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ABSTRACT 
The  extent of genetic  degeneration of the nec-Y  chromosome  of Drosophila  americana ama'cana has 

been  investigated.  Three  loci,  coding  for  the  enzymes  enolase,  phosphoglycerate  kinase  and  alcohol 
dehydrogenase, have been  localized  to  chromosome 4 of D. a. americunu, which  forms  the  neo-Y  and 
neo-X  chromosomes. Crosses between D. a. americana, and D. virilis or D. montana showed that  the  loci 
coding  for  these  enzymes  carry  active  alleles  on  the  neo-Y  chromosome  in all wild-derived  strains of 
ama'cana that were  tested.  Intercrosses  between a genetically  marked  stock of  virilis and  strains of 
americana were  carried out, creating F3 males that were  homozygous for  sections of the  neo-Y  chromo- 
some.  The sex ratios  in  the F3 generation of the  intercrosses  showed  that  no  lethal  alleles  have  accumu- 
lated  on any of the  neo-Ychromosomes  tested.  There was evidence for more  minor  reductions in fitness, 
but this seems  to  be  mainly  caused  by deleterious  alleles  that are specific  to  each  strain. A similar  picture 
was provided by examination of the segregation  ratios  of two marker  genes  among  the Fs progeny. 
Overall,  the  data suggest that  the neo-Y  chromosome  has  undergone  very  little degeneration,  certainly 
not to  the extent of having  lost the  functions of  vital  genes.  This  is  consistent  with the  recent  origin of 
the neo-Y and neo-X chromosomes,  and the slow  rates at which the forces that cause Y chromosome 
degeneration  are likely to work. 

T HE Ychromosomes of  many animal and some plant 
species are genetically degenerate, with  few  active 

genes other than those required  for  functions specific 
to the heterogametic sex (MULLER 1918; WESTERGAARD 
1958; WHITE 1973; BULL 1983; GRAVES 1995). In several 
groups, it is known that  the loss  of genetic activity on 
the Ychromosome has been  accompanied by the evolu- 
tion of dosage compensation, so that  equal  amounts of 
X chromosomal  gene  products  are  produced  in males 
and females, despite  the  difference in ploidy  level 
(MULLER 1932; LYON 1961; LUCCHESI 1993). It is clear 
from comparative evidence that Y chromosome  degen- 
eration has evolved independently in several different 
lineages (BULL 1983), suggesting that relatively simple 
evolutionary forces are involved. 

The  nature of these forces has been  debated  for many 
years. It is generally accepted  that Ychromosomes were 
originally homologous to X chromosomes, and  that 
they have lost genetic activity through  the accumulation 
of deleterious  mutations, whose spread at X-linked  loci 
is prevented by selection. The absence of recombina- 
tion between all or  part of the X and Y chromosomes 
almost certainly plays a major role in promoting  the 
accumulation of deleterious  mutations and repetitive 
DNA sequences on  the Y chromosome (MULLER 1918; 
FISHER 1935; NEI 1970; CHARLESWORTH 1978,  1991, 
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1996; LUCCHESI 1978; RICE 1987,  1994; JABLONKA and 
LAMB 1990). There is currently no  agreement  on  the 
details of the mechanisms of such accumulation, and 
no tests  of the various hypotheses with data  from  natural 
populations have been  carried  out. 

As pointed out by LUCCHESI (1978), the neo-X and 
neo-Y chromosomes of certain  members of the genus 
Drosophila, which are formed by centric fusions be- 
tween an autosome and a basic X or Y chromosome, 
provide excellent material for studying intermediate 
stages of Y chromosome  degeneration. The absence 
of crossing over in male Drosophila means that  the 
homologue of an autosomal arm  that becomes fused 
to the  Xchromosome cosegregates with the original Y 
in male meiosis (provided  that disjunction is regular), 
and  hence is inherited in exactly the same fashion as a 
regular Y chromosome,  although it is not physically 
joined to it. An autosome  that is fused to  the Ychromo- 
some is  obviously inherited  together with the Y,  while 
its homologue cosegregates with the  X  chromosome. 
In  both cases, the neo-Y chromosome has exactly the 
same nonrecombining  and permanently heterozygous 
status as a  regular Y chromosome,  although it plays no 
role in sex determination.  It is therefore exposed to 
the same evolutionary forces that  are  thought to lead 
to the  degeneration of the original Ychromosome. Ge- 
netic investigations of species that have acquired  their 
neo-Ychromosomes at widely different times may there- 
fore  shed  light on these forces. 

In species with an ancient neo-Y chromosome, such 
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as D. pseudoobscura, the neo-Y chromosome  appears  to 
have  completely  degenerated, and  the  homologous  arm 
of  the  neo-X  chromosome  in males is fully dosage  com- 
pensated (LUCCHESI 1978, 1993). A more  recent  event 
generating a  neo-Y chromosome  has  occurred  in  the 
close relative of D. pseudoobscura, D. miranda, as a  result 
of a  fusion  between the Y chromosome  and autosomal 
element  Cof  the basic Drosophila karyotype (DOBZHAN- 
SKY and TAN 1936; MULLER 1940). In this  case,  only 
some of the  genes  on  the neo-Y have lost function, 
and only part of the  homologous  arm of the  neo-X  has 
responded by becoming  dosage  compensated (MAC- 
KNIGHT 1939; STROBEL et al. 1978; DAS et al. 1982; BONE 
and KURODA 1996; MAR~N et al. 1996; STEINEMANN et al. 
1996). 

An even more  recently evolved system of this kind is 
represented by D. amm'cana  umm'cuna, a member of the 
virilis species group.  In this taxon,  autosomal  element 
B (chromosome 4 of D. uirilis and its  relatives)  has  be- 
come  fused  to  the X chromosome  (Figure l ) .  This fu- 
sion is absent  from  the close  relatives  of D. a. amm'cana: 
D. amm'cana  texana, D. novamexicana, D. lummei and D. 
virilis (PATTERSON and STONE 1952; THROCKMORTON 
1982). D. a. texana and D. a. americana hybridize  readily 
in  the  laboratory  and  in  nature,  and  for this  reason are 
usually regarded as subspecies (THROCKMORTON 1982). 
In  contrast  to D. miranda, there  are  no obvious cytologi- 
cal features  of  the  neo- Y in D. a.  amm'cana that suggest 
degeneration (HUGHES 1939; our own observations), 
and  no  molecular evidence  for  dosage  compensation 
of genes  on  the neo-X (BONE and KURODA 1996; MARiN 

et al. 1996). In  addition, crosses  between wild-type male 
D. a. americana and  female D. virilis homozygous for  the 
recessive fourth  chromosome  mutations p x  and cd yield 
wild-type F1 male  offspring (STALKER 1940). This im- 
plies that  there  are active alleles  of  these two loci on 
the neo-Y of D. a. americana. 

