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  ABSTRACT  To determine the relative importance of transcriptional regulation versus RNA 
processing and turnover during the transition from proliferation to meiotic differentiation in 
the fi ssion yeast  Schizosaccharomyces pombe , we analyzed temporal profi les and effects of 
RNA surveillance factor mutants on expression of 32 meiotic genes. A comparison of nascent 
transcription with steady-state RNA accumulation reveals that the vast majority of these 
genes show a lag between maximal RNA synthesis and peak RNA accumulation. During 
meiosis, total RNA levels parallel 3′ processing, which occurs in multiple, temporally distinct 
waves that peak from 3 to 6 h after meiotic induction. Most early genes and one middle 
gene,  mei4 , share a regulatory mechanism in which a specialized RNA surveillance factor 
targets newly synthesized transcripts for destruction. Mei4p, a member of the forkhead 
transcription factor family, in turn regulates a host of downstream genes. Remarkably, a spike 
in transcription is observed for less than one-third of the genes surveyed, and even these 
show evidence of RNA-level regulation. In aggregate, our fi ndings lead us to propose that a 
regulatory cascade driven by changes in processing and stability of newly synthesized tran-
scripts operates alongside the well-known transcriptional cascade as fi ssion yeast cells enter 
meiosis. 

  INTRODUCTION 
 Although genome-wide studies in diverse eukaryotes have revealed 
extensive changes in transcript abundance during meiotic develop-
ment ( Reinke  et al. , 2000 ;  Wellmer  et al. , 2006 ;  Chalmel  et al. , 2007 ), 
the underlying molecular mechanisms remain largely unknown. In 
the fi ssion yeast  Schizosaccharomyces pombe , the levels of >800 
transcripts increase by a factor of four or more in three successive 
waves that coincide with major meiotic transitions ( Mata  et al. , 2002 ). 
Among these mRNAs , ∼100 encoding proteins that function in early 
events (DNA synthesis and recombination) peak 2–3 h after meiotic 
induction; 561 mRNAs, including many encoding proteins with roles 

in cell cycle regulation and cell division, peak at 4–6 h; and 
133 mRNAs, mainly encoding spore formation and stress response 
proteins, peak at 6–9 h. These changes, which extended previous 
genetic and subtractive hybridization screens for meiosis-specifi c 
transcripts (e.g.,  Watanabe  et al ., 2001 ), have been attributed to 
regulation at both the RNA level, in other words activation of primary 
transcript processing ( Kishida  et al ., 1994 ;  Averbeck  et al ., 2005 ;  Ma-
lapeira  et al ., 2005 ;  McPheeters  et al ., 2009 ) and inactivation of a 
selective turnover pathway ( Harigaya  et al ., 2006 ;  Yamanaka  et al. , 
2010 ), and the DNA level, in other words increased transcription of 
the cognate genes (e.g.,  Sugiyama  et al. , 1994 ; Ding and Smith, 
 1998 ;  Mata  et al ., 2002 ;  Cunliffe  et al ., 2004 ;  Mata  et al ., 2007 ). 

 Consistent with an important role for transcriptional control, the 
vast majority of middle meiotic genes are regulated by Mei4p, one of 
four forkhead transcription factors in fi ssion yeast ( Mata  et al ., 2007 ). 
Among these is a gene encoding a cyclin expressed during mid-
meiosis,  rem1 , which contains upstream motifs recognized by mem-
bers of the forkhead family ( Moldón  et al ., 2008 ). Intriguingly, this 
gene is also regulated at the level of splicing, positively by Mei4p, 
which is produced only during midmeiosis, and negatively by a fork-
head protein expressed in both proliferating and differentiating 
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cells, Fkh2p ( Moldón  et al ., 2008 ). Although  trans -acting regulatory 
factors have not been identifi ed, removal of the  mes1  intron is also 
controlled by an upstream region ( Shimoseki and Shimoda, 2001 ) 
that contains forkhead recognition motifs. Also consistent with a 
shared regulatory mechanism, the timing of increased  mes1  and  rem1  
mRNA accumulation during meiosis are similar ( Mata  et al ., 2002 ). As 
transcription and splicing of these two transcripts are most likely cou-
pled, the individual contribution of each process to the microarray 
peaks ∼5 h after meiotic induction cannot be readily assessed. 

 A third example of meiosis-specifi c splicing for which mechanis-
tic information is available,  crs1  ( c yclin  r egulated by  s plicing), also 
contains a splicing regulatory element located outside the coding 
region ( Averbeck  et al ., 2005 ;  McPheeters  et al ., 2009 ); however, in 
contrast to  rem1 , it resides downstream. Although the  crs1  gene is 
maximally transcribed in proliferating and early meiotic cells, the 
RNA accumulates only after concurrent activation of polyadenyla-
tion and splicing, which takes place ∼3 h after meiotic induction 
( McPheeters  et al ., 2009 ). These fi ndings converged with the avenue 
of investigation that uncovered the YTH family RNA binding protein 
Mmi1p, which binds determinants of selective removal (DSRs) to 
target certain meiotic transcripts, including  crs1 , for destruction in 
mitotically growing cells ( Harigaya  et al ., 2006 ). Further investigation 
revealed that 1) temperature-sensitive  mmi1  mutations activate 3′ 
RNA processing and splicing of  crs1  in nonmeiotic cells, and 2) the 
decision to retain the newly synthesized RNA in the nucleus for de-
struction rather than to process and export it is mediated by a bipar-
tite regulatory element consisting of a DSR and a noncanonical 
polyadenylation signal ( McPheeters  et al ., 2009 ). The cotranscrip-
tional regulatory mechanism proposed for  crs1  is consistent with the 
current view that splicing and other RNA processing reactions, which 
were traditionally designated “posttranscriptional” events, are in 
fact coupled to RNA synthesis in vivo (reviewed in Perales and 
Bentley,  2009 ). In this study, we surveyed gene expression parame-
ters and the impact of mutations in RNA surveillance factors for a 
diverse array of meiotic genes to assess the contributions of known 
control mechanisms as well as to potentially uncover new ones. 
Based on our fi ndings, we propose that the transition from prolifera-
tion to differentiation is driven in part by an RNA-level gene regula-
tory cascade that operates in parallel with, and independent from, 
previously described meiotic gene expression programs.   

 RESULTS 
 Whereas  entry into meiosis is normally blocked by the Pat1p kinase 
via inhibitory phosphorylation of Mei2p, even haploid fi ssion yeast 
strains harboring the temperature-sensitive  pat1–114  allele initiate 
meiosis when shifted to the restrictive temperature (Iino and 
Yamamoto,  1985 ). Similar to mutating Mei2p to a nonphosphory-
latable form ( Watanabe  et al ., 1997 ) or inactivating Tor2p (Álvarez 
and Moreno, 2006) , the  pat1 ts   mutant enters the meiotic differentia-
tion pathway regardless of nutritional conditions ( Bähler  et al ., 
1991 ). We have taken advantage of this mutant’s synchronous de-
velopmental program, which operates alongside the  ste11 -en-
coded transcription factor induced by nitrogen starvation (Mata 
and Bähler,  2006 ), to analyze expression over a meiotic time course 
for 32 meiotic genes and two control genes ( Table 1 ). The meiotic 
genes, which were selected primarily on the basis of a dramatic in-
crease (>25-fold) in steady-state RNA levels (column 6) following 
the transition to meiotic differentiation as judged by microarray 
analysis ( Mata  et al ., 2002 ), encode products with a wide array of 
biological functions (column 5). Ten genes the transcripts of which 
undergo meiosis-specifi c splicing ( Averbeck  et al ., 2005 ) were in-
cluded in the survey even though two of these ( mug93  and 

SPAPB8E5.10; rows 14 and 31) increase <25-fold. With the excep-
tion of  meu6  and  atg8  (rows 12 and 30), the newly selected genes 
lack introns (column 4), thus allowing us to assess the role of 3′ 
processing independent of splicing.   

