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cDNA clones to poly(A)+ mRNA from spermatids have 
been obta ined  to s tudy gene transcription in post- 
meiotic germ cells. Four cDNA clones detect  mRNAs 
that  increase in abundance in post-meiotic germ cells. 
One clone, pPM459, was shown to correspond to an 
mRNA that  is transcribed after  meiosis. Pulse-labelling 
experiments demonstrate transcription o5 the message in 
spermatids. These data constitute further evidence for 
post-meiotic gene transcription in spermatids. 

Non-Mendelian genetic transmission ratios, which occur in a variety 
of orgamisms,  are most eas i ly  exp la ined by pos t -me io t i c  gene 
transcript ion. In plant% where one male pronucleus is activated during 
pollen formation, the occurrence of distorted transmission ratios is 
common, e.g., the sugary locus in maize ( l ) .  Other well-studied 
examples of non-Mendelian transmission ratios include Segregat ion 
D i s t o r t e r  in Drosophi la  (2) and t-al le les in mice (3,4). However, 
the syncyt ial  nature of spermatogenesis has made i t  extremely d i f f i cu l t  
to prove post-meiot ic gene transcript ion as a possible mechanism for 
non-Mendelian transmission. In recent years, the work o~ a number of 
investigators has provided evidence for mRNA synthesis after meiosis 
( 5 - I t ) ,  but d e f i n i t i v e  evidence for post-meiot ic transcript ion has 
awaited the avai labi l i ty  of appropriate cDNA clones (12- l# ) .  We 
repor t  here the isolation of four cDNA clones encoding spermatid 
p o l y ( A )  + mRNAs which increase in abundance a f te r  meiosis.  
T r a n s c r i p t i o n a l  studies further demonstrate that one cloned cDNA 
encodes a gene transcribed in post-meiot ic germ cells. 
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M a t e r i a l s  and  M e t h o d s  

Cell fractionation 

Elutriation (centrifugation with a special cell-separation rotor) was 
performed on testicular germ ceils from either adult testes or testes 
from 17-19-day-old CD-1 random-bred mice, which do not yet have 
p o s t - m e i o t i c  cel ls ,  as previously described (7). Spermatids from 
i r r a d i a t e d  (300 rads followed by two 100-rad t rea tments  at 6-day 
intervals and killed 2# h following the third irradiation) CD-1 testes 
(7) were more than 9096 pure. 

Cloning and screening spermatid mRNA 

mRNA was isolated from spermatids purified from irradiated mice 
by the Proteinase K-phenol method. Poly(A) + RNA was purified on 
an ol igo(dT)-cel lulose column (7), from which single- and double- 
stranded cDNAs were synthesized (15) using avian myleblastosis virus 
reverse transcriptase (courtesy of 3.W. Beard) and E. c o l i  DNA 
polymerase I (Bethesda Research Laboratories). The double-stranded 
cDNA was then  d iges ted  with Si nuclease (Sigma), tailed with 
t e r m i n a l  transferase (P-L Biochemicals) in cobalt-cacodytate buffer 
and  then  pur i f ied  on a Sephadex G-100 column ( P h a r m a c i a ) .  
dCMP- ta i l ed  double-stranded cDNA was then annealed to riG-tailed 
pBR322 (New England Nuclear).  Clone pPM#59 was prepared by 
annea l ing  homopotymeric (dA)-tailed mRNA-cDNA hybrid molecules 
(16~t7) to homopolymeric (dT)-tailed Pst-1 cleaved pBR322. All 
recombinant DNA molecules were  transformed into the E. c o i l  DH-I 
strain. Transformants were grown in the presence of te t racycl ine (20 
pg/ml) and ampicillin sensitivity was detected by the rapid iodometric 
identification assay method (18). For colony hybridization, bacterial 
colonies were placed on nitrocellulose filters in duplicate and grown on 
tetracycline (20 pg/ml) agar plates, and then amplified with chlor- 
amphenicol (170 pg/ml) (19). The clones were lysed in situ (20) and 
hybridized with 2 x l06 c.p.m, of 32-labeled cDNA synthesized from 
poly(A) + RNA. 

Cytosolic dot blots 

Cytosol ic  dot blots were prepared according to the method of 
White and Bancroft (21). 

