movement patterns. 199 

DLM1 employs its N-terminal phosphorylase domain to regulate leaflet 200 

movement pattern 201 

Protein phosphorylation and de-phosphorylation are reversible reactions, which 202 

have been found to be involved in numerous biological processes in eukaryotes. 203 
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Protein kinases (PKs) and phosphatases (PPs) function as the “writer” and “eraser” to 204 

mediate these reversible events (Bhaskara et al., 2019), respectively. Intriguingly, 205 

here we identified DLM1 protein harbors both protein phosphatase and protein kinase 206 

domain, a structure that hasn’t been reported before in plants. Based on this finding, 207 

we supposed that both the N-terminal phosphorylase domain and the C-terminal 208 

kinase domain were essential to regulate the leaflet movement pattern. To verify our 209 

hypothesis, we constructed several truncated DLM1 sequences driven by 35S 210 

promoter (Figure 5A), respectively, and then introduced them into the dlm1-1 mutant 211 

plants to generate different transgenic lines to examine if they could rescue the mutant 212 

downward leaflet movement phenotype. However, the results are much different from 213 

our initial expectations. Results showed that both the 35S::DLM1 (DLM1 whole 214 

coding sequence) and 35S::N-DLM1 (with deletion of C-terminal Ser/Thr kinase 215 

domain sequence) could rescue the downward leaflet movement, while 35S::C-DLM1 216 

(with deletion of N-terminal PP2C protein phosphorylase domain sequence) could not 217 

(Figures 5B-5E). Taken together, our truncated complementation experiments 218 

revealed that the N-terminal phosphorylase domain is essential and sufficient to 219 

maintain the leaflet in a horizontally open state during the day, thus regulating the 220 

leaflet movement pattern in M. truncatula.221 
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Discussion 222 

The legume plants utilize the motor organ pulvinus to drive their leaflets open 223 

horizontally and close vertically upon day-night transition. Key factors including 224 

ELP1 (Chen et al., 2012; Hagihara et al., 2022; Zhou et al., 2012), MIO1/SLB1 225 

(Zhou et al., 2021), ILPA1 (Gao et al., 2017), phytohormones (Bai et al., 2022; Kong 226 

et al., 2021; Zhao et al., 2020; Zhao et al., 2021), light (Kim et al., 1993), circadian 227 

clock (Kim et al., 1993; Kong et al., 2020; Oikawa et al., 2018; Satter, 1975), 228 

membrane ion/aquaporin transporters (Kim et al., 1993; Moshelion et al., 2002; 229 

Oikawa et al., 2018) have been identified to orchestrate the open or close process. 230 

However, the mechanisms by which the horizontal-vertical leaflet movement pattern 231 

is maintained remain poorly understood. Through forward genetics, this study 232 

identified the dlm1 mutant exhibits a rhythmic downward-upward leaflet movement 233 

pattern. Additionally, when crossed with the pulvinus-deficient mutant elp1 to 234 

generate elp1 dlm1-1 double mutant, all downward and upward leaflet movement 235 

phenotypes were absent (Figures 1D-1F). Thus, we identified a key factor in 236 

maintaining the leaflet movement pattern through pulvinus. 237 

During the leaflet movement process, the flow of K
+
 and C1

-
 through the 238 

membrane of pulvinus cells result in swell or shrink of the opposite cells, thereby 239 

driving the opening or closing process of the leaflet (Kim et al., 1993; Oikawa et al., 240 

2018). This research found the mutation of DLM1 causes the shrinkage of the abaxial 241 

cells and subsequently drives the leaflet to move downward (Figures 1I-1N). To 242 

uncover the mechanism by which DLM1 regulates the volume changes of pulvinus 243 

abaxial cells, we analyzed the downstream biological processes affected by DLM1 at 244 

the transcriptional level. A total of 232 differentially expressed genes (DEGs), with 82 245 

upregulated and 150 downregulated, were found in dlm1-1 mutant pulvinus compared 246 

to wild-type R108 (Figure S6A). Gene Ontology (GO) enrichment analyses of these 247 

DEGs were significantly enriched in processes such as cell wall organization or 248 

biogenesis, and response to stimulus (Figure S6B). These data indicated the role of 249 