 Accumulation of meiotic mRNAs does not parallel changes 
in transcription 
 To determine whether the discrepancy between the profi les of RNA 
synthesis and accumulation during exit from the mitotic cell cycle 
into meiotic differentiation observed for  crs1  ( McPheeters  et al ., 
2009 ) is common or exceptional among meiotic transcripts, we 
compared these parameters for each of the meiotic and control 
genes listed in  Table 1 . Nascent RNA synthesis was monitored by 
transcriptional run-on (TRO) assays ( Hansen  et al ., 1998 ;  McPheeters 
 et al ., 2009 ). Upon permeabilization of the cells, RNA synthesis stalls 
due to acute loss of ribonucleoside tri-phosphates (rNTPs) and is 
restarted via the addition of a buffer containing [α- 32 P]UTP, followed 
by a brief (6 min) incubation to allow labeling of transcripts undergo-
ing active synthesis. Measurement of total  32 P incorporation over a 
meiotic time course (Supplemental Figure S1), revealed a gradual 
decline in the TRO signal from 1 to 4 h after meiotic induction, 
reaching essentially background levels at the 5-h time point. 

 To analyze the patterns of nascent RNA synthesis for individual 
genes, labeled RNAs were hybridized to immobilized PCR fragments 
located near the 3′ ends of the coding regions, ensuring that the 
results refl ect full-length transcripts ( Figure 1A ). TRO data for an in-
dependent  pat1–114 –induced meiotic time course look similar (Sup-
plemental Figure S2), and quantitation of the hybridization signals 
for these and a third TRO experiment (Supplemental Figure S3) indi-
cates that, although transcription of most early, many middle, and 
both vegetative genes declines to near background levels by 4–5 h 
after meiotic induction, similar to total  32 P incorporation (Supple-
mental Figure S1), the transitions are more abrupt, with relatively 
constant signals through the 3-h time point followed by a precipitous 
decline. Remarkably, the peak transcription of many meiotic genes 
exceeds that of the highly expressed  act1  gene (compare Supple-
mental Figure S3, panels 5, 12, 14, 16, 22, 28, 30, and 33), with  mei4  
showing by far the strongest TRO signal in mitotically growing cells 
of any gene analyzed (Supplemental Figure S3, panel 5).  

 Unexpectedly, the profi le of RNA accumulation over a meiotic 
time course is dramatically different from the TRO data for the vast 
majority of genes surveyed ( Figure 1 , panel A vs. B). The most strik-
ing disparities are observed for the early meiotic genes  meu13  and 
 rec8 , for which transcription is maximal during mitotic growth and 
early meiosis. RNA levels, however, do not peak until 3 h after mei-
otic induction ( Figure 1 , rows 1 and 2). Transcription of  ght3  is like-
wise maximal in vegetative and early meiotic cells, but RNA accu-
mulation peaks even later, at the 4- to 5-h time points ( Figure 1B , 
row 3) when RNA synthesis has begun to decline ( Figure 1A  
and Supplemental Figure S2, row 3). For  fbp1 , the transcription and 
accumulation profi les ( Figure 1 , row 4) appear as overlapping mirror 
images, with RNA levels increasing most dramatically in the interval 
(4–6 h) where new synthesis is detectable but declining ( Figure 1A  
and Supplemental Figure S2, row 4). 

 In contrast to the early genes, middle meiotic transcripts show 
fairly uniform peaks 5–6 h after meiotic induction ( Figure 1B ) despite 
diverse synthesis patterns. For the largest group (16/26), maximal 
RNA synthesis occurs in vegetative and early meiotic cells ( Figure 1A  
and Supplemental Figure S2, rows 5, 7–11, 14–19, 23–25, and 30), 
similar to the early meiotic genes. Notably, a similar transcription 
profi le is observed for SPAPB8E5.10 ( Figure 1 , row 31), which was 
classifi ed as a late gene based on microarray data ( Mata  et al ., 2002 ). 
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1. 
Row

2. Gene 
name

3. Systematic 
name

4. # 
int 5. Product function

6. Fold 
increase

7. Ma 
class

8. Hr at: 
20% Peak

0 crs1 SPBC2.09c 4 Meiotic cyclin regulated by splicing 17.7 E 1        3

1 meu13 SPAC222.15 4 HOP2 recombination protein ortholog 27.3 E 1     1–2

2 rec8 SPBC29A10.14 4 Meiotic cohesin complex subunit 34.6 E 1        3

3 ght3 SPAC1F8.01 0 Hexose transporter 34.7 E 2        4

4 fbp1 SPBC1198.14c 0 Fructose-1,6-bisphosphatase 79.8 E 3        5

5 mei4 SPBC32H8.11 0 Meiotic forkhead transcription factor 54.9 M 4        5

6 SPAC1610.02c 0 Mitochondrial ribosomal protein subunit L1 64.0 M 4        5

7 SPAPB17E12.09 1 Sequence orphan 77.9 M 4        5

8 meu21 SPAC24C9.07c 0 1,3-β-glucan synthase subunit Bgs2 115.9 M 4        5

9 mug131 SPBC1861.06c 0 S. pombe specifi c UPF0300 family protein 4 171.4 M 4        5

10 mug125 SPAC1A6.08c 0 Sequence orphan 49 M 4        5

11 mcp4 SPBC16E9.08 0 Pros-pore membrane protein 62.0 M 4        5

12 meu6 SPBC428.07 2 Meiotic chromosome segregation protein 279.0 M 4        7

13 meu4 SPAC1F8.05 0 Sequence orphan 570.0 M 4        8

14 mug93 SPBC32H8.06 2 TPR repeat protein 4.9 M 5        5

15 mug132 SPAC11G7.06c 0 S. pombe specifi c UPF0300 family protein 3 60.3 M 5        5

16 mfr1 SPBC1198.12 1 Fizzy-related protein Mfr1 91.8 M 5        5

17 mug97 SPBC146.11c 0 Meiotic chromosome segregation 185.2 M 5        5

18 SPAC10F6.15 0 S. pombe specifi c UPF0300 family protein 1 242.8 M 5        5

19 mug137 SPCC1919.11 6 BAR adaptor/SH3 protein 256.2 M 5        5

20 spo3 SPAC607.10 0 Sporulation protein 364.0 M 5        5

21 meu27 SPCC1259.14c 0 S. pombe specifi c UPF0300 family protein 5 120.3 M 5        5