Transcriptional studies 

Spermatids prepared by the elutriation (centrifugation) method 
were label l led in Dutbecco's minimal essential  Eagle's medium, 
supplemented with 5% fete[ calf serum, for 3 h at 32~ with the 
isotopes specified in the Table legends. They were then washed 3x 
and Iysed by addi t ion of an equal volume of lysis buffer (#.8% 
SDS/0.2-M NaCI/t5-mM EDTA/50-mM Tris, pH 7.5/200 pg/ml heparin 
sulfate). The RNA was extracted by the proteinase K-phenol/chlor- 
oform method. DNA was removed by an additional DNase I (6330 
DPFF from Miltipore) treatment using vanadyI ribonucleoside complex 
(BRL) as an RNase inhibitor (22). Isolated RNA was hybridized (3#) 
to Genescreen II | (New England Nuclear) f i l ters in 5096 formamide, 
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2 x SSC, 0.1% SDS, 10-raM triethanolamine, pH 7.0 for 2# h at 37~ 
Following the incubation, filters were washed in 2x SSC and t reated 
with pancreatic ribonuclease I (Sigma), further washed in 2x 55C and 
counted. 

R e s u l t s  

Screening for clones containing abundant messages with increased 
signals in spermatid (post-meiotic) cells 

E .  c o l i  DH-I cells were transformed with either double-stranded 
cDNA (clones 1-99) or mixed cDNA-mRNA hybrids (clone #59) cloned 
into the P s t  I site of pBR322 by dG-dC tailing respectively. This 
yielded 100 colonies with cloned inserts. These clones were initially 
sc reened  in a colony hybr id i za t ion  assay to d e t e c t  the clones 
r e p r e s e n t i n g  mRNA synthes ized  preferentially in spermatids, thus, 
presumably transcribed post-meiotically. Duplicate nitrocellulose filters 
were prepared with the 100 recombinant c lones  and a pBR322 clone, 
and hybridized with a2P-labeled cDNA to poly(A) + mRNA prepared 
f rom e i the r  spe rma t id s  or immature (18-19-day) testes (Fig. l ) .  
Since immature testes have spermatogonia and spermatocytes,  but no 
spermatids, they serve as a source of RNA synthesized in pre-meiotic 
cells. As shown in Fig. 1, four clones (69, 72, 9# [unnumbered in the 
Fig.],  #59) yielded strong signals with the cDNA probe from sperma- 
tids, and weak or non-detectable signals with the cDNA probe from 

Fig. I. Screening by filter colony hybridization 
for cDNA clones encoding spermatid poly(A) + mRNA. 
(A) Filter hybridized with 32p-cDNA from immature 
(18-19-day-old) testicular poly(A) + RNA; and (B), 
filter hybridized with 32p-cDNA from poly(A) + RNA 
purified from spermatids isolated from irradiated 
mice. 
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Fig. 2. Cytosolic dot hybridizations of testes from 
mice of different ages hybridized with pPM459. 
Samples corresponding to (a) 286, (b) 143, (e) 
28.6, and (d) 5.7 ~g of wet wt. of tissues were 
applied, la-d, day 21; 2a-d, day 14; 3a-d, day 7. 

immature testes. Three colonies (44, 54, 65) had a very strong signal 
with the spermatid probe; however, they were also found to have a 
much stronger signal than the other four when hybridized with the 
immature testicular cDNA probe. Because pPM459 (PM, post-meiot ic) 
had the largest  inser t  (630 20), and because it gave clearer 
indications of being expressed post-meiotical ly in Northern blots, this 
clone was characterized in greater detail. 

