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ABSTRACT  23 

Meiosis is a specific type of cell division that is essential for sexual reproduction in most 24 

eukaryotes. Mitochondria are crucial cellular organelles that play important roles in 25 

reproduction, though the detailed mechanism by which the mitochondrial respiratory chain 26 

functions during meiosis remains elusive. Here, we show that components of the respiratory 27 

chain (Complexes I-V) play essential roles in meiosis initiation during the sporulation of 28 

budding yeast, Saccharomyces cerevisiae. Any functional defects in the complex I 29 

component Ndi1p resulted in the abolishment of sporulation. Further studies revealed that 30 

respiratory deficiency resulted in the failure of pre-meiotic DNA replication due to 31 

insufficient IME1 expression. In addition, respiration promoted the expression of RIM101, 32 

whose product inhibits Smp1p, a negative transcriptional regulator of IME1, to promote 33 

meiosis initiation. In summary, our studies unveiled the close relationship between 34 

mitochondria and sporulation, and uncover a novel meiosis initiation pathway that is 35 

regulated by the respiratory chain. 36 

37 
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38 

INTRODUCTION 39 

Mitochondria are fundamental organelles 40 

in eukaryotic cells that have been reported 41 

to be involved in spermatogenesis, 42 

oogenesis and sporulation in yeast 43 

(GORSICH and SHAW 2004; JAMBHEKAR 44 

and AMON 2008; HUANG and SHA 2011). 45 

The close relationship between 46 

mitochondrial proteins and meiosis during 47 

oogenesis and yeast sporulation (WANG et 48 

al. 2010; WEN et al. 2016), and defects in 49 

mitochondrial dynamics and distribution 50 

ultimately result in decreased spore 51 

viability and abrogation of spore 52 

respiration (GORSICH and SHAW 2004). 53 

Moreover, respiration is reported to be 54 

essential for entry into the meiotic program 55 

and for providing energy for subsequent 56 

meiotic processes during sporulation in 57 

yeast (JAMBHEKAR and AMON 2008). In 58 

addition, mitochondrial dysfunction has 59 

been reported to be associated with many 60 

infertile diseases (RAMALHO-SANTOS et al. 61 

2009; RAJENDER et al. 2010; WAI and 62 

LANGER 2016). Thus, active mitochondria 63 

participate in multiple processes and are 64 

required for reproductive system function 65 

(RAMALHO-SANTOS et al. 2009). 66 

Respiration, which involves a series of 67 

metabolic reactions that convert nutrients 68 

into adenosine triphosphate (ATP) for 69 

cellular utilization, occurs in mitochondria; 70 

among these reactions, oxidative 71 

phosphorylation (OXPHOS) is key for 72 

aerobic respiration. During OXPHOS, 73 

electrons are transferred through the 74 

electron transport chain (ETC), also known 75 

known as the respiratory chain, to generate 76 

a proton gradient and synthesize ATP 77 

(SEMENZA 2007). Most ETC enzymes are 78 

large multi-subunit protein assemblages 79 

(Complexes I–IV) that contain many redox 80 

cofactors (SAZANOV 2015). A component 81 

of Complex I, Ndi1p, the mitochondrial 82 

nicotinamide adenine dinucleotide (NADH) 83 

oxidoreductase of Saccharomyces 84 

cerevisiae, catalyzes electron transfer from 85 

NADH to ubiquinone (DE VRIES et al. 86 

1992). Ndi1p forms a globular α/β 87 

structure and contains two canonical 88 

Rossmann domains with a flavin adenine 89 

dinucleotide (FAD) molecule buried 90 

deeply in the first domain (FENG et al. 91 

2012). In addition to providing energy, 92 

mitochondria participate in various cellular 93 

functions during gametogenesis, such as 94 

hormone synthesis (RAMALHO-SANTOS 95 

and AMARAL 2013), apoptosis (MISHRA et 96 

al. 2006; TIWARI et al. 2015), reactive 97 

oxygen species production (LU et al. 2008) 98 

and the integration of metabolic to 99 

signaling pathways (AMARAL et al. 2013; 100 

MISHRA and CHAN 2014; TIWARI et al. 101 

2015).  102 
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In response to nitrogen starvation, the 103 

budding yeast enters the meiosis process 104 

(sporulation) in the presence of a 105 

nonfermentable carbon source (ZAMAN et 106 

al. 2008). The utilization of a 107 

nonfermentable carbon source requires 108 

respiration in mitochondria, and 109 

respiration has been reported to be 110 

necessary for yeast sporulation (TREININ 111 

and SIMCHEN 1993). Moreover, the 112 

initiation of meiosis in yeast cells is 113 

regulated by multiple signals (MITCHELL 114 

1994). These signals converge at the 115 

promoter of a master regulator of yeast 116 

meiosis, IME1, which encodes a 117 

transcription factor that activates the 118 

expression of the so-called early meiotic 119 

genes (VAN WERVEN and AMON 2011). 120 

Ime1p in turn promotes the subsequent 121 

events of the sporulation program, such as 122 

pre-meiotic DNA replication, meiosis-123 

specific chromosome remodeling and 124 

homologous recombination (SMITH et al. 125 

1990; BENJAMIN et al. 2003). In addition, 126 

respiration has been shown to be required 127 

for PolII transcription, IME1 expression, 128 

DNA replication, and recombination 129 

during meiosis (JAMBHEKAR and AMON 130 

2008), and a separate respiration-sensing 131 

pathway differing from the energy supply 132 

has been proposed to govern meiotic entry 133 

(JAMBHEKAR and AMON 2008). A recent 134 

study has shown that the expression of 135 

IME1 could be induced by inhibiting the 136 

protein kinase A (PKA) and target of 137 

rapamycin complex I (TORC1) pathways 138 

in respiration-deficient cells (WEIDBERG et 139 

al. 2016). However, the functional role and 140 

molecular mechanism underlying 141 

respiration in gametogenesis have not been 142 

well understood, and whether there is an 143 

ATP production independent pathway 144 

regulated by respiration and how it works 145 

still require further investigation. 146 

Here, we show that components of the 147 

respiratory chain (Complexes I-V) play 148 

essential roles in meiosis initiation during 149 

yeast sporulation. Defects in the complex I 150 

component Ndi1p result in the abolishment 151 

of meiosis entry. Artificial induction of 152 

IME1 could bypass sporulation defects due 153 

to respiration deficiency, suggesting that 154 

Ime1p is a key mediator between 155 

respiration and meiosis initiation. During 156 

meiosis initiation, respiration promotes the 157 

expression of RIM101, inhibiting the 158 

expression of SMP1, which encodes a 159 

transcription repressor of IME1, thus 160 

relieving inhibition of IME1 expression to 161 

promote the initiation of meiosis. In 162 

summary, we dissected the close 163 

relationship between mitochondria and 164 

meiosis, and our studies uncovered a novel 165 

meiosis initiation pathway that is regulated 166 

by the respiratory chain. 167 

MATERIAL AND METHODS 168 
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Strains and plasmids 169 