DLM1 in affecting the expression of many genes including cell wall-related genes. To 250 
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further figure out the molecular mechanisms underlying leaflet movement, further 251 

studies are needed to investigate the relationship between DLM1 and the activity of 252 

ion channel proteins activity in pulvinus cells. Moreover, the abaxial cells in the dlm1 253 

mutant do not consistently maintain a contracted state and can also drive the leaflets 254 

to close upward through cell swelling (Figures 1A-1F), suggesting a complex 255 

regulatory mechanism underlying the dynamic volume changes of the pulvinus cells.  256 

The phosphorylation and de-phosphorylation of biomolecules depend on protein 257 

phosphatases and kinases within living organisms (Novak et al., 2010; Sojka et al., 258 

2024). As the largest family of protein phosphatases within plants, previous studies 259 

have reported that PP2C family proteins function by removing phosphate 260 

modifications from substrates through their phosphatase domains (Ma et al., 2009b; 261 

Shi, 2009). The most typical functions include members of subfamily A, which 262 

participate in developmental processes and stress responses in response to the plant 263 

hormone ABA (Komatsu et al., 2013; Komatsu et al., 2020; Ma et al., 2009a). This 264 

study identified a new phosphatase in M. truncatula, PP2C75, which belongs to the L 265 

subfamily of the PP2C protein phosphatase family and has not been functionally 266 

reported before. Although functionally uncharacterized previously, we observed the 267 

persistent presence of DLM1 in leaf-movement species spanning ferns to advanced 268 

angiosperms, implying possible functional conservation in leaflet movement control. 269 

Further investigations are needed to confirm this hypothesis.  270 

Additionally, functional complementation assays demonstrate that the 271 

phosphatase domain is both necessary and sufficient for maintaining the leaflet 272 

movement pattern, further supporting the importance of phosphorylation signaling in 273 

regulating this process. These findings suggest that other phosphatases or kinases may 274 

also participate in this regulatory network, providing a direction for future research. 275 

Although the role of the phosphatase domain in Medicago truncatula leaflet 276 

movement has been established, the function of the kinase domain and the biological 277 

significance of homologous proteins in other species remain to be elucidated. Further 278 

investigation of these aspects will expand our understanding of PP2C functions and 279 

phosphorylation-dependent modifications in plant movement. 280 
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Materials and Methods 281 

Plant materials and growth conditions 282 

The dlm1-1 mutants (NF7737) in M. truncatula were isolated and collected from the 283 

Tnt1 retrotransposon tagged mutant collections by a forward-genetics approach as 284 

previously reported.(Tadege et al., 2008) As for the dlm1-2 (NF1438) and dlm1-3 285 

(NF14116) plant materials were requested from the Noble Research Institute Mutant 286 

collections (https://medicago-mutant.dasnr.okstate.edu/mutant/index.php), and all 287 

plants used in these studies are all R108 ecotype. Plants grown in a greenhouse under 288 

such controlled conditions: 15 h/9 h day/night cycle, 70% humidity, 150 μmol/m2 /s 289 

light intensity, and 23 ℃/ 20 ℃ day/night temperature. 290 

Whole genome resequencing  291 

The dlm1-1 mutant population was backcrossed with the wild-type R108 ecotype and 292 

then bred for two generations, here 8-week-old dlm1-1 and the wild-type-like 293 

heterozygous plants were sampled with three biological repetitions and the genomic 294 

DNA of was extracted by a Plant Genomic DNA Kit (Tiangen, Beijing, China) 295 

following the instructions. The DNA samples were used for genome resequencing at 296 

20x coverage. The insertion sites of the Tnt1 retrotransposon in the genome of M. 297 

truncatula were analyzed in Table S1. 298 

Semi-thin sections 299 

Pulvini from wild-type and mutant plants about eight weeks old were removed and 300 

fixed in a formalin-acetoalcohol (FAA) solution. Following ethanol gradient 301 

dehydration, semi-thin sections were cut on a Leica UC7 using ethylene glycol 302 

methacrylate (GMA) as the penetrant. They were stained with 0.05% toluidine blue 303 

for 10 to 20 s and visualized under an Olympus BX63 microscope to observe the 304 

histological characteristics of the pulvini. 305 

Quantification and statistical analysis 306 

The semi-thin slice images were quantified using ImageJ. All statistical data were 307 

analyzed by GraphPad Prism version 8. The P-values were calculated by the ordinary 308 
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ANOVA test one-way ANOVA, or using unpaired t test. 309 

Scanning electron microscopy (SEM) 310 

Mature pulvini from eight-week-old dlm1-1 and R108 were collected and fixed in a 311 

3% glutaraldehyde fixation solution (5% acetic acid, 5% formaldehyde, 45% ethanol). 312 