22 spo6 SPBC1778.04 3 Spo4-Spo6 kinase complex regulatory 
subunit

447.8 M 5        5

23 mpf1 SPAC4G9.05 2 Meiotic PUF family protein 92.8 M 5        6

24 mug142 SPBC3H7.09 0 Palmitoyl transferase 114.7 M 5        6

25 meu25 SPBC27.03 0 Sequence orphan 331.4 M 5        6

26 mde7 SPCC320.07c 0 RNA-binding protein 112.8 M 5        6

27 SPAC1039.11c 0 α-glucosidase 338.1 M 5        6

28 mug24 SPCC74.09 0 RNA-binding (RRM) 414.5 M 5        6

29 meu7 SPBC16A3.13 0 α-amylase homolog 507.7 M 5        6

30 atg8 SPBP8B7.24c 2 Autophagy-associated protein 27.4 M 5        7

31 SPAPB8E5.10 2 Conserved hypothetical 17.1 L 5       10

32 SPBP19A11.02c 0 GPI anchored ER protein 114.6 L 6        8

33 act1 SPBC32H8.12c 0 Actin NA V NA

34 SPAC6F6.11c 4 Pyridoxine-pyridoxal-pyridoxamine kinase NA V NA

  TABLE 1:    Salient characteristics of meiotic and vegetative genes included in the survey. Row numbers in column 1 
correspond to those in  Figures 1 ,  2 , and  4 . For genes identifi ed experimentally, column 2 lists the name assigned in the 
fi rst study, whereas column 3 lists all 34 systematic names (which are derived from the genome sequencing project, with 
SPA designating a location on chromosome 1, SPB chromosome 2, and SPC chromosome 3;  Wood  et al ., 2002 ). Column 4 
lists the number of introns, and column 5 lists the known or predicted function of the gene product. Information for 
both column 4 and column 5 is taken from the Sanger Center Web site ( http://old.genedb.org/genedb/pombe/ ). 
Column 6 shows the fold increase in mRNA accumulation determined by microarray hybridization, and column 7 shows 
the classifi cation of each gene as early (E), middle (M), late (L), or vegetative (V) in the same study ( Mata  et al ., 2002 ). 
The genes are listed in order of the time during meiosis at which RNA accumulation determined by microarray analysis 
reaches 20% of its maximal value, listed at left in the fi nal column. Listed at right in the fi nal column is the time of 
maximal accumulation. The difference between these two time points provides an indication of the ascending slope of 
each peak. For comparison, row 0 shows the same information for  crs1 , the subject of our previous study ( McPheeters 
 et al ., 2009 ).  
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lates only at late time points (Figure 1 and 
Supplemental Figures S2 and S3, row 32). 
Also intriguing are three middle genes 
that show a spike in transcription at 3–4 h 
but peak RNA accumulation at 5–6 h 
( Figure 1A  and Supplemental Figure S2, 
rows 6, 12, and 13). For all of the tran-
scriptionally induced genes except  meu4  
( Figure 1A , row 13), RNA synthesis is 
readily detectable in growing cells. Fi-
nally, the levels of both control RNA poly-
merase II transcripts, which encode actin 
and a predicted pyridoxal kinase, remain 
fairly constant throughout meiosis despite 
a precipitous decline in transcription 
( Figure 1  and Supplemental Figures S2 
and S3, rows 33 and 34). To provide a 
more quantitative picture of RNA accu-
mulation, we performed real-time RT-PCR 
(qRT-PCR) analyses on a representative 
set of meiotic transcripts (Supplemental 
Figure S4). Importantly, these  RNAs show 
the same temporal patterns of accumula-
tion as the semiquantitative assays and 
are also similar to the  pattern determined 
from microarray analysis ( Table 1 , last col-
umn), which likewise measures steady-
state RNA levels. 

 The surprising discrepancy between 
the profi les of RNA synthesis and accu-
mulation prompted us to seek indepen-
dent evidence that our assays provide an 
accurate picture of molecular events dur-
ing the transition from growth to differen-
tiation. To this end, we took advantage of 
a study by Bähler and colleagues ( Lackner 
 et al ., 2007 ) in which gene expression pa-
rameters, including promoter-associated 
RNA polymerase II and mRNA accumula-
tion, were measured in mitotically grow-
ing cells ( Table 2 ). Although seven of the 
genes in our survey were not analyzed, 
the available data bolster the discovery 
reported here that most meiotic genes 
are transcribed in vegetative cells but the 
transcripts do not accumulate ( Figure 1  
and Supplemental Figures S2 and S3). 

Specifi cally, 18 of the 25 meiotic genes analyzed show a ratio of 
mRNA accumulation/Pol II occupancy fourfold lower than either 
control gene and, for three others, the ratio is >2 ( Table 2 , column 
6), as predicted for active transcription accompanied by nuclear 
RNA turnover. Conversely, meiotic genes for which we could detect 
RNA accumulation at the 0 time point clustered near the bottom of 
the ranking, just above the vegetative genes (column 3).    

 Polyadenylation at multiple sites is a common feature 
of meiotic mRNAs in  S. pombe  
 As the  crs1  gene contained a regulatory polyadenylation signal that 
collaborates with the DSR to silence expression in mitotically grow-
ing cells ( McPheeters  et al ., 2009 ), we next determined whether 
other meiotic transcripts are polyadenylated at two or more sites. 
Using RT-PCR with oligo(dT) as the 3′ primer and gene-specifi c 
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 FIGURE 1:    Comparison of nascent transcription with steady-state RNA accumulation for 32 
meiotic and 2 vegetative genes. Row numbers correspond to those in  Table 1 . (A) Analyses of 
nascent transcription over a meiotic time course using TRO assays. Cells were harvested at the 
times indicated after meiotic induction and processed as described previously ( McPheeters  et al. , 
2009 ). Newly synthesized  32 P-labeled RNAs were detected by hybridization to fi lter-bound PCR 
fragments of ∼500 bp corresponding to sequences near the 3′ end of each ORF. The decreased 
background in the 5- to 8-h TRO assays refl ects the lower overall incorporation of label during late 
meiosis (see Supplemental Figure S1). (B) Semiquantitative RT-PCR analyses of RNA accumulation 
over a meiotic time course. Total RNA was extracted at the times indicated after the temperature 
shift, and steady-state RNA levels were assayed by RT-PCR with the same primers used to 
generate PCR products for the TRO experiment in A; products were visualized negatively after 
ethidium bromide staining. Reactions were carried out for 21 cycles with three exceptions: for 
 meu4  (row 13) and  atg8  (row 23), the cycle number was reduced to 12 and 16, respectively, 
whereas the low abundance of the SPAC6F6.11c transcript (row 34) necessitated an increase to 
28 cycles. Thick lines separate the early, middle, late, and vegetative genes (see  Table 1 ), and thin 
lines separate every fi fth middle meiotic gene for alignment purposes.    

The accumulation of this RNA in the apparent absence of ongoing 
transcription ( Figure 1 , row 31) most likely refl ects the lower 
sensitivity of the TRO hybridization assay compared to reverse tran-
scription (RT)-PCR. Although we cannot completely exclude the 
possibility that the effi ciency of  32 P incorporation decreases at late 
time points in the TRO experiments, we consider this less likely in 
that seven middle genes ( spo3 ,  meu27, spo6 ,  mde7 , SPAC1039.11c, 
 mug24,  and  meu7 ) show robust transcription 5–6 h after meiotic in-
duction ( Figure 1A  and Supplemental Figures S2 and S3, rows 
20–22, 26–29), and signifi cant incorporation is seen for a late gene 
at even later time points (up to 8 h;  Figure 1A  and Supplemental 
Figures S2 and S3, row 32). 