All experiments were performed using 170 

diploid SK1 strains produced by mating 171 

between appropriate haploids. The 172 

genotypes of all strains were listed in 173 

Table S1. Unless otherwise stated, the 174 

mutations were homozygous. Strains 175 

expressing C-terminal-tagged proteins 176 

were constructed using a polymerase chain 177 

reaction (PCR)-based method (LONGTINE 178 

et al. 1998). The yeast deletion strains 179 

were constructed using a PCR-mediated 180 

gene replacement method as previously 181 

described (WACH et al. 1994). The 182 

truncated and mutant NDI1 expression 183 

plasmids were constructed by inserting the 184 

PCR products into the yeast vector pADH-185 

YES2 (CUI et al. 2012). The IME1 and 186 

RIM101 over-expression plasmids were 187 

constructed by inserting the PCR products 188 

into YEplac195-CUP1 (TAGWERKER et al. 189 

2006).  190 

Sporulation conditions and meiotic 191 

nuclear division assays 192 

Sporulation was induced using potassium 193 

acetate as previously described (WEN et al. 194 

2016). The strains were grown for 24 h in 195 

YPD medium (1% yeast extract, 2% 196 

peptone and 2% glucose), diluted in liquid 197 

YPA medium (1% yeast extract, 2% 198 

peptone and 2% potassium acetate) to 199 

OD600 = 0.3, and grown for 10 hrs at 200 

30 ℃ . Cells were harvested, washed, 201 

resuspended in a sporulation medium 202 

(SPM, 2% potassium acetate) to OD600 = 203 

1.9 and sporulated at 30℃  for different 204 

durations. The sporulation induced by 205 

rapamycin was performed as previously 206 

described (ZHENG and SCHREIBER 1997). 207 

Wild-type (WT) and respiratory chain-208 

deficient cells were incubated in YPD for 209 

24 hrs with vigorous shaking. When the 210 

cells reached saturation and arrested at G1 211 

phase; the cell culture was equally divided 212 

into two aliquots. Each aliquot was then 213 

incubated with methanol (control) or 214 

rapamycin at a final concentration of 100 215 

nM. Meiotic nuclear divisions, 216 

representing the sporulation efficiency, 217 

were visualized by staining chromosomal 218 

DNA with 1 μg/mL 4’,6-diamidino-2-219 

phenylindole (DAPI): the samples were 220 

harvested at the indicated times and 221 

directly fixed in an equal volume of 100% 222 

ethanol for subsequent DAPI staining. 223 

Images were recorded and analyzed under 224 

a Nikon Eclipse Ti microscope (Nikon, 225 

Eclipse Ti-S, Tokyo, Japan). 226 

Intracellular ATP measurement 227 

The concentration of intracellular ATP 228 

was measured using an ATP Assay Kit 229 

(S0027; Beyotime, Shanghai, China). 230 

Briefly, cells were induced to sporulate by 231 

adding rapamycin as described above, 232 

harvested at the indicated time points and 233 

stored at -80°C before detection. Cell 234 



7 

 

pellets were resuspended in 400 μl ATP 235 

determination lysis solution and 236 

transferred to 2-mL snap-cap tubes with 237 

500 μL of glass beads. The cells were then 238 

vortexed for 5 min at full speed at 4°C and 239 

centrifuged at 12,000 rpm at 4°C for 5 min. 240 

The supernatants were processed, and 241 

intracellular ATP concentrations were 242 

determined according to the ATP Assay 243 

Kit instructions (ZHANG et al. 2014). 244 

Luminance (RLU) was detected using a 245 

FLUOstar OPTIMA (BMG LABTECH, 246 

Offenburg, Germany), and the 247 

concentration of ATP was measured. A 248 

standard curve representing the ATP 249 

concentration (10 nM–10 μM) was 250 

prepared from a known amount of ATP; 251 

luminescence was then normalized to the 252 

protein concentration. 253 

Immunoblotting 254 

Cells were subjected to mild alkaline 255 

treatment and then boiled in a standard 256 

electrophoresis loading buffer, as 257 

previously described (KUSHNIROV 2000). 258 

The samples were separated by sodium 259 

dodecyl sulfate polyacrylamide gel 260 

electrophoresis (SDS-PAGE) under 261 

reducing conditions and transferred to 262 

nitrocellulose membranes. The blots were 263 

incubated with a primary antibody and a 264 

fluorescent dye-labeled secondary 265 

antibody (926-32211, LI-COR, Lincoln, 266 

NE); the blots were then scanned using an 267 

Odyssey infrared 740 imager (9120, LI-268 

COR Biosciences, Lincoln, NE). Myc 269 

antibodies were purchased from Abmart 270 

(M20002, Shanghai, China), the RGS-His 271 

antibody was purchased from Qiagen 272 

(34610, Qiagen Hilden, North Rhine-273 

Westphalia, Germany), and the TAP 274 

antibody was obtained from Thermo 275 

Scientific (MA1-108, Thermo Scientific 276 

Waltham, MA). The Pgk1p polyclonal 277 

antibody was generated in rabbits using the 278 

corresponding recombinant protein as the 279 

antigen. The quantification of 280 

immunoblotting was performed using 281 

Odyssey imager software and normalized 282 

with Pgk1p signal. 283 

Extraction of total RNA from yeast 284 

RNA was isolated from yeast as 285 

previously described(SCHMITT et al. 1990). 286 

Samples were collected and resuspended 287 

in 400 μL AE buffer (50 mM Na acetate 288 

pH 5.3 and 10 mM 289 

ethylenediaminetetraacetic acid (EDTA)), 290 

and 40 μL 10% SDS was added. The 291 

suspension was vortexed for 5 min, and 292 

400 μL fresh phenol was added. The 293 

mixture was vortexed again for 5 min and 294 

incubated at 65°C for 4 min; the mixture 295 

was rapidly chilled on ice for 5 min and 296 

then centrifuged for 2 min at 12,000 rpm. 297 

The upper aqueous phase was transferred 298 

to a fresh tube, after which phenol and 299 

chloroform (1:1) were added and 300 



8 

 