The tissues were washed, dehydrated, and dried at Kunming Botanical Institute. Then, 313 

they were coated with gold, and examined under a Sigma 300 microscope (Zeiss). 314 

Plasmid and transgenic plants construction 315 

The coding sequence of DLM1 was amplified by R108 pulvinus cDNA. The samples 316 

applied to DLM1, N-DLM1, and C-DLM1, were cloned into E. coli TOP10 strains 317 

and determined by Sanger sequencing, then recombined into vector 318 

pCAMBIA3301-vocGFP-MP to construct 35S::DLM1, 35S::GFP-DLM1, 319 

35S::N-DLM1 and 35S::C-DLM1, respectively. The constructs of 35S::DLM1, 320 

35S::N-DLM1, and 35S::C-DLM1 were transformed into dlm1-1 mutants via 321 

Agrobacterium-mediated transformation. For DLM1 promoter activity analysis, the 322 

promoter sequence was fused to the pCAMBIA3301 vector. The primer sequences are 323 

listed in Table S2. 324 

Protein sequence alignment and phylogenetic analysis  325 

The amino acid sequences were sourced from Phytozome v13 326 

(https://phytozome-next.jgi.doe.gov/). Multiple sequences were aligned using 327 

ClustalX software. Phylogenetic trees were constructed using the neighbor-joining 328 

method implemented in IQ-TREE2 (JTT+R9 substitution model, with 1000 SH-aLRT 329 

replicates and 1000 ultrafast bootstrap replicates). Amino acid domains were 330 

predicted using the National Center for Biotechnology Information 331 

(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The resulting tree will be 332 

edited and enhanced using iTOL (https://itol.embl.de/). 333 

Subcellular localization 334 

The 35S::GFP-DLM1 was introduced into Agrobacterium (Agrobacterium 335 

tumefaciens) strain EHA105 and transformed into Arabidopsis (Arabidopsis thaliana， 336 
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Col-0) using the floral dip method. The homozygous T3 seedlings were used for GFP 337 

fluorescence imaging by using laser confocal microscope. 338 

GUS Staining 339 

Different maturity levels complete leaves of pDLM1::GUS line were taken and 340 

soaked in the GUS dye solution by using a GUS stain kit for 37℃ overnight. The 341 

samples were soaked and washed with 75% alcohol and observed under the 342 

stereoscopic microscope. 343 

Transcriptome analysis 344 

Quality control of both raw RNA-seq and sRNA-seq reads was performed by using 345 

FastQC (v0.12.1). Subsequently, transcriptome analysis was carried out with the 346 

HISAT2 pipeline (Pertea et al., 2016). The Medicago truncatula genome version 347 

utilized was Mt4.0v1, obtained from Phytozome v13 348 

(https://phytozome-next.jgi.doe.gov/). Differentially expressed genes were identified 349 

using GFOLD with default parameters (Feng et al., 2012). 350 

Quantitative real-time PCR (RT-qPCR) 351 

RNA was extracted from plant tissues using TransZol (TransGen, Beijing, China), 2 352 

µg RNA sample was transcribed into cDNA using the TransScript II One-Step gDNA 353 

Removal kit (Takara, Shiga, Japan). RT-qPCR was performed in three biological 354 

replicates using TransStart Tip Green qPCR SuperMix (TransGen) on a LightCylcer 355 

480 device (Roche, Basel, Switzerland). Data are mean ± SD (n = 4) with three 356 

biological replicates, and normalized the reference gene MtActin. All the RT-qPCR 357 

products were examined by electrophoresis. The primer sequences are listed in Table 358 

S2. 359 

360 
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 377 

Figure. 1 The leaf movement phenotype of dlm1 mutant in M. truncatula  378 

(A, B) The leaflet movement phenotype of 6-week-old R108 (wild-type) (left) and 379 

dlm1-1 mutant (right) at ZT9 (A) and ZT17 (B). Scale bars: 1 cm.  380 

(C) Statistics of terminal leaflet angles of WT and dlm1-1 from ZT0 to ZT24 (ZT: 381 

zeitgeber). Data shown mean ± SD (n =3).  382 

(D, E) Genetic interactions between elp1 and dlm1-1 mutants. The leaflet movement 383 

phenotype of R108 (left), elp1 (middle), and elp1 dlm1-1 double mutant (right) at ZT9 384 

(D) and ZT17 (E). Scale bars: 1 cm.  385 

(F) Statistics of terminal leaflet angles of WT, elp1 and elp1 dlm1-1 from ZT0 to 386 