This lack  of  evidence for  degeneration of the neo-Y 
in D. a. americana is consistent with the low level of 
differences  between D. a. amm'cana and its close  rela- 
tives at  the level of electrophoretic alleles (THROCKMOR- 
TON 1982; SPICER 1992) and DNA sequences (TOMI- 
NAGA and NAFUSE 1995; HILTON and HEY 1996; 
NURMINSKY et al. 1996). D. a. americana therefore offers 
a unique  opportunity  to  use  data  on  the  molecular evo- 
lution  and variation of genes  on  the  neo-Ychromosome 
to study very early  stages of Y chromosome  degenera- 
tion  along  the  lines  suggested by CHARLESWORTH 
(1996). An essential  first  step is to establish the  extent 
to which loss of gene activity may have already evolved 
on this chromosome,  and this is the  purpose of the 
research  described  in  the  present  paper. Two methods 
were  used. The first was to  study the activity of allozyme 
loci on  the neo-Y, by means of F1 hybrids  between male 
D. a. amm'cana and females of related species with dif- 
ferent  electrophoretic alleles at  the loci in  question. 
The  second was to  examine  the viability of flies that 

have been  made  homozygous  for  sections  of  the  neo- 
Y, as a  result  of  intercrosses with a marked  strain of D. 
virilis. Both  methods show that  there is indeed little or  
no  degeneration of loci on  the neo-Y, at  the level of 
complete loss of function of important  genes. 

MATERIALS AND METHODS 

Species and strains studied Stocks  of several  member of 
the uirilis group of Drosophila were obtained from the Na- 
tional  Drosophila  Species  Resource Center, Department of 
Biological Sciences, Bowling Green  State University,  Bowling 
Green, Ohio: D. a. americana, a. texana, uirilis,  littoralis and 
montana. In addition, one strain each of D. lummei and D. 
nouamexicana were provided by Dr. JERRY COYNE. The follow- 
ing strains of D. a. americana were used.  These were  originally 
derived  from flies trapped in the wild up to  55  years  ago 
(PATTERSON et al. 1942; WARTERS 1944;  Hsu 1952): 0951 (from 
Anderson, Indiana), 0951.1 (Poplar, Montana), 0951.2 (Chi- 
nook, Montana), 0951.3  (Millersburg,  Pennsylvania),  0951.4 
(Keelers Bay,  Lake Champlain, Vermont), 0951.6 (Chadron, 
Nebraska), 0951.7 (Oakdale, Nebraska), 0951.9  (Myrtle 
Beach,  South Carolina). The first of these is referred to as 
strain am-0, and the others as am-1, am-2 etc., in  what  follows. 

A multiply  marked  strain of D. uirilis (stock  1051.46,  abbrevi- 
ated  to vir-46) was used  in  many  of the crosses described 
below. It  contains the following  recessive  markers for all the 
major  autosomes: b (broken cross-vein,  map  location 2-188), 
tb (tiny bristles, ?-lO4), @-L2 (gap in L2 vein, 3-118), cd 
(cardinal eye color, 4-32), pe  (peach eye color, 5-20?) (ALEX- 
ANDER 1976; GUBENKO and EVGEN'EV 1984). It was found that 
pewas difficult  to classify except on a background homozygous 
for cd, which limited the information that could be obtained 
with  this marker. Several  wild-derived  stocks  of D. uirilis, Zitto- 
ralis and montanu were  also  surveyed by electrophoresis: the 
stock  designations were abbreviated  in the same way  as for 
the stocks  described  above. 

Stocks  of D. a. americana, a. texana, virilis, and lummei were 
routinely  maintained at 18" or 22" (the life  cycle is 3-4 weeks 
at these temperatures), on standard cornmeal-soyameal-yeast- 
agar  medium with propionic acid  as a mold inhibitor, in  ei- 
ther half-pint milk bottles or 3-inch  vials.  Stocks  of D. littoralis 
and D. montana were maintained  at 18"  in  vials  with banana 
medium. All crosses  between  species  were  carried out at 18" 
in vials  with banana medium. Virgin  females and males  were 
aged at least a week after collection, before  matings  were  set 
up. Given the low  success rate  in obtaining F1 hybrid  offspring 
in  crosses  between  pairs  of different species (at best, a dozen 
or so flies emerged  in crosses  between D. a. amm'cana and 
uirilis, and most  crosses  between D. a. americana and montana 
failed  to  yield  any offspring), the F, crosses  were set  up with 
at least  12  pairs  of  males and females, with the cotton plugs 
pushed halfway  down the vials to  increase the probability of 
matings. The mated flies  were transferred twice at weekly 
intervals, and flies  were collected  from all transfers.  Subse- 
quent backcrosses  involved  single  intercross  males or females, 
who  were provided with at least six mates  from the stock to 
which the backcross was being  made. 

Cytological methods: The D. a. americana stocks  were 
checked by examination of acetic-orcein  squashes of col- 
cemid-treated mitotic  chromosomes,  using a modification  of 
the protocol of ASHBURNER (1989). At least  10  larvae  from 
each  strain were examined. In all  cases except  strain am-2, all 
larvae  showed the karyotype expected for americana: a pair of 
dot chromosomes, one pair of metacentric and one pair  of 
acrocentric autosomes, a pair of metacentric X chromosomes 
in  females, and a metacentric X ,  an acrocentric autosome and 
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FIGL.RI< 1 .-The mitotic met;1phase kal7otypc.s o f  I). 71irili.7, 
D. mnwricnnrt /r.wno and I>. ( I .  (InIrricunn malcx Thr roman 
numerals  indicate the numbering of the chromosomes i n  11. 
71irilk II, Muller's clement E III, element 1,. I\: elenlent I t  
I< element C (TIIRO(:K\I~KTOS 1982). The  )'chromosome is 
depicted a s  a metacentric w i t h  a long antl ;I short arm, a l -  
though in l-eality i t  is acrocentric. 

the acrocentric nco-Y i n  males (Figure 1) .  (on-2 appeared to 
be segregating for this kanotypc and for the karyotype of  I). 
n. /rxxnnrr (which lacks the X-autosome fusion). Since i t  may 
have been contaminated by /r.wn(t, this strain w a s  therefore 
not used any further. 

For in s i / r c  hybridization localization of the odh locus in I). 
(1. (InIrriccrncr, polytene chromosome  preparations were made 
from third instar larval saliral? glands and \ \ w e  hybridized to 
a biotinylated probe using a modification of  the procedures 
of MOSTGOMRY r /  crl. (1985) and SSIIX;~\VSKI and 
CHARI.F.SIV~RI'II (1994). A 1.4-kb probe for the I). uir i l i .~ Adh- 
I gene (SLIUIISSKY r /  ctl. 1996) \vas prepared by PCR for this 
purpose. 

Electrophoretic methods: Electrophoresis was done  on cel- 
lulose acetate plates according t o  standard protocols (HEDERT 
and BEATOS 1989) with a run time of 20 min.  Tables 1 and 
2 show the buffer systems and  electrophoretic conditions used 
for the different enzymes. 