incubated for 5 min at room temperature. 301 

After centrifuging for 5 min at 12,000 rpm, 302 

the upper aqueous phase was again 303 

transferred to a fresh tube, and 40 μL 3 M 304 

Na acetate and 2.5 volumes ethanol were 305 

added to precipitate the RNA. After 306 

washing with 80% ethanol, the pellet was 307 

dried for 5 min, resuspended in 20 μL 308 

diethyl pyrocarbonate (DEPC)-treated 309 

water and stored at -80°C. 310 

Chromatin immunoprecipitation (ChIP) 311 

analyses 312 

ChIP analysis of target proteins was 313 

performed using antibodies, primarily as 314 

described by El Hage et al (EL HAGE et al. 315 

2014). Cells were harvested at the 316 

indicated time points after rapamycin 317 

treatment. Meiotic cells were crosslinked 318 

with formaldehyde (1%) for 25 min at 319 

room temperature. The pellets were 320 

resuspended in 400 μL FA-1 lysis buffer 321 

[50 mM HEPES-KOH at pH 7.5, 140 mM 322 

NaCl, 1 mM EDTA at pH 8, 1% Triton X-323 

100, 0.1% w/v sodium deoxycholate, plus 324 

CPI-EDTA 1× (Protease inhibitor cocktail, 325 

Roche 11697498001)], mixed with 500 μL 326 

of glass beads (Sigma, G8772), and 327 

vortexed for 45 min at full speed at 4°C. 328 

The glass beads were removed, and the 329 

cross-linked chromatin was recovered by 330 

centrifugation at 12,000 rpm for 10 min at 331 

4°C (the supernatant was discarded). FA-1 332 

buffer (800 μL) was added to the top of the 333 

pellet. The chromatin was sonicated for 2 334 

min (10 sec ON, 15 sec OFF, 20% 335 

amplitude) and then centrifuged for 15 min 336 

at 12,000 rpm at 4°C; glycerol 5% was 337 

added to the supernatants. The sonicated 338 

chromatin was mixed with Sepharose Cl-339 

4B beads (Sigma CL4B200) and cleared 340 

for 1 h at 4°C. Immunoprecipitation was 341 

performed by mixing ‘cleared-sonicated 342 

chromatin’ with 35–40 mg IgG2a antibody 343 

and a 100-μL bed of Protein A Sepharose 344 

CL-4B beads (GE Healthcare 17-0780-01) 345 

on a rotating wheel overnight at 4°C. The 346 

beads were recovered and washed 347 

successively with FA-1 buffer (plus CPI-348 

EDTA 1×), FA-2 buffer (as FA-1 buffer 349 

but with 500 mM NaCl, plus CPI-EDTA 350 

1×), FA-3 buffer (10 mM Tris-HCl at pH 8, 351 

0.25 M LiCl, 0.5% NP-40, 0.5% w/v 352 

sodium deoxycholate, 1 mM EDTA at pH 353 

8, plus CPI-EDTA 1×), and TE 1×(100 354 

mM Tris-Cl at pH 8, 10 mM EDTA at pH 355 

8) at 4°C. The cross-link of the sonicated 356 

chromatin was reversed by incubating the 357 

washed beads with 250 μL TE buffer 358 

containing 1% SDS and 1 mg/ml 359 

proteinase K overnight at 65°C. The DNA 360 

was purified using a Qiagen PCR 361 

purification kit and eluted with 55 μL of 362 

buffer EB containing RNase A (0.5 363 

mg/mL). Quantitative PCR was performed 364 

using the immunoprecipitated DNA or 365 

whole-cell extracts.  366 
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367 

 368 

Quantitative real-time PCR  369 

DNA was synthesized using PrimeScript 370 

RT Reagent Kit (TaKaRa, RR037A, 371 

Kusatsu, Japan). Amplification was 372 

performed in a 10-μL reaction with 5 μL 373 

2× EvaGreen mix (Applied Biological 374 

Materials Inc., MasterMix-S, Richmond, 375 

Canada), 0.8 μL each primer (10 nmol/L), 376 

2 μL sample cDNA, and 2.2 μL ddH2O. 377 

Real-time PCR was performed using a 378 

Roche Light Cycler® 480II System 379 

(Roche Diagnostics, Mannheim, Germany). 380 

The PCR program was initiated at 95°C 381 

for 10 min, followed by 40 cycles of 382 

denaturation for 5 s at 95°C, annealing for 383 

30 s at 60°C, and elongation for 60 s at 384 

72°C. Fluorescence signals were observed 385 

at 72°C during the elongation step. Each 386 

sample was analyzed with at least three 387 

biological replicates, and normalized to 388 

ACT1 or NUP84, respectively. The results 389 
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were analyzed using Light Cycle 480 390 