 The late meiotic gene SPBP19A11.02c shows a unique temporal 
pattern of expression: Although transcribed in proliferating, early, 
and late meiotic cells with a lull in mid-meiosis, the RNA accumu-
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multiple 3′ processing sites are less common among vegetative 
than meiotic genes (unpublished observations).  

 To map the sites of poly(A) tail addition, we excised each band 
from gels such as those in  Figure 2  and subjected the cDNAs to 
sequence analysis. For  meu13 ,  rec8,  and  ght3,  the 3′ untranslated 
region (UTR) lengths (148/110, 183/154, and 190/147, respectively; 
 Figure 2 , rows 1–3) cluster around the average for  S. pombe  
(169 nucleotides [nt],  Wilhelm  et al ., 2008 ), and the sites of polyade-
nylation are in close proximity (38, 29, and 43 nt, respectively), 
similar to  crs1  ( McPheeters  et al ., 2009 ). Polyadenylation at the mei-
osis-specifi c proximal site in  fbp1  yields a highly truncated 3′ UTR 
(210 vs. 412 nt;  Figure 2 , row 4). For the middle meiotic genes, 
3′ UTR lengths vary over a wide range, from 42 nt for the proximal 
site in  spo3  ( Figure 2 , row 20) to 592 nt for the distal site in  mpf1  

5′ primers ( Figure 2 ), we found that all four early transcripts in our 
survey are polyadenylated at two sites; for  meu13 ,  rec8,  and  ght3,  
both are activated at similar times during meiosis (rows 1–3), 
whereas the  fbp1  polyadenylation signals are differentially used, 
with the proximal site used only during late meiosis ( Figure 2 , row 
4). The profi le of poly(A) +  mRNA accumulation generally mirrors 
total RNA accumulation (compare  Figure 2  with  Figure 1B ), as ex-
pected given that RNA polyadenylation failure precludes export to 
the cytoplasm ( Hilleren  et al ., 2001 ). The presence of multiple sites 
of 3′ processing is not limited to early meiotic genes, as 10 of the 
26 middle and both of the late transcripts are polyadenylated at 
two or more positions. Although one of the two control genes is 
also polyadenylated at two positions ( Figure 2 , row 34), analysis of 
29 additional constitutively expressed transcripts indicates that 

1. Gene 
name

2. Systematic 
name

3. 0 h 
accumulation

4. mRNA 
levela

5. Pol II 
occupancya

6. mRNA/
Pol IIa 7. Rank 8. DSR?

rec8 SPBC29A10.14 N 36.90 1.20 30.85 19 Y

mug137 SPCC1919.11 N 27.00 0.66 41.00 30 N

spo6 SPBC1778.04 N 86.50 1.87 46.33 35 N

mug131 SPBC1861.06c N 42.70 0.90 47.26 37 N

crs1 SPBC2.09c N 98.05 1.70 57.73 53 Y

SPAPB8E5.10 N 74.10 1.24 59.73 56 N

mei4 SPBC32H8.11 N 114.65 1.47 78.21 78 Y

mug97 SPBC146.11c N 144.6 1.49 96.82 94 N

meu13 SPAC222.15 N 47.50 0.48 99.69 100 N

mpf1 SPAC4G9.05 N 75.35 0.52 145.46 140 N

meu7 SPBC16A3.13 N 124.55 0.84 148.01 142 N

meu6 SPBC428.07 N 110.60 0.73 151.20 147 N

mug24 SPCC74.09 N 79.45 0.44 179.95 165 N

mcp4 SPBC16E9.08 N 168.90 0.63 268.31 242 N

meu25 SPBC27.03 N 174.05 0.61 287.69 263 N

ght3 SPAC1F8.01 N 119.55 0.35 341.57 312 N

fbp1 SPBC1198.14c N 344.85 0.81 425.22 390 N

mug125 SPAC1A6.08c N 239.25 0.65 451.15 418 N

mug132 SPAC11G7.06c N 224.80 0.48 465.91 434 N

meu21 SPAC24C9.07c Y 558.15 0.91 615.04 613 N

atg8 SPBP8B7.24c Y 909.20 1.32 688.53 718 N

SPBP19A11.02c Y 1480.10 1.89 782.50 847 N

mug142 SPBC3H7.09 Y 963.25 0.97 998.19 1220 N

spo3 SPAC607.10 N 851.80 0.84 1009.24 1243 N

SPAC1039.11c Y 1299.55 0.57 2285.93 3059 N

SPAC1610.02c Y 2541.95 0.98 2599.13 3377 N

act1 SPBC32H8.12c Y 12,327.213 6.90 1786.94 2452 N

SPAC6F6.11c Y 2191.80 0.62 3555.23 4048 N

 TABLE 2:    Comparison of gene expression measurements reported here ( Figure 1 ) with published data ( Lackner  et al ., 
2007 ) a . The results of analyzing mRNA levels (column 4), RNA polymerase II occupancy (column 5), and mRNA/Poll II 
occupancy (column 6) were available for 25 of the 32 meiotic genes in our survey as well as both control genes. These 
genes are listed in columns 1 and 2 in order of their rank in the mRNA/Pol II list (column 7). In column 3, indicating 
whether RNA detectably accumulates at 0 h ( Figure 1B ) and column 8, indicating whether a DSR is present in the gene, 
“yes” (Y) answers are highlighted in gray.  
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(row 23), whereas both late genes have 
shorter than average 3′ UTRs ( Figure 2 , rows 
31 and 32). Interestingly, the longest 3′ UTR 
(664 nt) is found in one of the control genes, 
 act1  ( Figure 2 , row 33). Overall, 3′ UTR length 
does not correlate strongly with the presence 
of multiple polyadenylation signals or any 
other parameter we measured.   

 Nitrogen starvation has a more dramatic 
effect on vegetative than meiotic genes 
 As in our previous studies ( Averbeck  et al ., 
2005 ;  McPheeters  et al ., 2009 ), the foregoing 
experiments did not impose nitrogen starva-
tion prior to inducing meiosis by shifting the 
 pat1–114  mutant to the nonpermissive tem-
perature. As this  protocol differs from other 
studies that profi led meiotic gene expression, 
we analyzed accumulation and 3′ processing 
for representative transcripts following prein-
cubation in nitrogen-free medium to synchro-
nize cells in G 1  ( Mata  et al ., 2002 ). Unexpect-
edly, the most striking difference was observed 
in the open reading frame (ORF) RNA detec-
tion assay for the control SPAC6F6 transcript 
( Figure 3G , top), which, rather than accumulat-
ing continuously ( Figure 1B , row 34), showed 
diminished accumulation in early and late mei-
osis. Interestingly, the polyadenylation assay 
shows continuous accumulation ( Figure 3G , 
bottom), similar to the assays from unstarved 
cells ( Figure 2 , row 34), consistent with the mi-
croarray study that included preincubation in 
nitrogen-free medium but analyzed mainly 
oligo(dT)-primed cDNA  (Mata  et al ., 2002 ). As 
transcription of vegetative genes, as well as a 
subset of the middle and one of the late 
meiotic transcripts, is below detection limits in 
late meiosis, these results suggest the existence 
of a stabilization mechanism, perhaps driven 
by enhanced effi ciency of 3′ processing.  