Samples of adult flies of the species and strains to be studied 
were ground in different grinding buffers, according to the 
enzyme to be stained. For /@, .go/, rno, and cy-gpih, the grincl- 

ing 1111fli~ was I O  mg DTT per I O  m l  0.1 \ I  Tris-HCl pH 
8.0, while for c r d h  and d h ,  thc p11 v;drres w r c  8.3 antl 8.6, 
respectively. S;Implcs w r c  ground i l l  icc-cold I ~ 1 ~ f f b r  (2.5 pI 
per fly) i n  0 3  ml Eppendorl' tulxs, coolctl O H  i w .  and ccntl-i- 
f~~gctl  i n  a microcentrifngc i n  a cold room for .5 mill. They 
~vcrc then cither frozcn a t  -20" for running later or 1o;detl 

scored o n l y  w i t h  frrshly ground s;mplrs, w h i l r  t h c  othrr en- 
zymes \ v o ~ - k c t l  \vel1 \\.it11 frozen matcri;d. The position a t  \vhich 
the samples were loatled o n  the plates nxs important for gct- 
ting clear rcw~lts .  O n l y  I a n A  proteins were lo;~lctl in t h e  
position ;It the end o f  the plates, whilc a l l  o t h r r  systems ur rc  
stained 011 I>l>ltcs loaded i n  the centre position. To get atlc- 
quatc staining intensity, i t  w s  often Ilrccwal~ t o  rcpcat the 
loading  multiple times ( t n ~  t o  five) o n t o  thc same plate. 

After running, the plates were stained for t h c  enzymes listed 
in Table 2 .  Adh, go/ and u l d h  ~ ~ r c  stained  according t o  R I ~ : I I -  
.-\KI)SOS r/ NI. (1986). and so w a s  a-g/1d/1, except t h a t  the stain 
buffer was pH i.6.  The  dehytllogen~~srs w r c  stained i n  agar 
overlays poured over the platcs a t  the end  of the run. The 
overlay contained .5 m l  stain solution and .5 m l  o f  freshly made 
2%. agar solution coolctl t o  about (50" I~cforc mixing t v i t h  stain. 

For rno antl / I &  modifications we~-c m;dc t o  t h r  m r t h o r l  
tlcscrihetl i n  n o t e  lOa(vi)  (p. 223)  of  RK:II.\KI)SOS P/  ([I. 
(1986).  These t w o  enzymes ~vcrc rw1 o n  Iso-Flur cellr~losc 
act-tatc plates (Hclcwa 1 ~ 1 ~ ) .  .-I stain-soaked filter paper 
square w a s  placed on top of a plate and rollrtl w i t h  t h c  I I I - ~ x I  
end  of;^ g l m  Pastcr~r pipette t o  ensure good contact betwen 
the paper and the plate. The p l ; ~ ,  w i t h  its filtc.1- paper of 
stain, was W I - R ~ ~ C ~  i n  Saran ~ v r a p  t o  prevent tllTing o u t  and 
incuhatctl for 2.5 min at room temprl-ature. I t  \\'as fin;dly 
flootletl w i t h  a mixture of 0.2.5%, MTT imtl 0.3% PMS for 1.3 
sec, antl rinsed under a h o t  tap t o  rlrvelop the  stained plate 
a s  a dark hackground with pale bands a t  the sites o f  cnzymc 
activity. To get good contrast hetwen the hackground and 
the pale hands, it WIS necessary t o  optimize the concentrations 
of  stain ingredients. For  no, we r~secl ;I stock solution o f  20 ml 
0.1 \ I  Tris-H(;l pH i . 6  containing 60 mg 3-phosphoglycerate, 
disodium salt, 30 mg ADP, and 1 0 0  pl of 1 \ I  Mvlg<:12. One-mI 
aliquots ol'this 1,uffer were frozen a t  -YO", and 2.3 m g  SADH, 
2.300 units o f  phosphoglycelatc  lnutase (Sigma PWi(i.5). 900 
units of lactate dehydrogenase (Sigma 1,239.5). and 160 units 
of pyruvate kinase (Boehringer 128-133) were atldctl to stain 
one plate. For rno, 230 pI o f  2-2~1ipI~osphoglyccI-atc solution 
(10 mg/mI H20)  were addetl as ;I colictor for /?s)n, which 
improves the appearance of  the bands. For /)x/{, aliquots of 
the following huff+r were frozen: 20 ml 0.0.5 \ I  Tris-HC1 pH 
8.0, containing (50 mg 3-phosphoglycerate, 120 mg ATP, 300 
p1 of 1 X I  Mg<:12, antl 200 pl ofO..5 \ I  EDTA. Thirty milligrams 
of  SADH and 1200 units of glyceraldehyde-3-pl~ospl~ate dehy- 
drogenase  (Boehringer 10.5-686) were added to 1 m l  of this 
solution. 

I-an.al serum proteins were also stained using Coomassic 
Blue, as there is a locus controlling one of these on 21. of I). 
mrlnno.gc/.~/rr (ROBERTS and E\'..\rs-Ro~~Krs 19f9). Many 1,antls 

01110 t h r  ccllulosc i1crtatr pl;ltcs. I:& P I 1 0  ;und go/ cor1ltl hc 

TABLE 1 

Buffer systems used for the different enzyme stains 

Buffer Stock (amounts  per  liter) Dilution 

Tris/glycine, pH 8 3  Tris base 30 g, glycine 144 g 1 / 1 0  
Tris/EDTA, pH i . 8  Tris base  1.82 g, boric acid 0.34 g. Sa2 EDTA.2H20 - 

Citrate/morpholine, pH 7.2 Citric acid monohydrate 40.2 g, N-(3-aminopropyl)- 1 /4  
1.86 g, MgCI2 0.9.5 g 

morpholine (Sigma A-9028) t o  pIH i . 2  ( - X  m l )  
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FI(X.RI< 2.-The F, progeny ol' a cross hctween fem;dc I ) .  
7~irili.s and male I). / I .  n t n 4 - u t w .  The 7~irili.c strain is shown 21s 
homozygous for the fourth cI1roInosoInc mutation cd, whrrc;~s 
the crwricntrn strain carries e//- .  For any chrotnosome 4 locus 
a t  which 7~irili.s and //urorirtmn diffcr i n  allelic state, t h c  F, males 
will shon. the phenotype of the heterozygote, if th r  locrts is 
active on the neo-Y, and the phenotype of  the homozygotc 
for the 71irili.x allelr if the locus is inactive. 

were seen,  and  there were no clear species tliffcrcwccs. I t  
therefore seemed unlikely that loci on the ~1irili.c group fourth 
chromosome could be identified, and 110 Trtrther \ w r k  \\;IS 
done  on these  proteins. 

Tests for degeneration of enzyme  loci on the arnm'carza 
neo-Y chromosome: To test for degeneration of  the enzyme 
loci pg/{ and mo,  crosses were made hetween females of I). 
71irili.c and males of  I).  (1. crwricnncr from a strain with a differ- 
ent allozyme mohility for a  fourth chron1osotn;d allozynw l o -  
cus. The reciprocal crosses were also macle. If the locus is 
active in the  fourth chromosome of nmoricntrc/ males, then 
F, male progeny i n  which this chromosome comes from ;m 
nttrot-icnncr male should show both the ntwricrtnn and the 71irili.s 
hands, as in the males from the reciprocal F, and i n  F, females 
from both reciprocal crosses (see Figure 2 ) .  If the locus is 
inactive, F, male progeny with an nmoricnntr male parent wi l l  
show only the phenotype of  the 71irili.s parent. Several strains 
of n w r i c m n  were tested, as i t  is possihle that active nco-1' 
chromosome alleles at  these loci might he present i n  some, 
hut not all, of the strains. \';rand nm parental  strain samples, 
and FI male and female  progeny were run on  the same gel. 
The samples were coded so that  the person  scoring the gel 
was unaware of the identities of the samples. 