SoftWare 1.5.1 in the Roche Light 391 

Cycler® 480II System. 392 

Yeast growth sensitivity  393 

Yeast strains were grown in YPD or liquid 394 

synthetic complete medium with glucose 395 

without the corresponding essential amino 396 

acid at 30°C to an OD600 of 1.0. The 397 

cultures were then serially diluted 10 times, 398 

and each dilution was spotted onto an 399 

auxotrophic plate with glucose or glycerol. 400 

The plates were incubated at 30°C for 3 401 

days. 402 

Flow cytometry 403 

To analyze the DNA content, 1×107 cells 404 

were fixed with 1 mL cold 70% ethanol 405 

overnight and then resuspended in 1 mL 406 

50 mM sodium citrate. The samples were 407 

centrifuged at 2000 rpm for 5 min, and the 408 

supernatant was removed. The pellets were 409 

digested with RNase A for 2 h at 37°C and 410 

then sonicated for 2 s at 20% power, 411 

stained with 1 μM Sytox Green (Molecular 412 

Probes, S-7020), and analyzed using a BD 413 

FACSvantage SE Flow Cytometry System 414 

(Franklin Lakes, NJ). 415 

Statistical analysis 416 

All data were performed with least at three 417 

biological replicates, and a representative 418 

result was shown in the Figure. All data 419 

were presented as the mean ± SEM. The 420 

statistical significance of the differences 421 

between the mean values for the different 422 

groups was measured by the Student’s t- 423 

test with a paired 2-tailed distribution. The 424 

data were considered significant when the 425 

P value was less than 0.05 (*) or 0.01 (**). 426 

Data availability  427 

The authors declare that all other data 428 

supporting the findings are available 429 

within the article and the Supplementary 430 

Information files can be obtained from the 431 

corresponding authors upon request. Table 432 

S1 contains all strains used in this study. 433 

Table S2 contains all oligonucleotide 434 

sequence information.  435 

RESULTS 436 

The functional role of the respiratory 437 

chain in sporulation 438 

The respiratory chain, which consists of 439 

five large multi-subunit protein complexes 440 

(Complexes I–V), is a core “machine” in 441 

mitochondria that is vital for OXPHOS in 442 

electron transfer, proton gradient 443 

generation and ATP synthesis (Figure 1A) 444 

(DE VRIES et al. 1992; SAZANOV 2015). To 445 

study the functional role of the respiratory 446 

chain in meiosis, small-scale screening of 447 

the respiratory chain enzymes in 448 

Complexes I–V was performed. We 449 

selected several key enzymes from each 450 

complex and deleted their corresponding 451 

genes in the S. cerevisiae SK1 background 452 

using homologous recombination. We 453 

found that some mutant strains, including 454 

ndi1Δ (Complex I), sdh1Δ, sdh2Δ, sdh4Δ  455 
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 (Complex II), cor1Δ, qcr2Δ (Complex III), 457 

cox9Δ (Complex IV), atp2Δ and atp5Δ 458 

(Complex V), exhibited significantly lower 459 

sporulation efficiency than the WT strain 460 

(Figure 1B-F, left panel). However, some 461 

mutant strains, including nde1Δ, nde2Δ 462 

(Complex I), cyc1Δ (Complex III), cox8Δ, 463 

cox12Δ, cox23Δ (Complex IV) and atp10Δ 464 

(Complex V), did not show obvious 465 

defects in sporulation (Figure 1B-F, left 466 

panel). To further confirm the relationship 467 

between the respiratory chain and 468 

sporulation, we cultured cells on YPG 469 

(yeast extract, peptone, glycerol) medium, 470 

which contains a nonfermentable carbon 471 

source on which respiration-deficient cells 472 

fail to grow, to examine the respiratory 473 

activities of individual mutant strains 474 

(Figure 1B-F, right panel). As the mutants 475 

with impaired respiratory ability (slow 476 

growth on YPG) displayed decreased 477 

sporulation efficiency, our results indicate 478 

that respiratory activity in mitochondria is 479 

essential for yeast sporulation. 480 

Ndi1p is essential for the ability of 481 

respiration to regulate yeast sporulation  482 

As NADH-Q oxidoreductase is the first 483 

enzyme in the respiratory chain, Ndi1p 484 

could catalyze electron transfer from 485 

NADH to ubiquinone (DE VRIES et al. 486 

1992). To study the detailed relationship 487 

between the respiratory chain and 488 

sporulation, Ndi1p was selected as a 489 

representative for further investigation. 490 

First, a NDI1 expression vector under the 491 

control of its own promoter was generated 492 

and transformed into a ndi1∆ strain. We 493 

found that compared with the control strain, 494 

the NDI1 expression in the ndi1Δ strain 495 

rescued its sporulation defect (Figure 2A), 496 

indicating that NDI1 indeed plays a very 497 

important role in yeast sporulation. 498 

Previous studies have identified the 499 

following three main domains in Ndi1p: an 500 

MLS (mitochondria localization signal) 501 

domain at the N-terminus, an apoptosis-502 

related domain in the middle and a TMD 503 

(trans-membrane domain) at the C-504 

terminus (YANG et al. 2011; IWATA et al. 505 

2012) (Figure 2A upper panel). To 506 

determine which domain is necessary for 507 

the involvement of Ndi1p in yeast 508 

sporulation, we generated a series of 509 

truncations (Figure 2A&B and S1A&B) to 510 

delete the above-mentioned domains, and 511 

then transformed these mutants into ndi1Δ 512 

cells. The TMD domain was important for 513 

the localization of Ndi1p in the inner 514 

mitochondrial membrane, and the 515 

truncations that deleted the TMD domains 516 

could not rescue the sporulation and 517 

respiration deficiency (Figure 2A). Next, 518 

we detected the functional role of the MLS 519 

domain of Ndi1p in the N-terminus, and 520 

found that following the deletion of the 521 

MLS domain, the cells did not show  522 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4495445/figure/f3/�
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523 

growth defects on the YPG plate and 524 

maintained high sporulation efficiency 525 

(Figure S1A&B). However, cells did not 526 

display respiratory activity and sporulation 527 

competence following deletion of both the 528 

MLS and apoptosis-related domains 529 

(Figure 2B). We also generated a series of 530 

point-mutations in NDI1 (CUI et al. 2012) 531 

(Figure 2C) disrupting the FAD-binding 532 

pocket, NADH-binding pocket and 533 

ubiquinone-binding sites, as based on 534 

structural and functional information 535 

(FENG et al. 2012). Our data indicated that 536 

cells with a disrupted FAD- or NADH-537 

binding pocket exhibited slow growth on 538 

YPG medium and could not sporulate in 539 

SPM (Figure 2D&E). In contrast, cells 540 

lacking the ubiquinone-binding pocket 541 

showed no growth defects on YPG 542 

medium and maintained high sporulation 543 

efficiency (Figure S1C). In addition, these 544 

results were not due to an expression 545 

defect in the mutants (Figure S1D). Our 546 

results suggest that the functional role of 547 

Ndi1p in sporulation depends on the 548 

binding of FAD and NADH, but not 549 

ubiquinone, and that sporulation processes 550 

are closely related to respiration. 551 
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IME1 induction defect in ndi1Δ cells 552 