 In contrast to the control gene, the ORF 
detection and polyadenylated RNA profi les 
from the nitrogen-starved time course were 
similar for all three early and four middle mei-
otic genes ( Figure 3, A–F , compare top and 
bottom panels). There was, however, a differ-
ence relative to the unstarved cultures: In 
each case, the peak was delayed by ∼1 h 
(compare  Figure 2A  of McPheeters  et al ., 
2009,  for  crs1 ;  Figures 1B  and 2, rows 2, 4, 5, 
22, and 30 with  Figure 3 , A–G for the remain-
ing genes). Surprisingly, although the syn-
chrony of meiosis as measured by the nuclear 
division cycle is diminished by the lack of a 
starvation step ( Averbeck  et al ., 2005 ; Sup-
plemental Figure S1), cellular asynchrony  
does not appear to be refl ected in the mo-
lecular analyses of RNA accumulation, as the 
peaks are equally sharp in the starved and un-
starved cultures (compare  Figures 1B  and 2, 
rows 2, 4, 5, 22, and 30 with  Figure 3 , A–G). 

 FIGURE 2:    Analyses of polyadenylation over a meiotic time course. Total RNA was extracted at 
the times indicated after the temperature shift and the presence of a poly(A) tail was assessed by 
RT-PCR using a 5′ primer near the 3′ end of the ORF and oligo(dT) as the 3′ primer, as described 
previously ( McPheeters  et al ., 2009 ). D and P next to the row number indicate poly(A) sites distal 
and proximal to the ORF, respectively. The cycle number was 28 except in the case of  meu4  
(row 13), for which 12 cycles gave a strong signal, consistent with qRT-PCR data (Supplemental 
Figure S4C). For genes with two closely spaced cleavage/polyadenylation sites, both are displayed 
on the same gel slice; two separate slices are shown for more widely separated sites. Thick lines 
separate the early, middle, late, and vegetative genes (see  Table 1 ). The position(s) of poly(A) tail 
addition (far right) were determined by sequencing of the indicated cDNAs and are expressed as 
distance (in nt) from the translational stop codon to the cleavage/polyadenylation site.    
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and the remaining middle genes are not candidates for destruction 
by the  mmi1  pathway as bands of approximately equal intensity are 
present in all three lanes. Interestingly, the genes with mapped DSRs 
cluster near the top of the mRNA accumulation/Pol II occupancy 
ranking ( Table 2 , columns 6–8). Neither vegetative transcript shows 
increased poly(A) +  RNA in the  mmi1-ts  mutants after the tempera-
ture shift ( Figure 4B , rows 33 and 34), consistent with specifi city of 
this pathway for meiotic transcripts.  

 As our previous study demonstrated that the exosome is also 
critical for preventing  crs1  expression in proliferating cells 
( McPheeters  et al ., 2009 ), we tested the effect of deleting the  rrp6  
gene encoding a nucleus-specifi c 3′ to 5′ ribonuclease on accumu-
lation and 3′ processing of the meiotic transcripts in our survey. 
Notably, the four transcripts that showed the most dramatic in-
creases in the levels of poly(A) +  RNA in the  mmi1-ts  mutants are 
also most sensitive to  rrp6Δ  ( Figure 4B , rows 1–3, 5). Of the other 
 mmi1 -sensitive transcripts, SPAPB17E12.09 shows a band of com-
parable intensity in the  rrp6Δ  strain ( Figure 4B , row 7), whereas  for 
 meu21 ,  mug131,  and  meu6 , the band present in  rrp6Δ  is less prom-
inent than in the  mmi1-ts  strains ( Figure 4B , rows 8, 9, and 12). 
Thus, among meiotic genes, there is a strong correlation between 
sensitivity to  mmi1-ts  mutants and  rrp6Δ , but the magnitude of the 
effect is not uniform. Of the two control genes, only  act1  is sensitive 
to  rrp6Δ  ( Figure 4B , row 33). 

 Finally, we tested the effect of deleting  cid14 , which encodes the 
sole fi ssion yeast ortholog of Trf4 and Trf5, the noncanonical poly(A) 
polymerases found in the TRAMP (Trf4/5, Air2, and Mtr4 
polyadenylation) complex, which marks multiple classes of RNA for 
exosome-mediated turnover in budding yeast ( LaCava  et al ., 2005 ) 
but did not affect accumulation of polyadenylated  crs1  RNA 
( McPheeters  et al ., 2009 ). Intriguingly,  meu4 , a poly(A) +  transcript 
proposed to function as a noncoding RNA ( Watanabe  et al ., 2001 ), 
shows a band in  cid14Δ  but not in any of the other strains examined 
( Figure 4B , row 13), and pronounced bands are also observed in the 
 cid14Δ  strain for  fbp1 , SPAC1610.02c,  meu21 , SPAC10F6.15, 
 mug142,  and  mde7  ( Figure 4B , rows 4, 6, 8, 18, 24, and 26). The 
absence of either Cid14p or Rrp6p leads to increased  act1  mRNA 
levels ( Figure 4B , row 33), consistent with roles for the TRAMP com-
plex and nuclear exosome in turnover of some RNA polymerase II 
transcripts in fi ssion yeast ( Wang  et al ., 2008 ).   

 Splicing and polyadenylation of meiotic mRNAs are not 
obligatorily coupled 
 In our earlier study, we discovered that polyadenylation and splic-
ing of  crs1  primary transcripts  are mechanistically coupled, which 
was unexpected in that this mode of RNA processing was believed 
to refl ect exon defi nition and, therefore, to be restricted to meta-
zoans ( McPheeters  et al ., 2009 ). To test whether coupling of poly-
adenylation and splicing is a general feature of meiotic gene regu-
lation, we assayed splicing of  meu6  and  atg8 , the two 
intron-containing transcripts in our survey that had not been exam-
ined previously for meiosis-specifi c splicing. RT-PCR analysis of 
RNA from a meiotic time course with primers corresponding to the 
5′ and 3′ exons of  meu6  and  atg8  revealed that it is mature mRNA, 
not unspliced or partially spliced RNA, that accumulates in vegeta-
tive cells and throughout meiosis ( Figure 5 ). In contrast,  crs1  RNA 
was barely detectable in proliferating cells, and the few transcripts 
present were neither spliced nor polyadenylated ( McPheeters 
 et al ., 2009 ). Thus, although both  meu6  and  atg8  transcripts show 
meiosis-specifi c polyadenylation ( Figure 2 , rows 12 and 30), they 
are constitutively spliced. The lack of obligatory coupling between 
splicing and polyadenylation is consistent with the large number of 