Construction of flies homozygous for sections of the D. 
amen'cana neo-Y: The ability to intercross the marked  strain 
of D. nirilis with D. n. nmoricnnn allows the design o f a  crossing 
scheme to produce flies that arc homozygous for sections o f  
their neo-Ychromosome.  This scheme was suggested to u s  hy  
Dr. XI.I .ES ORR, and is shown in Figure 3, starting with  F, 
males from the cross shown in Figure 2. The virilis females 
used in the crosses were always from the multiply marked 71ir- 

46 strain, whereas the crmoriccrnn flies were derived from a 
number of different stocks. The crosses werc coded s o  that 
the  counter of the F:, and F., progeny was unaware of their 
identity. 

The sex ratios in the Fs generation can he rtsctl as an  index 
of the  extent of Ileo-)'degeneration. The cd/ed-  females pro- 
duced in the FZ generation are heterozygous for a 7~ir-46 chro- 
mosome 4 and an rtrnoricnncr nco-)* chromosotne. Crossing 

FI(;I'RI. 3.-Thc hrcrcling  program for  making scync.nts 

shown in Figurc 2 arc  hackc~~ossrtl t o  7ririli.5 f c t ~ ~ d c s .  I f  e//' 
female F2 progeny arc> mated \\.it11 nrtrn-icorrn m;llcs. t h c  I*-i 
nmlr progcny w i l l  he hotnozygous for portions o f '  tlw nco-). 
chromosome from n,ttPt.ieouu. T'hc cstrnt of this homozygosity 
for a given F:, male dcprntls on t h c  nunlbcr ;und location 01' 
crossovcrs hetwetw the 71irih and uttwricotw fourth  chromo- 
somes. i n  the F- femalr germ cell from which  its m ; ~ t c ~ r n ; r l  
fottrth chrotnosomc \\.as tlcrivcd. F.<  fcm:tlrs w i l l  ahvays he 
heteroz!.gous for a neo-?i chromosolnc. derivctl li-om thcir F., 
nttroricntln kltllrrs. 

o f  the / /rt /rt . ic/ / l / / /  ~ ~ ~ ~ ~ ~ - ~ ' ~ l ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  llotlloz\gc)1ts. F, malts ;IS 

over can occur a t  this stage, so t h t  fourth cIIron1osomcs 
transmitted t o  their F., progeny contain ; I n  r t n k t m v n  fraction 
of 71irili.c and ortrrricot,//-r-dcri\.ctl material. But the p;ttrrn;dly 
derived gcnomcs i n  the F:, males a l l  c;wIT a complctc o ~ t w i c . o ~ r o  
neo-1'. \ d ~ e r c ; ~ s  t h e  pmw1ally drrivctl gc.nomrs i n  the F, I t a -  

males \vi11  car^^ the /rttwricuu[/ nco-X. This m e a n s  that h a l l '  ol' 
the F:, nlalc zygotes wi l l  hc homo/ygow for sections of t h c  
nco-): \\.IIcrc;\s thcrc is no possihility of  this i n  F ,  li.malrs. 
A dcficic.ncy of  sunking males rclativr t o  fc.nl;tlcs i n  the F I  

gcncl-ation o f  this set ol. crosscs is t l~crc.forc consistcnt wit11 
delcteriorn cfkcts of  homo7ygosity for ;tllcles carrid on thr 
nc*o-1: 

There  arc I K O  potenti;d prohlems i n  intcrprcti1Ig ;In\ .  S I K ~  

cleficicwcy  of malts. First. male offspring i n  cross('s hct\\~cn 
Drosophila species. and i n  their suhscquent h;~ckcrossrs. arc* 
somrtinws mort- invi;Ihlc than female olfspring. ;I m;unifcsta- 
tion of Hald;mc.'s Rulc (H.\I.I).\sE 1922: ( ; o \ ~  ; ~ n d  O I W  1989: 
\VL. and P..\I.oIv)I.I 1994). Ikficiencics o f  nlales a1.c ol'tcn oh- 
scncd i n  t h r  F ,  progcnics ofcrosscs hct\\ccn 71iri/i\ ant1 ntrtrri- 

onrorictolo uscrl in thrsc cspcrimcnts 11;1vc k e n  rnaint;tincrl 
for many years i n  I;~horarory cr~ltr~rc*. \vir11 v c ~ ~  snxdl clkctivc 
poprdation sin's. Reccssi\.c o r  partially rcccssivc tlclctc*riolls 

c//tI(/ ( ~ , \ I T I . K S O S  /'/ t / / .  l<),!'L, TilhI<' X). S(TOtld, t h< '  Stocks Of' 
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alleles can thus accumulate relatively rapidly on  the neo-Y 
chromosome by mutation  and genetic  drift, through several 
population genetic  mechanisms ( CHARLESWORTH 1996). 
There is direct evidence for accumulation of deleterious mu- 
tations on  nonrecombining chromosomes  in small laboratory 
populations (CROW and SIMMONS 1983; CHARLESWORTH and 
CHARLESWORTH 1985; ALBORNOZ and  DOM~NGUEZ 1994; RICE 
1994). Homozygosity for parts of the neo-Y chromosome  that 
are derived from  the same stock will expose the effects of 
these  accumulated  mutations,  in  addition to any deleterious 
mutations that may  have been  present when the chromo- 
somes were originally collected from  the wild. 

To deal with such  potential causes of deficiencies of males 
in the F3 generation,  the following procedures were adopted. 
First, a set of “control” F2 and  subsequent backcrosses were 
set up, using F2 females that were homozygous for cd instead 
of heterozygous for cd and wild type. In this way, both  fourth 
chromosomes  transmitted to  the progeny are entirely of vin’lis 
origin, and so any deficiency of males in F3 has nothing to 
do with homozygosity for  the americana neo-Y, but instead 
may reflect the  operation of Haldane’s Rule effects. Compari- 
sons of the sex ratios in the “experimentals” (with cd/cd+ F2 
mothers)  and controls will test for a greater deficiency of 
male in the experimentals, which would provide evidence for 
direct effects of homozygosity for  the ama’cana neo-Y. 

The  problem of exposure of deleterious alleles that  are 
present only on neo-Ychromosomes from  the same stock can 
be  overcome by intercrossing F2 females to americana males 
derived from  a  different stock from  the  progenitor stock used 
to  generate  the F1 individuals. Comparison of the sex ratios 
of “inbred” Fs crosses, in which both a m e n c a n a  chromosomes 
come  from  the same stock, with those of “outbred” stocks 
in which they are of different  origin, will reveal effects of 
deleterious alleles of common origin. 