Evidence for transcription of pPM459 in post-meiotic cells 

To demonstra te  that  messenger RNA corresponding to pPM459 is 
more abundant in post-meiotic  germ cells, cytosolic dot hybridizations 
were performed using testes  from mice of different  developmental  
ages. The use of testes  from immature mice to genera te  a develop- 
mental  curve is based on the appearance of specific cell types during 
the onset of spermatogenesis in the test icular  tubules. Thus, differ-  
ential  positive signals with pPM459 corre la ted with the appearance of 
specific cell types during spermatogenesis,  and meiosis, in a develop- 
mental  t ime course (Fig. 2). No signal, above that obtained with 
pBR322 alone (data not shown), was de tec ted  in cytosolic dots of 
day-7 neonatal testes.  The testes at this stage have all the somatic 
e l e m e n t s ,  i .e . ,  Leydig and Sertoli cells, as well as vascular and 
connect ive tissues present in adult gonads, thus demonstrat ing that  
pPMr was not  s i g n i f i c a n t l y  exp re s sed  in these somatic cells. 
S p e r m a t o c y t e s  f i r s t  appea r  on day 13 in the  tes tes ,  pPM459 
hybridized to cytosolic dot blots from day-14 testes  yielded a positive 
signal with 286 and 143 Fg of wet wt. test icular  tissue. Finally, a 
strongly positive signal with pPM459 was de tec ted  in day-21 tes tes  in 
as li t t le as 3.7 IJg of wet wt. tissue. Early spermatids have made 
their appearance i n  the tes tes  at about 20 days. Thus, we found 
approx, a 15-fold increase in the amount of pPM459 rnRNA sequences 
when spermatids first appear in testes  from 21-day-old mice compared 
to those from 14-day-old mice. 
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Transcriptional assay for post-meiotic transcription of clone 
pPM4 5 9 

Our data thus far have shown that  pPM#59-mRNA increases in 
abundance in spermatids. In order to determine if this tissue-specific 
r egu la t i on  occurs  at  the  t r a n s c r i p t i o n a l  level,  elutriator-purified 
spermatids were incubated in media containing [5',6'-~H]uridine for 3 
h and then total  RNA was isolated. Spermatid fractions that  were at 
least 90% pure were used in these studies, with the major contaminant 
having been cytoplasmic fragments from late spermatids. We were 
able to obtain 190 pg of RNA with a specific activity of 3.08 x 10 ~ 
c.p.m./pg (Table 1). Although our level of incorporation was low, the 
amount of RNA we obtained was proportional to that  obtained in 
previous isolations for an equivalent number of ceils. The 3H-labeled 
RNA was then hybr id ized  to f i l ters  containing 2.5 lag of either 
Eco -RI -d ige s t ed  pPM#59 or f7 plasmid DNA. f7 plasmid DNA 
(courtesy of C. 3ahn) contains the cDNA of the 6-globin major gene 
cloned into pBR322, and served as a negative control for subtraction 
of background. We were able to clearly detect  a hybridized message 
to the filter containing pPM#59 plasmid DNA when corrected against 
background, i.e., hybridization to f7 filters. 

Because total  isolated spermatid RNA was used for hybridization, 
the values we obtained indicate that  pPM#59 mRNA only represents 
2#6 parts per million~ and therefore is of relatively low abundance 
(20% of newly synthesized spermatid RNA contains poly(A) (5)) .  
However, this was probably an underestimate of the amount actually 
present in spermatids. 

We have also performed transcriptional studies using RNA labellled 
with adenine  and ur id ine .  Al though cytoplasmic adenylation of 
pre-existing mRNA is described in fertilized eggs (23-25), mammalian 
somatic-cell  mRNA adenylation is predominantly nuclear (26). There 
is little evidence of nuclear storage of transcripts and mammalian 
testicular nuclei turn over mRNA as rapidly as, if not more rapidly 
than, somatic nuclei (27). Thus, the double-labelled RNA most likely 
reflects newly synthesized and polyadenylated RNA. Using the double 
label, although the specific activity of RNA was lower, we found a 

Table I. Hybridization of [3H]uridine-labeled 
spermatid RNA to pPM459 

i.i x 108 spermatids were incubated in 500 ~Ci of [5'~6'- 
3H]uridine (42 Ci/mmol) in I0 ml of Dulbecco's minimal essential 
medium with 5% heat-inactivated fetal calf serum for 3 h at 32~ 
The isolated RNA had a specific activity of 3.08 x 103 c.p.m./pg; 
23.75 pg of RNA (73.25 x 103 c.p.m.) was hybridized to filters 
containing 2.5 ~g of Eco-RI-digested pPM459 and f7 (mouse major 
B-globin probe in pBR322, negative control) plasmid DNAs. 

Plasmid C.p.m./filter* C.p.m. - control P.p.m. hybridized 

f7 4.35 • 1.50 - - 
pPM459 22.37 • 0.33 18.02 246 

*Mean • standard error. 
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nearly 10-fold greater hybridization signal when pBR322 alone was used 
as the control, but a 5-ford greater hybridization signal when rip_ 
labelled pBR322 was used as an internal control (Table 2) for the 
expected variability in amounts of DNA on filters. 