   Mutations in RNA surveillance factors differentially affect 
meiotic transcript accumulation 
 In our earlier study, we showed that in mitotically growing  mmi1-ts  
mutants shifted to the nonpermissive temperature,  crs1  RNA is 
cleaved and polyadenylated at the same sites as in meiotic cells, in 
addition to accumulating to substantially higher levels ( McPheeters 
 et al ., 2009 ). In light of the high frequency of genes in our survey 
that, like  crs1 , are transcribed in vegetative and early meiotic cells 
(yet fail to accumulate RNA), we examined the contribution of this 
specialized surveillance pathway. As a prelude to seeking new  mmi1 -
sensitive transcripts, we tested whether the mRNAs identifi ed in the 
original study ( Harigaya  et al ., 2006 ) acquire poly(A) tails only at the 
nonpermissive temperature in  mmi1-ts  mutants ( Figure 4A ). All 12 
transcripts examined accumulate dramatically increased levels of 
poly(A) +  RNA under restrictive conditions in the  mmi1-ts3  and  -ts6  
mutant strains, but not in a wild-type strain subjected to the same 
temperature shift, similar to  crs1  ( McPheeters  et al ., 2009 ; top panel). 
Thus, we proceeded to use enhanced polyadenylation in the mu-
tants as a diagnostic tool to identify candidate  mmi1  targets 
( Figure 4B ). 

 In addition to  rec8 , one of the eight previously identifi ed  mmi1 -
sensitive transcripts ( Harigaya  et al ., 2006 ), two other early meiotic 
genes in our survey accumulate higher levels of polyadenylated 
RNA at the restrictive temperature in the  mmi1-ts  mutants ( meu13  
and  ght3 ,  Figure 4B , rows 1 and 3), whereas  fbp1  does not ( Figure 4B , 
row 4). Due to undetectable signals in both wild type and  mmi1-ts  
strains,  Figure 4B  does not include data for the late genes, nor for 
10 of the 26 middle genes. Among the 16 remaining middle genes, 
fi ve, in addition to the known  mmi1  target  mei4  (row 5), show no 
detectable polyadenylated RNA in wild-type cells and distinct bands 
in both  mmi1-ts  mutants ( Figure 4B , rows 7, 9, 11, 12, and 23). Two 
other middle genes show visible bands in the wild-type lane that are 
clearly enhanced in both  mmi1-ts  mutants ( Figure 4B , rows 8 and 24), 

 FIGURE 3:    Effect of including a nitrogen starvation step prior to 
shifting  pat1–114  cells to the nonpermissive temperature. (Top) 
Accumulation of total RNA for representative early, middle, and 
vegetative transcripts using the same RT-PCR primers as in  Figure 1B , 
which amplify the the 3′ ends of the coding regions. (Bottom) 
Accumulation of poly(A) +  RNA was analyzed for the same transcripts 
using RT-PCR with oligo(dT) as the 3′ primer, as in  Figure 2 .    
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genes in our survey that lack introns yet display meiosis-specifi c 
polyadenylation.     

 DISCUSSION 
 In this study, we analyzed nascent RNA synthesis, accumulation, and 
processing, as well as the effects of  trans -acting RNA surveillance 
mutants, to assess the relative contributions of DNA-level and RNA-
level regulation during the transition from vegetative growth to mei-
osis in fi ssion yeast. As discussed in all four sections below , our results 
highlight the importance of events once believed to occur post-
transcriptionally but that are now known to be initiated while transcript 
synthesis is still ongoing (reviewed in Perales and Bentley,  2009 ).  

 Biological implications: A regulatory cascade initiated by 
transcription of meiotic genes during vegetative growth 
 In addition to relief of  mmi1 -mediated destruction of meiotic tran-
scripts, the pathway through which wild-type fi ssion yeast cells initi-
ate meiotic development in response to nitrogen starvation involves 
up-regulation of multiple genes by the  ste11 -encoded transcription 
factor (e.g., Li and McLeod,  1996 ; Mata and Bähler,  2006 ;  Helmlinger 
 et al ., 2008 ). In most of the experiments presented here, this path-
way is bypassed and accumulation of unphosphorylated Mei2p, 
which is necessary and suffi cient to trigger meiosis (Iino and 
Yamamoto,  1985 ;  Watanabe  et al ., 1997 ), is achieved solely through 

heat inactivation of the  pat1–114  mutant kinase ( Figure 6 , top left). 
Mei2p sequesters Mmi1p in a nuclear “dot” that also contains the 
noncoding meiRNA ( Harigaya  et al ., 2006 ), leading to stabilization 
of a number of transcripts including  mei4  ( Figure 6 , center). This 
mRNA is translated to produce the Mei4p transcription factor 
( Figure 6 , center), which in turn regulates a large number of genes 
expressed in mid-meiosis ( Figure 6 , bottom). Taking all of these fi nd-
ings into account, we propose that the  mmi1  pathway, which directly 
blocks 3′ processing and promotes nuclear turnover of specifi c tran-
scripts and affects others indirectly (see next section ), sits at the 
apex of a regulatory cascade that operates alongside the well-
known, starvation-induced transcriptional cascade initiated by  ste11 . 
As the direct  mmi1  target  spo5  ( Yamanaka  et al ., 2010 ) encodes an 
RNA-binding protein that forms Mei2 dotlike foci ( Kasama  et al ., 
2006 ), it may encode a component of the regulatory apparatus.  

 Both stages of the proposed regulatory cascade impact the 
chromosome transactions that provide familiar meiotic landmarks. 
Two direct  mmi1  targets,  rec8  and  meu13 , encode proteins with 
roles in meiotic recombination (Davis et al., 2008), whereas   mei4 -
regulated transcripts include  spo6 , encoding a protein kinase regu-
latory subunit required for spindle formation ( Nakamura  et al ., 2000 ). 
Although our previous proposal that meiosis-specifi c splicing con-
trols the abundance of  rec8 ,  meu13,  and  spo6  ( Averbeck  et al ., 2005 ) 
cannot be ruled out, the current data suggest that activation of 

 FIGURE 4:    Effects of mutating factors implicated in meiotic and general nuclear RNA turnover on accumulation of 
meiotic transcripts. (A) Analysis of poly(A) +  RNA accumulation for  mmi1  targets identifi ed in the original study ( Harigaya 
 et al ., 2006 ). The two temperature-sensitive mutants ( ts3  and  ts6 ) or an isogenic wild-type control (WT) were grown to 
early log phase at the permissive temperature (26ºC) and then shifted to the nonpermissive temperature (36ºC) for 3 h 
prior to RNA extraction. Polyadenylation assays were performed as in  Figure 2 . One of the 13 genes up-regulated in 
 mmi1-ts  mutants, SPCP20C8.03 ( Harigaya  et al ., 2006 ), is not included as we were unable to map a polyadenylation site, 
consistent with the recent reclassifi cation of the locus as a pseudogene. (B) Analysis of poly(A) +  RNA accumulation for a 
subset of the meiotic genes (see text under “Mutations in RNA surveillance factors…“ ) in the  mmi1-ts ,  rrp6Δ,  and  cid14Δ  
strains. The  mmi1  strains were processed as in A, while the deletion mutants were grown to early log phase at 30ºC (the 
standard growth temperature for fi ssion yeast) before harvesting RNA. To assess the impact of mutations, we assigned a 
numerical value from 0 (undetectable) to 5 to the signal intensity in each lane; these values are shown at the right.    
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bolstered by two recently published studies. First, in mammalian cell 
extracts, a functional but unused poly(A) signal triggers degradation 
of 3′ extended nascent transcripts ( Kazerouninia  et al ., 2010 ). Sec-
ond, in  Drosophila  embryos, suppression of polyadenylation serves 
as a regulatory mechanism to limit production of Notch mRNA 
( Shepherd  et al ., 2009 ). At fi rst glance, our data and interpretation 
appear to contradict the recent proposal that polyadenylation of 
 mmi1  target transcripts precedes delivery to the exosome ( Yamanaka 
 et al ., 2010 ). To reconcile the two models, we propose that they 
operate in tandem, with the general surveillance mechanism origi-
nally identifi ed in the context of small nucleolar RNA (snoRNA) me-
tabolism (Lemay  et al ., 2010)  mediating destruction of  mmi1  sub-
strates that escape the meiotic transcript-specifi c mechanism. This 
interpretation is consistent with the fi nding that the general path-
way, which requires recognition by Pab2p, a nuclear poly(A) binding 
protein, affects many meiotic transcripts that are not targets of the 
 mmi1  pathway ( St-André  et al ., 2010 ). 