The effects of homozygosity for  sections  of  the D. a. a& 
cana neo-Y on the segregation of marker alleles: An alterna- 
tive method  for  detecting deleterious recessive effects of neo- 
Y chromosome alleles is to follow the segregation of a marker 
gene  for which vin’lis; and  ama’canderived alleles (illustrated 
by  cd and cdf in Figure 4) can  be  distinguished. Since crossing 
over can occur in the F2 females, the  marker does not  permit 
the whole neo-Y to be followed, but  the two classes of  F3 male 
progeny will be unequal  in frequency if strongly deleterious 
alleles are linked to  the allele carried on  the neo-Y. This test 
is simplest to apply to a  marker with codominant alleles, and 
enolase is suitable for this purpose (Table 2 and Figure 3). 

A similar analysis can  be done using the recessive fourth 
chromosome  mutation cd, which is present  in  the vir-46stock. 
Since the cd/cd+  FS  flies are phenotypically identical, this re- 
quires  progeny  testing of F3 individuals by testcrosses of single 
males or females to vir-46, and scoring the resulting  progeny 
for segregation of  cd. cd+/cd+ parents will clearly fail to pro- 
duce any phenotypically cardinaloffspring, whereas cd/cd+ are 
expected to produce a 1:l ratio of cardinal to wild-type  eye 
color. Low  Fs male fertility hampered this analysis, because 
many testcrosses failed completely, and  others  did  not pro- 
duce  enough offspring to diagnose the  parental genotype 
with high  confidence. 

The following convention for  inferring  parental genotypes 
was adopted. F4 progenies with  less than  four individuals were 
discarded, regardless of phenotype. The  parents of F4 proge- 
nies with  less than seven individuals that failed to segregate 
cardinalwere classified  as “doubtful”,  and  the  parents of prog- 
enies of  size seven or more  that failed to segregate cardinal 
were classified as cd+/cdc.  On  the assumption of 1:I segrega- 
tion, the probability that a family of size seven with a cd/cd+ 
parent fails to segregate is only 0.008, so the  error  produced 

by this procedure is  low unless the  proportion of doubtful 
progenies is high. 

There is, of course, the possibility that  the segregation ratios 
for cd in the F4 crosses depart substantially from Mendelian 
expectation, due to viability disturbances.  This would in t r e  
duce some errors  into  the above analyses, if there were a 
deficiency of  cd/cd offspring. This was investigated by maxi- 
mum likelihood  estimation of the frequency of  cd/cd off- 
spring, 7r, using data  from all segregating  progenies. The like- 
lihoods were calculated by conditioning  on  the probability of 
detecting a  segregating progeny, by the  standard  procedure 
of dividing the binomial probabilities for a  sample of size n 
by 1 - (1  - x) (KEMPTHORNE 1957, p.  193).  The value of 7r 
that maximizes the resulting log-likelihood function was 
found by Newton-Raphson iteration. There was no evidence 
for a substantial deficiency of cd/cd offspring (data  not 
shown). 

RESULTS 

Electrophoretic phenotypes of the taxa studied, and 
location of the loci: Table 2 summarizes the results of 
an  electrophoretic survey  of the taxa, using the strains 
described above.  Differences in the  electrophoretic pat- 
terns were seen between D. a. arnericana and D. virilis 
for enolase (eno) , phosphoglycerate kinase (pgk) ,  and 
glutamic-oxaloacetic transaminase (got),  and the  latter 
two enzymes  also  showed variation between different 
strains of D. vin’lis. For the  other enzymes,  all strains of 
both these species  showed identical mobilities. There 
were, however, differences between D. a. amerkana and 
D. montana for malic dehydrogenase (mdh)  and alcohol 
dehydrogenase (adh)  . 

To  map  the allozyme loci, a cross was made between 
males of the multiply marked strain of D. vidis, vir-46, 
and females  of a strain (either of D. vin’lis itself, or of 
D. a. amm’cana) having a different mobility for a given 
enzyme. F1 flies  were  backcrossed to vir-46 and the phe- 
notypes scored in the backcross progeny. The detailed 
results are shown in Table 3, and  a summary of the 
results of the  mapping experiments is given in Table 4. 

In Table 3, genotype 1 denotes progeny heterozygous 
for the allozyme and wild  type for  the marker (i .e. ,  
the same phenotype as the F1 flies), while genotype 2 
denotes flies  with the phenotype of the vir46 strain at 
both  the allozyme and marker loci. The  recombinant 
progeny genotypes 3 and 4 are, respectively, those het- 
erozygous for  the allozyme and homozygous for  the vir- 
46 marker, and the reciprocal type  with the allozyme 
phenotype of vir46 and wild  type at  the  marker locus. 
To test for linkage, chi-squared tests  were done for inde- 
pendence of the segregation of each marker and  the 
allozymes. The  numbers of flies scored differ for the 
different markers because there were  several failures 
of the  electrophoretic scoring, which is inevitable with 
these extremely difficult staining methods. 

For pgk, the backcross  flies scored were derived from 
crosses  between two strains of D. vin’lis (the marker 
strain vir-46 and the wild-type strain vir-49), and all 
progeny scored were female. The backcross was  as fol- 
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TABLE 2 

Enzyme loci studied and their buffer  systems 

Buffers used and 
Alleles in the strains 

Enzyme electrophoretic  conditions F S 

Enolase (eno)  Tris/glycine, 200 V vir-46 am-0, 1, 3, 4, 6, 7, 9, mont 

Phosphoglycerate kinase Tris/glycine, 200 V vir-46 plus 7 other strains: am-I, vir-49; mont-21 
(8 strains); litt (3 strains) 

(Pgk) 2, 3, 4,  6, 7, 9; tex (2  strains); 
mont (12  strains); litt (4 strains) 

Alcohol dehydrogenase Tris/EDTA, 200 V vir-46 plus 9 other strains: am-0,  mont-22 
( adh) 1, 2, 3, 4, 6, 7, 9; tex (2  

strains) ; lummei; litt-0 
Glutamic-oxaloacetic Tris/EDTA, 200 V vir (2  strains) vir-46 plus 8 other strains: 

transaminase (got) am-I, 2, 6, 7, 9; tex (2 
strains); litt (4 strains) 

Malic dehydrogenase-2 Citrate/morpholine," 100 V vir-46 plus 9 other strains: am-0, mont (12 strains), litt-0 

a-glycerophosphate Citrate-morpholine, 110 V No differences among species or strains 
( mdh) 1, 2, 3, 4,  6, 7, 9 

dehydrogenase (a-gpdh) 

"Both the soaking and  running buffers for runs to be stained  for mdh had 2.5 mg NAD, 100 p1 of 1.5 M MgCl,, and 75 p1  of 
0.5 M EDTA added  (per 100 ml  of buffer). 

lows:  vir-46 female X F1 male from (vir-46 female X vir- and 5. Note that only cd/cd flies can be scored for the 
49male). Table 3 shows that  there is evidence for link- fifth chromosome marker, so that recombination be- 
age between pgk and  the  fourth chromosome marker tween chromosome 4 and 5 generates classes 2 and 4 
cd, consistent with pgk being on chromosome 4. The pgk only.  Sex linkage is also ruled out because, if pgk were 
alleles  also segregate independently of chromosomes 3 sex linked, the F1 males  would  carry the Xchromosome 