D i s c u s s i o n  

Autoradiographic studies of early mouse spermatids were originally 
in t erp re ted  as showing l i t t l e  RNA synthesis (28) .  Quantitative 
a u t o r a d i o g r a p h i c  analyses showed, however, that the rate of RNA 
synthesis per cell decreased only four-fold during meiosis, i.e., the 
R N A - s y n t h e s i s - t o - D N A  rat io  was essentially unchanged across the 
meiotic  divisions (11) .  Such studies depend upon the incorporation of 
exogenous [3H]uridine into RNA. If the intracellular uridine pool size 
was greatly decreased in post-meiotic  cells, added [3H]uridine would 
be more quickly taken up into the pool. Consequently the label would 
be incorporated into RNA more rapidly, inflating the apparent rate of 
RNA synthes i s .  However ,  p o o l - s i z e  est imates  indicate that the 
intracellular uridine pool is increasing, rather than decreasing, after 
meiosis (29) ,  thus resulting in a tendency to underestimate total RNA 
synthesis. With this consideration in mind, and considering the fact 
that total RNA was hybridized to the filters, our est imates  of the 
amount of pPM459 mRNA transcribed may be artificially low. 

Table 2. Hybridization of [3H]uridine- and [3H]adenine- 
labelled spermatid RNA to pPM459 

3.7 x 108 spermatids were labelled with 800 ~Ci of [5',6'-3H]uridine (42 
Ci/mmol) and 800 BCi of [2,8-3H]adenosine (31 Ci/mmol) in 12 ml of media. The 
resultant RNA had a specific activity of 1.42 x 103 c.p.m./~g. 

Plasmid C.p.m./filter* C.p.m. - background % Hybridized 

a) Without internal pBR322 2671 • 86 - - 
standard t 

pPM459 3524 • 213 853 0,284 

Plasmid 3H - c.p.m. % Hybridization % Hybridized 
corrected for 

pBR322** 

b) With internal pBR322 1149.5 • 22.2 0.134 
standard tt 

pPM459 312.6 • 39.6 0.284 0.15 

*Mean • standard error. 

** [3H]RNA hybridized [32p]pBR322 maximum bound 
x 

[3H]RNA input [32p]pBR322 hybridized 

~212.5 ~g of total RNA containing 300.8 x 103 c.p.m, was hybridized to 2.5 ~g 
of plasmid DNA. 

##80.2 ~g of total RNA containing 113.5 x 103 c.p.m, and 0.25 ng of 32p_ 
pBR322 was hybridized to 2.5 ~g of plasmid DNA. 
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The da ta  we have ob ta ined  with c y t o s o l i c  dot blots, colony 
hybridization, and a transcriptional assay are compatible with post- 
m e i o t i c  exp re s s ion  of a gene con t a in ing  homology  to pPM459. 
Interestingly, all four clones we have obtained are expressed to a 
minor  e x t e n t  in spermatocytes ,  but their corresponding message is 
more abundant in spermatids. Recently,  Kleene et al. (12) have found 
t h a t  17 cDNA clones from test icular  poly(A) + RNA preferent ia l ly  
hybridized to spermatid RNA, while Dudley et al. (14) found that  the 
messages de tec ted  by 6 out of l0 tes tes-specif ic  cDNA clones studied 
showed i n c r e a s e d  abundance  a f t e r  meiosis.  The message for a 
sperm-specif ic  tubulin has also only been found in post-meiot ic  ceils 
(13).  However, mRNA for Pgk-2 first appears during meiosis ,  where 
it appears in a non-polysomal fraction,  and increases in amount in 
round spermatids where it is found in the polysomal fract ion (19). 
These workers have suggested that  Pgk-2 mRNA may be stored in the 
form of an inactive mRNP, and that  its accumulation in spermatids is 
consistent with post-meiotic  gene expression. Enrichment of mRNA by 
the select ive degradation of other mRNAs would not be an adequate 
explanation for both our results and the results obtained by others 
(12-~4) since the amount of mRNA per amount of DNA decreases 
about 30% (30) in early spermatids. Also, our cloning screening 
m e t h o d s  wou ld  s e l e c t  for  highly abundan t  s p e r m a t i d  mRNA. 
Therefore ,  our data and that of others (12-14) are more compatible 
with transcription af te r  meiosis. 
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