 In the initial report, the  mmi1  pathway was proposed to protect 
mitotic cells from the deleterious effects of aberrantly produced 
meiotic gene products ( Harigaya  et al ., 2006 ). Our discovery, how-
ever, that an  mmi1  target gene is transcribed in vegetative and early 
meiotic cells but fails to accumulate RNA raised a different possibil-
ity, that certain meiotic genes are maintained in an active confi gura-
tion to ensure rapid availability of their products ( McPheeters  et al ., 
2009 ). The results reported here indicate that transcription of mei-
otic genes in growing cells is widespread and not limited to direct 
targets of the  mmi1  pathway. Mechanistically, this surprising phe-
nomenon may be related to the transcription of “silent” heterochro-
matin into RNAs that are rapidly destroyed by the exosome ( Bühler 
 et al ., 2007 ; Zofall  et al ., 2009). Although we believe that  mmi1 -
mediated regulation has a role beyond preventing untimely meiotic 
gene expression, the general ( pab2 -mediated) surveillance pathway 
may well function in a “fail-safe” capacity to eliminate inappropri-
ately expressed meiotic transcripts in fi ssion yeast including, but not 
limited to, those that escape  mmi1 -mediated destruction ( St-André 
 et al ., 2010 ). 

 Two early meiotic genes in our survey do not fi t the  crs1  regula-
tory paradigm discussed earlier in this article. Both  ght3  and  fbp1  
transcripts, which encode products involved in sugar metabolism, 
persist into late meiosis following peak polyadenylation at 4–5 h 
( Figure 2 , rows 3 and 4). In addition, the two widely separated 3′ 
processing sites in  fbp1  are  not  activated concurrently, and use of 
the proximal signal is exclusive to the late stages of meiosis (9 and 
7 h with and without nitrogen starvation, respectively;  Figure 2 , 
row 4 and  Figure 3C ), in contrast to the previously identifi ed, less 
tightly regulated examples of differential polyadenylation in 
 S. pombe  ( Girard  et al ., 1993 ;  Jang  et al ., 1996 ;  Munoz  et al ., 2002 ). 
Truncation of the 3′ UTR might alter stability or translation of  fbp1  
RNA, analogous to the widespread shortening of oncogene 3′ UTRs 
observed in cancerous mammalian cells (Mayr and Bartel,  2009 ) or 
the widespread cytoplasmic polyadenylation that orchestrates late 
meiotic events in metazoans (reviewed in Richter,  2000 ; Wickens 
 et al ., 2000).   

 Not all targets of the Mei4p transcription factor show 
meiotic peaks in RNA synthesis 
 Importantly, our study is the fi rst to provide direct evidence for in-
creased transcription of meiotic genes during differentiation. Inter-
estingly, however, the three that show a spike 3 h after induction 
( Figure 1 , rows 6, 12, and 13) lack the recognition element for the 
DSC1/MBF (DNA synthesis control-like/Mlu1 box binding) transcrip-
tion factor known to regulate other early meiotic genes, including 

3′ RNA processing occupies a higher position in the regulatory hier-
archy. Indeed, two transcripts that exhibit meiosis-specifi c polyade-
nylation ( Figure 2 , rows 12 and 30) are constitutively spliced ( Figure 
5 ). Downstream events in meiotic gene expression may also be 
part of the post-transcriptional cascade, as the  mei4 -regulated 
genes in our survey include several that encode predicted RNA 
binding proteins ( Table 1  and  Figure 1 , rows 23, 26, and 28).   

 The  mmi1  pathway is likely to function in tandem with 
general nuclear RNA surveillance 
 In light of the unusual features of  crs1  regulation ( McPheeters  et al ., 
2009 ), a central goal of our study was to assess the prevalence of this 
control mechanism. Whereas fi ve genes in our survey were originally 
identifi ed as  mmi1  pathway substrates ( Harigaya  et al ., 2006 ), a more 
recent investigation revealed that only  rec8  and  mei4  are direct tar-
gets ( Yamanaka  et al ., 2010 ), together with  crs1  ( McPheeters  et al ., 
2009 ). A fourth gene in our survey,  meu13 , is similar to  crs1 ,  rec8,  and 
 mei4  in showing dramatically increased RNA accumulation in the 
 rrp6Δ  mutant but insensitivity to  cid14Δ  ( McPheeters  et al ., 2009 ), 
consistent with a shared regulatory mechanism culminating in elimi-
nation from mitotically growing cells by the exosome. Whereas  the 
kinetics of transcription, RNA accumulation, and 3′ processing pro-
fi les for  meu13  and  rec8  are similar to those of  crs1  ( McPheeters  et 
al ., 2009 ), the longer lag prior to RNA accumulation for  mei4  ( Figure 
1 , rows 1, 2, and 5) may be related to the unusual location of the 
 mei4  DSR, which is located near the middle of the ORF, in contrast 
to the 3′ location of the four other mapped DSRs ( Harigaya  et al ., 
2006 ;  McPheeters  et al ., 2009 ). 

 A physical feature that the  meu13 ,  rec8,  and  mei4  genes share 
with  crs1  is the presence of two closely spaced polyadenylation sig-
nals ( Figure 2 ), which may facilitate targeting of nascent transcripts 
for destruction. Indeed, our proposal that bypass of meiosis-specifi c 
polyadenylation signals in proliferating cells promotes turnover of 
newly synthesized transcripts ( McPheeters  et al ., 2009 ) has been 

 FIGURE 5:    Analyses of  meu6  and  atg8  splicing over a meiotic time 
course. Splicing was assayed by RT-PCR using primers complementary 
to the terminal exons (both genes contain two introns;  Table 1 ). 
Signal-recognition particle (SRP) RNA was used as an internal loading 
control as in our previous study ( McPheeters  et al ., 2009 ).    
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the  mmi1  substrates  meu13  and  rec8  ( Sugiyama  et al ., 1994 ; Ding 
and Smith,  1998 ;  Cunliffe  et al ., 2004 ). Instead, two of these genes 
contain perfect copies of the motif recognized by Mei4p in their 
upstream DNA (Horie   et al ., 1998;  Mata  et al ., 2007 ), as do all seven 
genes that show a spike in RNA synthesis 5 h after initiation of meio-
sis ( Figure 6 , lower left). One of these,  spo6 , contains introns ( Table 
1 , row 22), and appears to share the transcription-coupled splicing 
regulatory mechanism proposed for  rem1  ( Moldon  et al ., 2008 ). De-
spite containing presumptive Mei4p recognition elements, however, 
 meu6  and  atg8  are spliced constitutively ( Figure 5 ) and thus are not 
subject to this form of regulation. 