To further investigate the mechanism by 553 

which meiosis is regulated by respiration, 554 

we determined the phases of sporulation 555 

that were affected in the NDI1-deleted 556 

strain. First, we detected expression of 557 

Ndi1p during sporulation by generating a 558 

tandem affinity purification (TAP) tag at 559 

the C-terminus. Based on our results, 560 

Ndi1p was continuously expressed 561 

throughout the sporulation program 562 

(Figure 3A), suggesting that the protein 563 

may have an ongoing function in 564 

sporulation, which is consistent with the 565 

requirement of mitochondrial activity 566 

throughout meiosis (JAMBHEKAR and 567 

AMON 2008). To further identify the major 568 

meiotic process controlled by Ndi1p, we 569 

compared pre-meiotic DNA synthesis in 570 

the ndi1Δ strain with that in the WT strain 571 

by performing flow cytometry analysis. In 572 

WT cells, DNA replication began at 2 hrs 573 

and was completed at approximately 6 hrs 574 

after the induction of sporulation (Figure 575 

3B), whereas ndi1Δ cells did not complete 576 

DNA replication, even by 8 hrs after 577 

induction (Figure 3B). 578 

Yeast meiosis is initiated by the 579 

expression of IME1, which serves as a 580 

master regulatory switch in meiosis 581 

(KASSIR et al. 1988; VERSHON and PIERCE 582 

2000). Thus, we detected the transcription 583 

level of IME1 in the WT and ndi1Δ cells 584 

by real-time PCR. In WT cells, IME1 was 585 

highly expressed during the early phase of 586 

sporulation and subsequently decreased 587 

during the middle phases at approximately 588 

4 hrs (Figure 3C&D and S2A&B). In 589 

contrast, the expression of IME1 in ndi1Δ 590 

cells was maintained at a very low level 591 

throughout the sporulation process (Figure 592 

3C&D and S2A&B). We also measured 593 

the Ime1p level in the ndi1∆ strain by 594 

adding a 3×Myc tag at the C-terminus 595 

of Ime1p. The Western blotting results 596 

showed that the protein levels were 597 

consistent with the corresponding mRNA 598 

levels (Figure 3E). These results indicate 599 

that Ndi1p participates in meiosis initiation 600 

by regulating the IME1 expression. 601 

Energy supply-independent function of 602 

respiration during sporulation. 603 

As the major energy source during yeast 604 

sporulation, the utilization of 605 

nonfermentable carbon source requires 606 

respiration in mitochondria (NEIMAN 607 

2011). Usually, yeast sporulation is 608 

induced by nutritional starvation. The 609 

nitrogen source and fermentable carbon 610 

source (glucose) are lacking in the 611 

sporulation induction medium, whereas 612 

acetate, which is a nonfermentable carbon 613 

source, is added to the medium. ETC-614 

deficient cells cannot efficiently utilize 615 

acetate to generate ATP because of the 616 

deficiency in respiration, but glucose is a  617 
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618 

fermentable carbon source that could be 619 

utilized by ETC-deficient cells to supply 620 

energy. Rapamycin treatment in the 621 

presence of glucose has been reported to 622 

induce yeast sporulation (ZHENG and 623 

SCHREIBER 1997). Therefore, when the 624 

sporulation is induced under this condition, 625 

the energy levels of ETC-deficient cells 626 

could be restored during meiosis 627 

(JAMBHEKAR and AMON 2008). If the 628 

major role of Ndi1p in yeast sporulation is 629 

to provide ATP, the sporulation defect 630 

observed in ndi1Δ cells might be rescued 631 

by a rapamycin treatment. We found that 632 

following treatment with rapamycin, WT 633 

cells could be induced to sporulate, 634 

whereas ndi1Δ and the other respiratory 635 

chain-deficient cells did not undergo 636 

meiosis (Figure 4A). To assess the energy 637 

supply in these strains, we measured 638 

intracellular ATP levels in WT and ETC-639 

deficient cells during sporulation after 640 

rapamycin treatment, and no obvious 641 

differences were observed at the early 642 

meiotic stage (Figure 4B). These results 643 

suggest that Ndi1p and other respiratory 644 

chain components must have other 645 

functional roles in addition to supplying 646 

energy during sporulation.  647 
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 Under sporulation conditions, IME1 was 648 

strongly induced by rapamycin treatment, 649 

while deletion of NDI1 severely impaired 650 

such induction (Figure 4C-E). These 651 

results were consistent with the previous 652 

results; IME1 can not be induced by 653 

rapamycin treatment in respiration-654 

defective mutants (JAMBHEKAR and AMON 655 

2008). Thus, rapamycin treatment 656 

mimicked the normal sporulation process, 657 

and this approach can be used to 658 

investigate additional roles of Ndi1p and 659 

respiratory chain components in 660 

sporulation. To further study the 661 

downstream response of the respiratory 662 

chain in meiosis initiation, we generated 663 

an IME1 over-expression construct under 664 

the control of the CUP1 promote and 665 

transformed this plasmid into either WT or 666 

respiratory chain-deficient strains. We 667 

found that appropriate copper ion 668 

concentrations were necessary for IME1 669 

induction and yeast sporulation, and that 670 

higher concentrations of copper ion might 671 

be toxic to cells and inhibit sporulation 672 

(Figure S3A&B), therefore, we chose 100 673 

mM copper to induce IME1 expression. 674 

After treatment, we detected the 675 

sporulation efficiency in these strains and 676 

found that expression of Ime1p in the 677 

respiratory chain-deficient strains could 678 

partially rescue the sporulation defects to a 679 

level greater than half of that observed in 680 

WT (Figure 4F&S3C). These results 681 

suggest that in addition to providing 682 

energy, the respiratory chain regulates 683 

meiosis initiation by inducing IME1 684 

expression. 685 

Rim101p participates in meiosis 686 

initiation 687 

The transcription repressor RIM101 has 688 

been reported to participate in IME1 689 

regulation (SU and MITCHELL 1993; LI and 690 

MITCHELL 1997; EPSTEIN et al. 2001), and 691 

the expression level of RIM101 varies in 692 

response to different types of carbon 693 

utilization condition and is reduced in 694 

mitochondrial dysfunction cells (DERISI et 695 

al. 1997; GASCH et al. 2000). To 696 

investigate the potential role of Rim101p, 697 

we assessed cellular Rim101p level and its 698 

activation in WT and respiratory chain-699 

deficient cells. First, we inserted a 700 

hemagglutinin (HA) tag into the middle of 701 

the coding sequence (CDS) of RIM101 as 702 

previously reported (LI and MITCHELL 703 

1997) to examine its proteolytic processing. 704 

In WT cells, Rim101p levels remained 705 

high from 0 to 8 hrs, and the proteolytic 706 

process was efficient (Figure 5A). In 707 

ndi1Δ cells, Rim101p was processed 708 

during sporulation although its protein 709 

level was low (Figure 5B). 710 

High external pH activates a conserved 711 

pH sensing pathway that includes some 712 

cell surface receptors and Rim101p  713 
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 714 