ZT24 (ZT: zeitgeber).  387 

(G, H) SEM images of the epidermis of pulvini of 6-week-old R108 and dlm1-1 plants. 388 

Scale bars: 10 µm.  389 

(I-N) Semi-thin sections of the mature pulvini structure of R108 and dlm1-1 at ZT9. 390 

Scale bars: 50 µm.  391 

(O-P) Statistical analysis of data illustrates the average area of about four layers of 392 

adaxial and abaxial cells in the red box with five biological replicates, respectively at 393 

ZT9. (***, P < 0.001; ****, P < 0.0001; unpaired t-test).  394 

395 
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 396 

Figure. 2 Molecular cloning of the DLM1  397 

(A) The gene structure of DLM1 and Tnt1 insertion sites of three different alleles. The 398 

start codon (ATG) and stop codon (TAG) are shown, black lines represent introns and 399 

the grey boxes represent exons among them. The arrows indicate the orientation of 400 

Tnt1 insertions.  401 

(B) Analysis of DLM1 protein structural domain. The blue box represent PP2C 402 

phosphatase domain, The red box mean PKc_like kinase domain, and the grey box 403 

represent CAP_ED domain, which is the effector domain of the CAP family of 404 

transcription factors. 405 

(C) The phenotype of dlm1 alleles. The leaflet movement phenotype of 6-week-old 406 

R108 (left) and dlm1-1, dlm1-2, and dlm1-3 mutants (right) at ZT9. Scale bars: 1 cm.  407 

(D) RT-PCR analysis of DLM1 expression in pulvini of R108 and three dlm1 mutant 408 

alleles.  409 

(E) Genetic complementation of dlm1. The representative dlm1-1 mutant was 410 

transformed with 35S::DLM1. The two rescued mutant plants (35S::DLM1#1 and 411 

35S::DLM1#3) are shown during the day. Scale bars: 1 cm.  412 

(F) The expression level of DLM1 by RT-qPCR in pulvini of R108, dlm1-1, and two 413 

independent 35S::DLM1/dlm1-1 transgenic lines. Asterisks indicate differences 414 

between R108, dlm1-1, and two transgenic lines. (*, P < 0.05; ****, P < 0.0001; ns: 415 

no significant difference, one-way ANOVA.)  416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 
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Figure. 3 Expression pattern of DLM1 and subcellular localization of its 425 

encoding protein 426 

(A) The expression level of DLM1 in different tissues in M. truncatula.  427 

(B, C) GUS staining of compound leaves of 6-week-old pDLM1::GUS transgenic 428 

plants. The red box indicates the enlarged area, and the red arrows indicate the 429 

pulvinus area. Scale bar: 1 cm.  430 

(D) Subcellular localization analysis of DLM1 with 35S::GFP-DLM1 vector in 431 

Arabidopsis thaliana (Col-0). Scale bars: 60 µm. 432 
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 433 

Figure. 4 Phylogenetic analysis of DLM1 and its homologs 434 

(A) Neighbor-joining tree of PP2C family proteins from 20 species. Each colored 435 

block represents a subfamily of PP2C proteins from multiple species. The red 436 

pentagram represents the PP2C L subfamily where DLM1 is located. 437 

(B) Magnified view of PP2C L subfamily from (A). DLM1 and its homologs present 438 

in species including Sauropus androgynus (San), Euphorbia peplus (Ep), Averrhoa 439 

carambola (Yangtao), Arabidopsis thaliana (AT), Solanum lycopersicum (Solyc), 440 

Lotus japonicus (Lj), Medicago truncatula (Mt), Pisum sativum, Cucumis sativus 441 

(Csa), Amborella trichopoda (AmTr), Oryza sativa (Os), Ginkgo biloba (Gb), Pinus 442 

taeda (PITA), Ceratopteris richardii (Ceric), Marsilea vestita (Mvestita), Marchantia 443 

polymorpha (Mapoly), Diphasiastrum complanatum (Dicom), Physcomitrium patens 444 

(Pp), Chlamydomonas reinhardtii (Cre), Micromonas pusilla. The orange pentagram 445 

indicates the DLM1 position. The purple, green, pink and blue boxes represent the 446 