TABLE 3 

Results of tests of linkage of the  allozyme loci to  visible  markers of D. virilis 

Genotype 

Nonrecombinant  Recombinant 

Chromosome" 1 2  3  4 X 2  

6 
4 
7 

Phosphoglycerate kinase 

7 1 
4  3 
8 0 
4 - 

1 8.04** 
4 0.08 
0 15.0*** 
4 - 

Enolaseb 

11 7 14 10 
11 7 13 10 
9 10 15 7 

17 14 7 3 

0.89 
0.06 
2.01 
7.32** 

Glutamic-oxaloacetic transaminase 

2 ( b )  9 8 13 12 1.57 
3 (tb) 13 10 9 10 0.02 
3 (gp-L2) 14 9 8 11 0.32 
4 ( 4  7 15 15 5 0.24 
5 (Pe) 15 13 0 2 22.9*** 

Details  of the crosses and markers are given in the text. **P < 0.01; ***P < 0.001. 
a Chromosome  marker is in parentheses. 
* See text for  the  method for testing for linkage of the enolase locus with chromosome 5. 
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TABLE 4 

Locations of the five enzyme loci in D. virilis/americana 

1,ocrls <:lll-onlosomc~ 

~ l l o l ~ l s c -  4 (\4Llrtllcr's elcmcnr n, 
Pllospllogl~cc~l-~~tc~ kinitsea 4 
Xlcohol tlcIl~tlrogcllilS" 4 
h l i r  tlch!tlrogcn;~se* Not kno\vn 
<;lut;~mic-os;~loi~(.etic trawaminm- 5 (Mrtllcr's clcmcnt C )  

from their matc~-n;~l  parent, 7 j i~46 ,  s o  t h a t  no  lxlckcross 
progeny hcterozygous fix the allozymc could appear. 
Thcw is also it signific;~nt chi-squared value for chromo- 
some 2, for which most progeny were o f  nonrccomhi- 
nant genotypes. This may he t l r l c  t o  inviability ofrccom- 
hinant genotypes. 

For r n o ,  thc hackcross t h a t  yicldcd p r o p l y  w a s  as 
follows: 7~i1.46 male X F, lkmalc from ( c r n ~ i  female X 
71ir-46 male). The progeny scored were a11 female and 
wild type for the fifth chromosome marker /)r. "it11 
linkage t o  chrornosome 5, the wild-type progeny \ v o u l d  
be heterozygous for r n o ,  s o  the fact t h a t  t h c  rno segrega- 
tion was l7:2.5, n o t  significantly diffkrcnt from 1:1 (x' 
= 1.52, 1 d f . ,  I>  > 0.05),  shows t h a t  the loc1ls for rno 
is n o t  on chromosomc 5. Table 3 shows that linkage t o  
chromosomcs 2 and 3 was not  supported, while linkage 
t o  re1 was significant, indicating linkage to either chrtr 
mosome 4, o r  t o  the X chromosome. The frcquency of 
rccomhination hct~ \~cn  cd and rno i n  this cross is 0.24 
(SE = 0.07). (:rosscs o f  the type 71ir-46 female X F, male 
from (71jr-46 female X n n ?  male) w c ~ e  ;dso done t o  test 
for tlcgcncration o f  the locus on the male-transmitted 
fowth chronmsomc of  crrnrriccrnn (see below). These 
progeny arc ;dso  informative a h o u t  possible linkage. If 
thc rno locus wcrc 011 the X chromosome,  none of the 
backcross male progcny ~ v o r t l d  receive the allele from 
c r n w ~ f ~ - / r n c r ,  antl s o  hyhrid  allozymc patterns ~vorlld not 
hc seen. A s  there ~ v c r c  n ~ n y  m:~les i n  thc progenies 
with this pattern, we can rule o u t  X-linkage for this 
locus. Other d;ltil srtpporting thc%sc conclusions are prc- 
sentctl i n  Tahlc 7, and are discussed i n  the sections 
below 011 the segregation o f  rno and crl ;~llcles in the F:( 
generation  ofintcrcrosscs between 7~irili.s and crmwircrnn. 

For go/, we carried OLII the Imckcross vir-46 fcnulc X 
F, male from (7~ir-46 femalc X 7ir-8 male). Progeny of 
both sexes were scorcd, and both sexes segregated both 
allozymc typcs, which rules out linkage to the Xchromo- 
some. Tahlc 3 shows t h a t  the locus for this enzyme 
shows linkagc o n l y  to chromosome 5. The hvo apparent 
recombinant progcn!. werc presumably the result of 
errors i n  scoring. As there arc two go/ loci i n  I ) .  mrlcrno- 
, q r s / r r ,  o n  chromosome  arms 2L and 2R (L,ISI)SI .W and 
% I \ ~ \ , I  I S W ) ,  the locus scored i n  cr,nrriccrncr might have 
hccn expected t o  be on  either  the nctrY chromosome 
(homologotts with Z,), o r  chromosome 5 (homologor~s 
with 2R).  

F I ( ; ~ ' I < I .  .I.-PIlosphogl~ccI.;~tr kinase and enolase grls. 
showing I ) .  71iri/i.s, 1). (1. uwrric.unu, and I:, hybrid individuals. 
(Top) 1'hotog'';~ph o f  a n  cnol;~se gel. (Bottom) Di;tgl;unmaric 
i ~ l t c ~ ~ ~ ~ ~ c ~ t ~ ~ t i o ~ l  o f  the gc.1 pattcwls for b o t h  cnzynws. I'hospho- 
gl!ccmtc. kinas(% gels w*rc hard t o  photograph. so that no 
pllotograpll is shown. 

The mdl/  ; ~ n d  crtllt loci codtl not be mappccl geneti- 
cally, a s  no allozymc diffctrcnccs were foltntl between 
stocks that i n  o u r  h;~ntls protluced fertile hybrids w i t h  
7jir-46. The probe for c r d h  was hybridized t o  a male from 
strain 0 of I ) .  cr. crntrricnncr (see mvrlwu, s  .\SI) \ I I Y I I I -  

ODs). fh cxpcclcd from its location i n  1). 71irih (Sl'IL 
MISSW r /  crl. l996), the probe hybridized to band 49B, 
at the base of chromosome 4. Since no sequence for 
Drosophila rndh has been published, it  was n o t  possible 
to localize the  gene for this enzyme. There are t w o  nt lh  
loci  in I ) .  mr/crnogm/rr, one 011 element 13 (X.) antl the 
other on element I:' (3R)  (Llsl)sl.l<v and Z ~ \ l \ r  l W 2 ) ,  
s o  that it is possible that we are  not studying the nco- 
Y locus i n  ~mrriccrnn.  