(HAYASHI et al. 2005; BAEK et al. 2006; 715 

LORENZ and COHEN 2014). However, we 716 

found that the sporulation defect in ndi1Δ 717 

cells could not be rescued by increasing 718 

the pH of the medium (Figure S4 A&B). 719 

Although high external pH induced 720 

Rim101p activation in ndi1Δ cells (Figure 721 

S4 C), the Ime1p levels were still very low 722 

in various alkaline media (Figure S4 D). 723 

These results suggest that RIM101 724 

expression alone is not sufficient to induce 725 

sporulation. 726 

Next, we measured Rim101p levels in 727 

several respiratory chain-deficient strains 728 

and found that the Rim101p level was very 729 

low or undetectable (Figure 5C). To 730 

further confirm the function of Rim101p in 731 

sporulation, we constitutively over-732 

expressed RIM101 in ndi1Δ cells (Figure 733 

S3D). After the induction of RIM101 for 2-734 

6 hrs, the IME1 transcript level was 735 

significantly higher in the RIM101 over-736 

expressed strain than that in the ndi1Δ 737 

strain (Figure 5E). Most importantly, 738 

RIM101 over-expression improved the 739 

sporulation efficiency in the ndi1Δ strain 740 

from <2% to >15% (Figure 5D), 741 

suggesting that Ndi1p might regulate 742 

sporulation by up-regulating RIM101. 743 

Smp1p directly regulates the 744 

transcription of IME1 745 

We then explored the mechanism by which 746 

Rim101p activates the downstream 747 

cascade to induce sporulation. Smp1p is a 748 
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transcription factor negatively controlled 749 

by Rim101p and has been implicated in 750 

yeast sporulation (LAMB and MITCHELL 751 

2003). To determine whether Rim101p 752 

modulates sporulation by down regulating 753 

SMP1, we generated C-terminal 9 × Myc 754 

tagged Smp1p in both the WT and 755 

respiratory chain-deficient strains and then 756 

compared protein levels of Smp1p by 757 

western blotting. Compared to WT cells, 758 

all respiratory chain deficient cells 759 

displayed high levels of Smp1p after 760 

sporulation induction (Figure 6A).  761 

It seemed that Smp1p cannot be 762 

suppressed in respiratory chain-deficient 763 

cells due to the low level of Rim101p and 764 

ultimately blocked meiosis initiation. To 765 

study the relationship among Rim101p, 766 

Smp1p and Ime1p, we first detected the 767 

expression of RIM101 and SMP1 in the 768 

deletion strains. In rim101Δ cells, the 769 

mRNA and protein levels of SMP1 were 770 

higher than those in the WT strain during 771 

sporulation (Figure 5F&G). However, in 772 

smp1Δ cells, RIM101 mRNA and protein 773 

levels were not significantly changed 774 

(Figure 6B&C). Moreover, we generated 775 

two double mutant strains, rim101Δ smp1Δ 776 

and ndi1Δ smp1Δ, and then assessed their 777 

sporulation efficiencies. After 24-hr 778 

induction, the sporulation efficiency of the 779 

rim101Δ smp1Δ strain was markedly 780 

higher than that of the rim101Δ strain 781 

(Figure 6D), suggesting that Smp1p is a 782 

negative regulator of meiosis that must be 783 

suppressed by Rim101p. Furthermore, the 784 

ndi1Δsmp1Δ strain transcribed more IME1 785 

mRNA and exhibited a sporulation 786 

efficiency that was higher than that of the 787 

ndi1Δ strain (Figure 6F&6G), indicating 788 

that Ndi1p might regulate IME1 789 

expression by up-regulating Rim101p and 790 

then inhibiting Smp1p expression. 791 

Additionally, Tup1p is another repressor 792 

of IME1 promoter (WEIDBERG et al. 2016). 793 

We found that the deletion of TUP1 794 

enhanced IME1 expression in ndi1Δ cells 795 

(Figure S6), suggesting that the repression 796 

of the IME1 promoter by Tup1p might not 797 

be dependent on respiration completely.  798 

Next, ChIP experiments were 799 

performed to investigate the direct target 800 

gene of Rim101p and Smp1p during 801 

meiosis initiation. Although we did not 802 

detect a direct interaction between 803 

Rim101p and IME1 or SMP1 promoter 804 

(Figure S5C-E), we found that Smp1p was 805 

highly enriched on the IME1 promoter in 806 

the region approximately 1000 base pairs 807 

upstream of the transcription start site 808 

(Figure S5A&B). Moreover, the ChIP 809 

results showed that Smp1p could directly 810 

bind to the IME1 promoter during mitosis, 811 

and this binding was weakened during 812 

meiosis (Figure 6E). This result suggested 813 

that Smp1p represses IME1 transcription 814 



19 

 

815 

during mitosis and is detached from 816 

the IME1 promoter during meiosis to 817 

induce IME1 expression. In rim101Δ cells, 818 

the interaction between Smp1p and the 819 

IME1 promoter was much stronger than 820 

that in WT cells, suggesting that Rim101p 821 

governs IME1 expression by regulating 822 

SMP1 expression during meiosis (Figure 823 

6E). In addition, deletion of NDI1 also 824 

repressed detachment of Smp1p from the 825 

IME1 promoter (Figure 6E). These results 826 

suggest that IME1 is directly regulated by 827 

Smp1p during meiosis initiation. 828 

DISCUSSION 829 

During mitosis, respiratory function is 830 

dispensable because yeast can utilize 831 

fermentation for growth (CHACINSKA and 832 

BOGUTA 2000). Nonetheless, respiration is 833 

essential for meiosis, and the mechanisms 834 

underlying respiration during meiosis 835 

remains poorly understood. To obtain 836 

comprehensive insight into this regulation 837 

and examine the functional role of the 838 

respiratory chain in meiosis, we generated 839 

a series of strains harboring deletions in 840 

different respiratory chain complexes 841 

(Complexes I–V). We found that not all 842 

deletion strains had sporulation defects, 843 

and only those deletions that disrupted 844 

respiratory function could abolish the 845 

meiotic process (Figure 1). Genes whose 846 

deletion did not affect both sporulation and 847 

respiration might be due to their redundant 848 

roles in these processes. Furthermore, a 849 
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detailed examination of the function of 850 