 Our survey included 18 other meiotic genes that contain up-
stream Mei4p recognition motifs and are bona fi de targets of this 
transcription factor based on their failure to show increased RNA 
accumulation during meiosis in a  mei4Δ  strain (Mata   et al ., 2007 ). 
Further investigation will be required to determine whether these 
genes, which include members of the early, middle, and late 
classes ( Mata  et al ., 2002 ), share a regulatory mechanism with the 

genes that show a mid-meiotic transcrip-
tional spike as all of them, together with 
 mei4  itself, show maximal transcription 
in vegetative and early meiotic cells but 
little or no RNA accumulation until 4–5 h 
after meiotic induction ( Figure 1 , rows 3, 
4, 7–11, 14–19, 23–25, 30, and 32). In 
the case of  mei4 , this pattern may result 
from the superimposition of  mmi1 -medi-
ated targeting for destruction and tran-
scriptional auto-regulation (Abe and Shi-
moda,  2000 ). Although none of the other 
 mei4 -regulated transcripts appears to 
be directly targeted by the  mmi1  path-
way ( Harigaya  et al ., 2006 ;  Yamanaka 
 et al ., 2010 ), several show increased ac-
cumulation when surveillance factors are 
inactivated ( Figure 4 , rows 3, 4, 7–11, 
14, 18, 23, and 25), presumably as a sec-
ondary consequence of increased Mei4p 
levels in these cells.    

 CONCLUSION 
 Counter to the previous proposal that 
the successive waves of mRNA accumu-
lation observed in microarray studies 
represent the unfolding of a transcrip-
tional program ( Mata  et al ., 2002 ), less 
than a third of the genes in our survey 
display a peak in RNA synthesis during 
meiosis, and transcription of all but one 
is readily detectable in proliferating cells. 
Despite a feature common to all meiotic 
genes analyzed in fi ssion yeast, that the 
temporal profi le of RNA accumulation 
parallels polyadenylation ( Figures 1B  
and  2 ), not transcription ( Figure 1A ), mul-
tiple mechanisms, in many cases acting 
combinatorially and/or sequentially, can 
be discerned ( Figure 6 ). In light of the 
prominent role of changes in 3′ process-
ing of primary transcripts, it is tempting 
to speculate that regulated nuclear poly-
adenylation may have evolved into the 

cytoplasmic polyadenylation-dependent mechanism that stimu-
lates translation of meiotic mRNAs during the mitosis–meiosis de-
cision in  Caenorhabditis elegans  ( Suh  et al ., 2006 ). Indeed, one of 
the middle meiotic fi ssion yeast genes ( mpf1 ) is a member of the 
Pumilio family, which functions in translational control during 
nematode meiotic development ( Wickens  et al ., 2001 ), thus po-
tentially representing the fi rst step toward a dominant role for 
post-transcriptional regulatory mechanisms based in the cytoplasm 
rather than the nucleus.   

 MATERIALS AND METHODS  
 Fission yeast strains and manipulations 
 For the experiments shown in  Figures 1 ,  2 , and  5  and in Supplemen-
tal Figures S1–S4, ectopic meiosis was induced by shifting the 
F90 ( h −  pat1–114 leu1–32 ura4-D18)  strain from the permissive to 
the nonpermissive temperature (23.5ºC →  34ºC), as in earlier 
studies ( Averbeck  et al ., 2005 ;  McPheeters  et al ., 2009 ). For the 
experiment shown in  Figure 3 , a 2-h nitrogen starvation step was 

 FIGURE 6:    Model for a meiotic gene regulatory cascade initiated by inactivation of a pathway that 
promotes turnover of meiotic transcripts produced in vegetatively growing cells. During 
proliferation (top), Mei2p is maintained in the inactive phosphorylated state by the Pat1p kinase 
(Iino and Yamamoto,  1985 ), and Mmi1p is available to target certain transcripts for destruction by 
the nuclear exosome, which contains Rrp6p. Upon entry into meiosis (below dotted line), Mmi1p is 
sequestered in a nuclear dot via association with Mei2p and the noncoding meiRNA ( Harigaya 
 et al ., 2006 ), thereby allowing its substrate RNAs to accumulate. The only middle meiotic transcript 
known to be a direct target of the  mmi1  pathway is  mei4 , which encodes a transcription factor 
that in turn regulates a large number of target genes (bottom ). Some of these transcripts , 
highlighted in bold in both halves of the fi gure, also display enhanced accumulation in one or more 
surveillance mutants ( Figure 4B ). For most of the  mei4  target genes, there is no discernible peak in 
transcription ( Figure 1A ; middle right); these genes  include  mei4  itself, which is subject to 
autoregulation (Abe and Shimoda,  2000 ). Two genes containing the Mei4p recognition element 
(see text under “Not all targets of the Mei4p transcription factor…“ ) show a spike in transcription 
at 3 h, whereas seven show a peak at 5 h (bottom left). Only two genes fi t none of the regulatory 
paradigms defi ned to date (bottom middle).    
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imposed prior to the temperature shift ( Mata  et al ., 2002 ). For the 
temperature-sensitive  mmi1-ts3  and  -ts6  mutants ( Figure 4 ), the 
temperature was shifted from 26ºC to 36ºC as previously described 
( McPheeters  et al ., 2009 ).   

 TRO analysis 
 The TRO assay protocol was as described in  McPheeters  et al . 
(2009 ). The probes immobilized on the fi lters hybridized with the 
labeled TRO products were PCR fragments corresponding to cod-
ing sequences near the 3′ end of each gene. The average length 
was 515 nt (range 379–770 nt) , with variations as needed to opti-
mize primer annealing for amplifi cation from genomic DNA. Al-
though these probes do not provide strand-specifi c information, 
genomic tiling microarray analyses indicated that the corresponding 
segments produce little or no antisense RNA during either vegeta-
tive growth or meiosis ( Dutrow  et al ., 2008 ;  Wilhelm  et al ., 2008 ). 
Disregarding differences in probe length and base composition, the 
signals obtained in any given assay correspond to the rate of tran-
scription over that region of an individual gene.   

 RNA analyses 
 The accumulation of total RNA for each gene ( Figure 1B ) was deter-
mined by RT-PCR using the same primers as those used to generate 
probes for the TRO assays. Polyadenylated RNAs ( Figure 2 ) were 
analyzed as described previously ( McPheeters  et al ., 2009 ). qRT-PCR 
assays were carried out as described previously ( McPheeters  et al ., 
2009 ) except that, in the present studies, fold changes rather than 
absolute levels of RNA were measured.   

 Oligonucleotides 
 The sequences of primers used for plasmid construction, mutagen-
esis, and RT-PCR assays are available upon request.   
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