Tests  for  degeneration  of  the  enzyme  loci  on  the 
americana neo-Y  chromosome: None of the  F, crosses 
scored for enzyme phenotypes (see \IA-IIXIAI,S ASD 
\"I l o r n )  showed a n y  evidence for degcneration: crn~~r-  
iccrncr hands were present i n  all males. Some reprcscnta- 
tivc results are shown i n  Figure 4. I t  is also possible t o  

perform a similar test i n  backcross generations, using 
the visible marker eel t o  indicate which  flies h ; n ~  the 
hybrid genetic constitution for the fourth chron~osotnc, 
and this  test was clone for a number o f  u~nrricon~r strains. 
With one exception,  the t n r o  tests gave concortlant re- 
sults, which arc summarized i n  Table 5. The cxccption 
was a 1,ackcross involving F, males with n r n - i  malo par- 
ents; the five backcross  males scored for r n o  showed 1 1 0  

sign of the ~ n w i c c r n c r  ( S )  a l l c k ,  whcreas four F, males 
that were subsequently scored a l l  had the hybrid (F/ .S)  
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TABLE 5 

Tests of degeneration of enzyme loci on  the  neo-Y 
of D. a. amm’canu 

No. of males tested  for  each locus 

Strains tested en0 Pgk adh mdh 

0 2 3 - - 
1 3 4 4 - 
3 1 3 
4 3 6 
6 3 5 3 3 
7 4 5 
9 3 4 

- - 
- - 

- - 
- - 

-, not  tested. 

phenotype. Other backcross results for this strain, 
shown  in Table 7, confirm the  latter finding. We have 
no  explanation  for this discrepancy, other than an  error 
in scoring. 

Adh and mdh were tested using D. montana as the 
female parents in crosses  with D. a. americana, since 
there were no mobility differences among  the uirilis 
and amm’cana strains (see above). These crosses  rarely 
produced viable F1 male progeny, so that  information 
on only a very limited number of strains of americana 
was obtained, despite the fact that 121  crosses between 
ammkana and montana were set up. 

The results for all four enzymes  were consistent: apart 
from the  exception  mentioned above, the F1 and back- 
cross  males  with americana neo-Y chromosomes always 
showed the  phenotype  expected if the neo-Y carries 
active alleles at  the loci that  code  for  them. 

Effects of homozygosity for sections of the D. a. arner- 
icana neo-Y on backcross sex ratios: As described in 
MATERIALS AND METHODS, the sex ratios of the F, proge- 
nies produced by the  breeding design shown in Figure 
4  shed light on  the the  extent of degeneration of the 
neo-Y chromosome, with a deficiency of males indicat- 
ing  deleterious effects of homozygosity for sections of 
the neo-Y. The sex ratio data  for  the  controls  and exper- 
imental F3 progenies, for both  inbred  and  outbred 
crosses, are shown in Table 6 (sex ratio is defined here 
as the  proportion of males).  These derive from over 
500 backcrosses  of single Fy females to amm’cana males, 
many of which  were unsuccessful due to sterility and/ 
or inviability. 

The largest data set is for  inbred matings  involving 
the americana strain am-0. It will be seen that  there is a 
significant deficiency of  males (x2  = 38.5, 1 d.f., P < 
0.001) among  the  “experimental” crosses (derived from 
cd/c& F2 females) and  an apparently smaller deficiency 
(x‘ = 6.76, 1 d.f., P < 0.01) among  the “controls” (de- 
rived from cd/cd F2 females). A 2 X 2 contingency test 
shows that  there is no significant difference between 
these  crosses  with respect to sex ratio, however (x‘ = 
2.67, 1 d.f., P > 0.10). This is consistent with the possibil- 

ity that  the deficiency of  males  is at least  partly due to 
Haldane’s Rule  effects (see MATERIALS AND METHODS). 

A smaller amount of data is available from eight  out- 
bred matings involving F2 females with an am-0 grand- 
parent  (the F2 male parents came from the stocks am- 
1, am-6 and am-9). The sex ratio of the  pooled  data  for 
experimental  outbred crosses was significantly higher 
than  that of the  experimental  inbred crosses ( x 2  = 9.33, 
1 d.f., P < 0.01). This suggests that  the deficiency of 
males  in the  experimental crosses is at least partly due 
to  homozygosity for partially or completely recessive 
deleterious neo-Y alleles that  are  unique to the a m 4  
stock. The difference in sex ratio between the  inbred 
and  outbred control crosses is not significant, as  ex- 
pected under this interpretation. 

The only other  inbred  experimental cross  to  yield a 
significant deficiency of males is that  for am-9 (x‘ = 
11.7, 1 d.f., P < 0.001). This failure to detect  a biased 
sex ratio is not simply due to small numbers of individu- 
als in the  other  inbred  experimental crosses. The 2 X 
2 contingency comparison of the  inbred  experimental 
crosses  of am-0 and am-3 shows that these are highly 
significantly different (x‘ = 11.4, 1 d.f., P < 0.001), 
suggesting that am-3 indeed has a less biased sex ratio 
than am-0. There is  less convincing evidence for  a differ- 
ence between am-6and am-0 (x‘ = 4.9, 1 d.f., P <  0.05), 
and  no significant difference between am-7 and am-0. 
There is a  general,  but not uniform, tendency for  the 
control crosses to have higher sex ratios than  their ex- 
perimental  counterparts,  but these differences are 
never significant in any individual case. 

The pooled data  for all experimental and control 
inbred crosses give sex ratios of 0.458 and 0.463, respec- 
tively (corresponding to 5740 and 1821 total individu- 
als),  and  the  pooled  data  for  the  experimental  and 
control  outbred crosses give sex ratios of 0.473 and 
0.483, respectively (1321 and 1548 total individuals). 
There is therefore  a relatively  small  overall  bias in the 
F3 progeny sex ratio, with some suggestion that  both 
Haldane’s Rule and  inbreeding effects contribute to 
the deficiency of males. But the deviations from a 1:l 
sex ratio, even for the am-0 inbred  experimental crosses 
(which show the largest female bias),  are relatively 
small, which is inconsistent with  very  severe reductions 
in fitness for homozygous sections of the americana neo- 
Y. For example, if there were a recessive lethal allele at 
one locus on all  neo-Y chromosomes in a given stock, 
the crossing scheme in Figure 3 shows that one-half the 
FS males  would be homozygous for  the  lethal, and 
hence would die,  reducing  the sex ratio to 0.33, if fe- 
males and males  have intrinsically the same viability.  If 
there were several  loosely-linked lethals, the sex ratio 
would be even lower. Since Haldane’s Rule effects cause 
inviability of males rather  than females (PATTERSON et 
al. 1942), this assumption is, if anything, conservative. 
The sex ratio data  therefore conclusively rule out  the 



Nec-Y Chromosome of D. amm~cana 997 

TABLE 6 

Sex  ratios in the F3 progenies of the americana-uirilis backcrosses 

Experimental crosses Control crosses 

Cross Females Males  Sex ratio Cross Females Males  Sex ratio 

Inbred crosses 

am-0 (36) 1 I73 89 1 0.432 2 0.011 am-0 (27) 61 7 529  0.461 2 0.020 
am-3 (28) 749 717 0.489 2 0.013 am-3 (6) 50  44 0.468 2 0.051 
am-6 (7) 230  220 0.489 +- 0.024 am-6 (9) 92 90 0.495 2 0.037 

am-9 (29) 797  666 0.455 2 0.013 am-9 ( I )  40  44 0.524 2 0.054 
am-7 ( 12) 164 133 0.448 2 0.029 am-7 (17) 179 136 0.432 2 0.028 

Outbred crosses 

am-3 (3) 1 62 127 0.439 2 0.029 
am-u (8) 147 162 0.523 2 0.028 am-0 (6) 240  216  0.474 2 0.023 
am-6 ( 19) 387 336 0.467 2 0.018 am-6 (24) 560 532 0.487 2 0.015 

The  numbers in parentheses  are  the  numbers of crosses that were scored. The  number after 2 indicates the  standard  error, 
estimated assuming binomial  sampling of genotype  frequencies. 

possibility that recessive lethals have accumulated on 
the neo-Y chromosomes. 