Ndi1p confirmed the relationship between 851 

respiratory efficiency and sporulation 852 

(Figure 2). 853 

Mitochondrial function has been 854 

reported to be essential for meiosis 855 

initiation during yeast sporulation 856 

(TREININ and SIMCHEN 1993; GORSICH 857 

and SHAW 2004). The primary function of 858 

mitochondria is ATP synthesis by 859 

oxidative phosphorylation via the 860 

respiratory chain. However, meiotic 861 

program entry is not only dependent on 862 

energy produced by respiration but is also 863 

controlled by a respiration-associated 864 

signaling pathway (JAMBHEKAR and AMON 865 

2008). To elucidate the detailed 866 

mechanism underlying this process, we 867 

generated a serial of respiratory chain 868 

deficient strains, and induced them to 869 

sporulate in glucose-rich medium 870 

containing rapamycin. Our results 871 

suggested that the respiratory chain 872 

regulates meiosis initiation using a 873 

Rim101p-Smp1p-Ime1p cascade that is 874 

independent of the mitochondrial energy 875 

supply (Figure 7).  876 

In a previous study, the mutant strain 877 

pet100Δ was used to explore the 878 

relationship between respiration and 879 

meiosis, and the authors found that the 880 

over-expression of IME1 could not rescue 881 

the sporulation defect (WEIDBERG et al. 882 

2016). Because pet100-null mutant cells 883 

accumulate cytochrome c oxidase due to 884 

the failure of cytochrome c oxidase 885 

assembly (CHURCH et al. 2005), the pet100 886 

null may not only have impaired 887 

respiratory activity, but also other 888 

mitochondrial dysfunctions, which could 889 

explain the discrepancy between their and 890 

our observations. Interestingly, despite 891 

IME1 over-expression promoting meiosis 892 

initiation, the sporulation defect in the 893 

respiratory chain deficient cells could not 894 

be fully rescued (Figure 4F). Because 895 

some mitochondrial functions are essential 896 

for nuclear divisions (JAMBHEKAR and 897 

AMON 2008), we propose that respiration 898 

affects not only meiosis initiation but also 899 

other aspects of sporulation. Future studies 900 

are needed to decipher the mechanism by 901 

which respiration regulates downstream 902 

meiotic events, such as nuclear division 903 

and spore packaging.  904 

In addition to regulating IME1 905 

expression, Rim101p is also involved in 906 

the alkalization response (SU and 907 

MITCHELL 1993; LI and MITCHELL 1997), 908 

and Rim101 is activated by alkaline pH-909 

stimulated C-terminal proteolytic cleavage 910 

(PENALVA et al. 2008). Although the level 911 

of sporulation medium alkalization of 912 

respiration-deficient cells was actually 913 

lower than that of WT cells(JAMBHEKAR 914 

and AMON 2008), we found that increasing 915 
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916 
the pH of the medium could not rescue the 917 

sporulation defect in ndi1Δ cells (Figure 918 

S4 A&B). These results suggest that 919 

RIM101 expression is insufficient to 920 

induce sporulation and must be combined 921 

with other condition(s). We favor the idea 922 

that an unknown respiration-dependent 923 

mechanism exits that regulates RIM101 924 

expression.  925 

A previous study showed that 926 

inhibiting two highly conserved, nutrient-927 

sensing pathways, protein kinase A (PKA) 928 

and target of rapamycin complex I 929 

(TORC1), mimics starvation-induced 930 

sporulation and drives cells to induce 931 

IME1, and to enter into the meiotic process 932 

under nutrient-rich conditions (WEIDBERG 933 

et al. 2016). Ime1p could be strongly 934 

induced in respiration-deficient cells by 935 

blocking the PKA and TORC1 pathways 936 

using mutagenesis, the ATP analog 1NM-937 

PP1 and high concentrations of rapamycin 938 

(1000 ng/μl, approximately 1 mM) 939 

(WEIDBERG et al. 2016). In addition, the 940 

authors proposed that glucose had already 941 

been consumed and was insufficient to 942 

support IME1 expression when respiration 943 

was blocked (WEIDBERG et al. 2016). 944 

However, our data reveal no obvious 945 

difference in the energy levels between 946 

WT and ETC-deficient cells during the 947 

early stage of sporulation induced by 948 

rapamycin (Figure 4A). In respiration-949 

deficient cells, Ime1p expression could not 950 

be sufficiently induced to promote meiosis 951 

initiation by inhibiting the TORC1 952 

pathway using low concentrations of 953 

rapamycin (100 nM). Tup1p is a key 954 

repressor of IME1, while PKA and 955 

TORC1 promote Tup1p binding to the 956 

IME1 promoter (WEIDBERG et al. 2016). 957 

Since the deletion of TUP1 enhanced the 958 

transcription of Ime1p in ndi1Δ cells 959 

(Figure S6), the repression of the IME1 960 

promoter by Tup1p may not be solely 961 

controlled by respiration. Therefore, we 962 

propose that respiration, PKA and TORC1 963 

pathways cooperatively control the 964 

expression of IME1, but do not work in a 965 

linear pathway. 966 

In summary, our data show that 967 

respiration stimulates the expression of 968 

RIM101 and that Rim101p inhibits the 969 

expression of SMP1, a negative regulator 970 
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of IME1. This situation promotes the 971 

expression of IME1 to start pre-meiotic 972 

DNA replication, and ultimately initiates 973 

the sporulation process. In respiratory 974 

chain-deficient cells, the expression of 975 

SMP1 cannot be suppressed with low 976 

levels of Rim101p and finally blocks 977 

meiosis initiation. 978 
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Figure S1. Effects of different truncations or mutations of Ndi1p on respiration and 1264 

sporulation.  1265 

(A-B, upper panel) Schematic representation of the domains of Ndi1p, including ΔN1–27 1266 