classification of angiosperms, gymnosperms and spore plants, respectively. 447 

(C) The presence of leaf movement species, DLM1 homologs and their domain 448 

architecture.  449 

450 
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 451 

Figure. 5 Protein domain and functional analysis of DLM1 452 

(A) The Schematic representation of constructs used for transformation.  453 

(B-D) Transgenic truncated complementation of dlm1-1. (B) The phenotype of R108 454 

and dlm1 plants during the day (top). (C) The two rescued mutant plants of 455 

35S::N-DLM1#1 and 35S::N-DLM1#2 are shown at ZT9 (middle). (D) While the 456 

35S::C-DLM1#1 and 35S::C-DLM1#2 two lines are also shown at ZT9 (below). Scale 457 

bars: 1 cm.  458 

(E) RT-qPCR analyses the expression of truncated transgenic plants. ****, P < 0.0001, 459 

one-way ANOVA.460 
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Supplementary data 461 

 462 

Figure. S1 Schematic diagram of terminal leaflet movement angle.  463 

Figure. S2 Semi-thin sections of R108 and dlm1-1 at ZT17. 464 

Figure. S3 Genetic linkage analysis of dlm1.  465 

Figure. S4 Analysis of PP2C L subfamily conserved domains in Medicago 466 

truncatula, Arabidopsis thaliana and Glycine max.  467 

Figure. S5 Phenotype of dlm1 alleles and genetic complementation at ZT17.  468 

Fig. S6 Transcriptome analysis of pulvinus.  469 

 470 

Table S1 Tnt1 exon insertion sites statistics of dlm1-1 BC1F2 mutants population 471 

by genome resequencing. 472 

 473 
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 480 
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 488 

Table S2 List of primer sequences 473 
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Supplementary data 1 

 2 

Figure. S1 Schematic diagram of terminal leaflet movement angle.  3 

(A-B) Schematic diagram of measuring the angles of the terminal leaflets from 4 

daytime to nighttime for R108 (A) and dlm1-1 (B). Using the leaf axis as a reference, 5 

the angle between the terminal leaflet and the leaf axis represents the leaf movement 6 

state for measurement. 7 
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 8 

Figure. S2 Semi-thin sections of R108 and dlm1-1 at ZT17. 9 

(A-C) The Semi-thin sections of R108 at ZT17.  10 

(D-F) The Semi-thin sections of dlm1-1 at ZT17 (ZT: zeitgeber). The red box shows 11 

the enlarged area. Scale bars:50 µm.  12 

(G-H) Statistical analysis of data shows the average area of approximately four layers 13 

of adaxial and abaxial cells in the red box with five biological replicates, respectively 14 

at ZT17. (ns: no significant difference; unpaired t-test.) 15 

16 
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Figure. S3 Genetic linkage analysis of dlm1.  17 

The twenty-seven BC1F2 population mutants of dlm1 were used for genetic linkage 18 

analysis, and all are homozygous in DLM1, dlm1-F/R is a pair of specific primers for 19 

DLM1 genomic sequence, Tnt1 R2 is the retrotransponson Tnt1 specific primer. The 20 

R108 is a control.  21 

22 
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Figure. S4 Analysis of PP2C L subfamily conserved domains in Medicago 23 

truncatula, Arabidopsis thaliana and Glycine max.  24 

The blue boxes represent PP2C phosphatase domain, grey boxes represent CAP_ED 25 

domain, and the red boxes represent PKc_like kinase domain.26 
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 27 

Figure. S5 Phenotype of dlm1 alleles and genetic complementation at ZT17.  28 

(A) Leaf movement phenotype of R108, dlm1-1 (NF7737), dlm1-2 (NF1438) and 29 

dlm1-3 (NF14116) at ZT17 (ZT: zeitgeber) (left to right). Scale bars: 1 cm.  30 

(B) The two rescued mutant plants 35S::DLM1#1 and 35S::DLM1#3 are shown at 31 

ZT17. Scale bars: 1 cm. 32 

33 
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Fig. S6 Transcriptome analysis of pulvinus.  34 

(A) Pie chart analysis of differentially expressed genes. Green represents upregulated 35 

genes, blue represents downregulated genes.  36 

(B) Gene Ontology (GO) analysis of the DEGs (differentially expressed genes).  37 