(Δ1–27 aa, LW1525), ΔN1–37 (Δ1–37 aa, LW1526), ΔN1–42 (Δ1–42 aa, LW1527), ΔN1–47 1267 

(Δ1–47 aa, LW1528), ΔN1–48 (Δ1–48 aa, LW1529), and ΔN1–49 (Δ1–49 aa, LW1530). The 1268 

procedure was performed as described in Figure 2A. (A-B, lower panel) Effects of different 1269 

Ndi1p truncations on respiration and sporulation. The procedure was performed as described 1270 

in Figure 2A. Error bars indicate ± SEM (n = 3). (C) The ubiquinone-binding sites of Ndi1p 1271 

are not necessary for respiration and sporulation. Yeast cells (WT, ndi1Δ with an empty 1272 

vector, NDI1p, H397D: LW1539; Q394A: LW1540 and M485E: LW1541) were established 1273 

as described in Figure 2D&F. Error bars indicate ± SEM (n = 3). (D) Expression of Ndi1p 1274 

point mutants was detected by western blotting. The protein level of Rim101p was detected 1275 

by immunoblotting using an antibody against MYC. Pgk1p served as a loading control. 1276 

Figure S2. IME1 transcriptional level in WT and ndi1Δ strains during sporulation. 1277 

 (A) Quantitative PCR analysis of the IME1 expression level in WT (LW0066) and NDI1 1278 

deletion (LW0323) strains. Cells were harvested at the indicated time points. Total RNA was 1279 

isolated and reverse transcribed, and IME1 mRNA levels were measured by quantitative PCR. 1280 

The signals were normalized to ACT1 levels. HK: Housekeeping gene Error bars indicate ± 1281 

SEM (n = 3). (B) Quantification of IME1 by Q-PCR relative to the 0 hr time point shown in 1282 

Figure S2A. 1283 
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Figure S3. IME1 is essential for meiosis initiation and is regulated by the respiratory 1284 

chain.  1285 

(A) Cu2+ concentration-dependent IME1 induction. An IME1 expression vector under control 1286 

of the CUP1 promoter was generated and transformed into ndi1Δ cells (LW1564). Cells were 1287 

induced to sporulate with rapamycin at different concentrations of CuSO4, and samples were 1288 

collected at the indicated times. The protein level of Ime1p was detected by immunoblotting 1289 

using an antibody against RGS-His. Pgk1p served as a loading control. (B) The rescue effects 1290 

of different expression levels of Ime1p in ndi1Δ cells (LW1564). Figure S2F is related to 1291 

Figure S2E. Error bars indicate ± SEM (n = 3). (C) RIM101 expression was induced in ndi1Δ 1292 

cells (LW1553). The procedure was similar to that described in Figure S3A. (D) The IME1 1293 

expression vector under control of the CUP1 promoter (100 mM Cu2+) in ndi1Δ (LW1564) 1294 

during sporulation.  1295 

Figure S4. Effect of different treatments on sporulation induction in the ndi1Δ strain. 1296 

(A) The medium was adjusted to pH 10 using different alkalizing reagents and used to culture 1297 

WT (LW0066) or ndi1Δ (LW0323) cells. The ratio of divided nuclei was analyzed after 24 1298 

hrs by DAPI staining. Error bars indicate ± SEM (n = 3). (B) The medium was adjusted to 1299 

different pH levels using NaHCO3, and the samples were analyzed as described in Figure 1300 

S4A. Error bars indicate ± SEM (n = 3). (C) The expression and activation of Rim101p were 1301 

detected in WT (LW1571) and ndi1Δ strains (LW1572) by immunoblotting during 1302 

rapamycin-induced sporulation under different external pH. FL: full-length Rim101p; 1303 

Cleaved: cleaved Rim101p. Pgk1p was used as a loading control. (D) The expression of 1304 

Ime1p was detected in WT and ndi1Δ strains by immunoblotting during rapamycin-induced 1305 

sporulation under different external pH. WT (LW1543) or ndi1Δ (LW1544) strains 1306 
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expressing the IME1-3×Myc allele were incubated in YPD and induced to sporulate with 1307 

rapamycin. The samples were collected at different times. Pgk1p served as a loading control. 1308 

Figure S5. Sites to which Rim101p and Smp1p bind during meiosis. 1309 

(A) Schematic representation of the IME1 protomer and designed primers. (B) Binding of 1310 

Smp1p to the IME1 promoter was detected by chromatin immunoprecipitation. Error bars 1311 

indicate ± SEM (n = 3). The procedure was the same as that described in Figure 6E. No tag: 1312 

LW0066; Smp1-9MYC: LW1366. (C) Binding of Rim101p to the IME1 promoter was 1313 

detected by chromatin immunoprecipitation. The procedure was the same as that described in 1314 

Figure 6E. Error bars indicate ± SEM (n = 3). No tag: LW0066; 9MYC-Rim101p: LW1545. 1315 

(D) Schematic representation of the SMP1 protomer and designed primers. (E) Binding of 1316 

Rim101p to the SMP1 promoter was detected by chromatin immunoprecipitation. Error bars 1317 

indicate ± SEM (n = 3). The procedure was the same as that described in Figure 6E. No tag: 1318 

LW0066; 9MYC-Rim101p: LW1545. 1319 

Figure S6. Deletion of TUP1 could enhance the expression of IME1 in ndi1Δ cells but 1320 

could not rescue the sporulation defect caused by NDI1 deletion. 1321 

(A) TUP1 deletion could not rescue the sporulation defect of ndi1Δ cells. The procedure used 1322 

to induce sporulation was the same as that described in Figure 5A. DAPI staining was 1323 

performed after 24 hr. Error bars indicate ± SEM (n = 3). (B) The IME1 expression level in 1324 

WT and NDI1 deletion strains was analyzed by real-time PCR. The cells and procedure used 1325 

to induce sporulation were the same as those described in Figure 5D. Error bars indicate ± 1326 

SEM (n = 3). *P<0.05. 1327 

 1328 

Supplementary Table 1: SK1 Derivatives. All strains used in this study 1329 
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Supplementary Table 2: Oligonucleotide sequence information 1330 
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