(C) Heat map showing the representative DEGs with significantly differently 38 

expression level.  39 

40 
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Table S1 Tnt1 exon insertion sites statistics of dlm1-1 BC1F2 mutants population 41 

by genome resequencing. 42 

Chromo Start End Locus  Prediction Annotation 

scf002 7581426 7581431 Medtr4g116540 Heter, Exon White-brown-complex ABC transporter family protein 

scf002 9400131 9400136 Medtr4g112970 Heter, Exon Acyl-ACP-thioesterase B 

scf003 294504 294509 Medtr8g446800 Heter, Exon Hypothetical protein 

scf006 4638947 4638952 Medtr6g018770 Heter, Exon DUF4378 domain protein 

scf007 2498315 2498320 Medtr1g019960 Heter, Exon Alpha/beta-hydrolase family-like protein 

scf008 1210839 1210844 Medtr7g091090 Heter, Exon NB-ARC domain disease resistance protein 

scf008 7211644 7211649 Medtr7g103180 Heter, Exon Wall-associated receptor kinase-like protein 

scf009 869980 869985 Medtr3g116920 Heter, Exon DUF241 domain protein 

scf010 1201595 1201600 Medtr4g057470 Heter, Exon DUF1635 family protein 

scf016 10042096 10042101 Medtr6g087000 Home, Exon Cyclic nucleotide-binding domain protein 

scf017 3292918 3292923 Medtr2g090580 Heter, Exon Early nodulin-like protein 

scf017 6361723 6361728 Medtr2g098180 Heter, Exon AP2-like ethylene-responsive transcription factor 

scf018 7764923 7764928 Medtr4g025730 Heter, Exon Pectinesterase/pectinesterase inhibitor 

scf019 5802525 5802530 Medtr2g032870 Heter, Exon Hypothetical protein 

scf019 6609426 6609431 Medtr2g030460 Heter, Exon Stress up-regulated Nod 19 protein 

scf020 1614089 1614094 Medtr2g070410 Heter, Exon Caffeoyl-CoA O-methyltransferase 

scf023 1456266 1456271 Medtr3g014530 Heter, Exon CC-NBS-LRR resistance protein, putative 

scf023 4904325 4904330 Medtr3g005740 Heter, Exon Transmembrane amino acid transporter family protein 

scf006 13169754 13169759 Medtr6g048090 Homo, 5’UTR Malectin/receptor-like kinase family protein 

43 
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Table S2 List of primer sequences 44 

Name Primer(5'-3') Usage 

dlm1 F/R CGGATGGTTCGAGGATTGC / CTGCGATACAATAGAGGTTATAGCA  dlm1 genotyping 

Tnt1 R2 AGTTGGCTACCAATCCAACAAGGA Tnt1 genotyping 

DLM1-RT F/R   GATGGGGAGGTACCTAGGGTT / CGTTTGTTACAGCACGCACA  RT-PCR 

MtActin-RT F/R  TCTTACTCTCAAGTACCCCATTGAGC/ GTGGGAGTGCATAACCTTCATAGATT  RT-PCR 

DLM1-N-qRT F/R  CTGTTGAGGCTTGTCATGCG / CCTCGAATCACCACAATTCGC RT-qPCR 

MtActin-qRT F/R   GCAGATGCTGAGGATATTCAACC / CTTCGTCACCAACATAGGCATCC  RT-qPCR 

pDLM1-GUS F  TCCTCTAGAGTCGACCTGCAGTGAATGTCGTTTGTTTTGT pDLM1::GUS 

molecular cloning pDLM1-GUS F  TTACCCTCAGATCTACCATGGTGATAAAAATTCAAACTTTAACAAT 

35S::GFP-DLM1 F GGCATGGACGAGCTGTACAAGATGGGATGCATTTATTCAAGAGTATG 35S::GFP-DLM1 

molecular cloning 35S::GFP-DLM1 R GGGGAAATTCGAGCTGGTCACCCTACCAATCTTCAAGCCATTCAGG 

35S::DLM1 F GGGGGACTCTTGACCATGGGATGCATTTATTC 35S::DLM1 

molecular cloning 35S::DLM1 R ACCTGTAATTCACACCTACCAATCTTCAAGCCAT 

35S::N-DLM1 F CGGGGGACTCTTGACCATGGGATGCATTTATTCAAGAGTATG   35S::N-DLM1 

molecular cloning 35S::N-DLM1 R GGAAATTCGAGCTGGTCACCCTAATCCCTCAACTTGTGATCT   

35S::C-DLM1 F CGGGGGACTCTTGACCATGGGACTCTTTAGAAAACTTACCGAATCTCAG 35S::C-DLM1 

molecular cloning 35S::C-DLM1 R GAAATTCGAGCTGGTCACCCTACCAATCTTCAAGCCATTCAGGCA 

 45 
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