The effects of homozygosity for sections  of the D. a. 
amm'cana neo-Y  on  the  segregation of  enolase al- 
leles: The result of scoring F3 male progeny for eno 
genotypes are shown in Table 7 (only progeny whose 
electrophoretic phenotypes were unequivocal are 
shown in the table; very  few ambiguous individuals were 
found). Both inbred  and  outbred  experimental crosses 
(see previous section) were scored;  the  control crosses 
are uninformative and were therefore  not  scored. In 
the case  of inbred crosses  with am-0, F3 female progeny 
were  also scored.  These provide a partial control  for 
segregation disturbances due to interactions between 
genes derived from  the two species that  reduce viability: 
it is possible that homozygosity for amderived alleles 
on chromosome 4 could  confer lower  viability than het- 
erozygosity for am  and  viderived alleles, as reported 
by ORR and COYNE (1989) for the X chromosome in 
backcrosses between virilis and americana. This phenom- 

TABLE 7 

Segregation of enolase in the Fs progenies of the 
americana-uirilis backcrosses 

Electrophoretic 
phenotype" 

Cross Sex F / S  s/ s 
am-0 (inbred) Males 27 16 
am-0 (outbred) Males 6 16 
am-0 (inbred) Females 18 15 
am-3 (inbred) Males 7 17 
am-6 (inbred) Males 21 12 
am-6 (outbred) Males 15 14 
am-7 (inbred) Males 5 22 
am-9 (inbred) Males 9 8 

' IF  is the virilis allele and S is the americana allele. 

enon would cause a reduced  frequency of S / S  females 
compared with the  expectation of 1:l F / S  to S/S .  

There is highly significant heterogeneity in the segre- 
gation ratios among male progeny of the  inbred crosses 
(x' = 32.5, 4 d.f., P < 0.001). A 2 X 2 contingency test 
shows that  there is a significant difference in segrega- 
tion ratio between the  inbred and  outbred am-U crosses 
(x' = 6.37, 1 d.f., P < 0.02). This suggests that  the 
deficiency of homozygotes for  the americana allele in 
the  inbred am-0 crosses reflects inbreeding effects, 
rather  than  exposure of deleterious alleles common to 
all  neo-Y chromosomes. This conclusion is strength- 
ened by the absence of  any deficiency of S / S  among  the 
inbred crosses  involving am-3, am-7and am-9. Indeed, in 
the case of am-7 there is a highly significant deficiency 
of F / S  (x' = 10.7, 1 d.f., P < 0.01). This is presumably 
due to unfavorable viability interactions between the 
predominantly americana genetic  background and vir- 
ilzs-derived alleles on  the  fourth  chromosome with the 
F allele. In addition,  the 1:l ratio of F / S  to S / S  in the 
F, female progeny of am-0 inbred crosses seems to ex- 
clude  the possibility that hybrid inviability  effects  of the 
type reported by ORR and COYNE (1989) are  the cause 
of the deficiency of S / S  among  the  corresponding 
males. 

These results also confirm that en0 is not  on  the true 
Xchromosome, since X-linkage implies that all FS indi- 
viduals must inherit  an  Fallele,  contrary to what is ob- 
served. 

The effects of homozygosity for sections  of  the D. a. 
americana neo-Y  on  the  segregation of cardinal al- 
leles: The results for this  case are shown in Table 8. As 
with eno, the am-Oinbred FS crosses produce a deficiency 
of males that  are homozygous for  the americana allele. 
If the small number of doubtful individuals is ignored, 
we have x' = 7.86, 1 d.f., P < 0.01. There is no such 
deficiency among males in the  outbred crosses with am- 



998 B. Charlesworth et al. 

TABLE 8 

Segregation of cardinal in  the F3 progenies of the 
americana-cirilis backcrosses 

Inferred Fa genotype 

Cross  Sex cd /cd+   cd+ /cdf  Doubtful" 

am-0 (inbred) Males 52 27 4 
am-0 (outbred) Males 3 11 5 
am-0 (inbred) Females 40 46 2 
am-3 (inbred) Males 5 23 13 
am-6 (inbred) Males 11 6 0 
am-6 (outbred) Males 11 13 2 
am-9 (inbred) Males 17 16 4 

"This  indicates that fewer  than  seven  progeny were pro- 
duced, and no cd/cd individuals were observed. 

0, and  there is a highly significant difference between 
the  outbred  and  inbred crosses on a 2 X 2 contingency 
test (x' = 9.70, 1 d.f., P < 0.01). The  inbred crosses 
for  the other genotypes do  not yield  any significant 
deficiencies of c&/c& males, and  the am-3 crosses give 
a highly significant deficiency of cd/c& (x2 = 11.9, 1 
d.f., P < 0.001), similar to what was observed for am-7 
with enolase. Unfortunately, the am-7 testcrosses had  a 
very high failure rate, so that it was not possible to 
obtain meaningful data  on this genotype. 

The high frequency of doubtful genotypes in  the case 
of am-3 raises the  question of  what effect excluding 
these from the analysis  may  have on  the estimate of the 
frequency of c&/c& F3 males. This can be investigated 
by determining  the smallest value  of 0, the frequency 
of c & / c d t  individuals among F3 males, that is compati- 
ble at  the  5% probability level  with the observed num- 
bers of nonsegregating progenies. With n progeny from 
a cross  with a given F3 male,  the probability of no segre- 
gation is simply P = 1 - 0 + (1 - T ) " ,  where 7r is the 
probability of cd/cd offspring. (T can safely be equated 
with 0.5, the Mendelian expectation; see MATERIALS AND 

METHODS). Taking the sum of the  natural logarithms 
of P for all nonsegregating progenies for  the genotype 
of males in question and equating it to In 0.05 gives an 
equation  that can be solved numerically for 0 by  New- 
ton-Raphson iteration.  In  the case  of am-3, there  are  13 
doubtful crosses,  with a  minimum 0 estimate of  0.79, 
i.e., there  are likely to have been  at least 10 c&/e& 
parents. This greatly strengthens  the evidence for  an 
excess  of c&/c& F3 males with am-?. 

F3 backcross females from inbred crosses  with am-0 
neo-Y chromosomes were  also studied  for  the segrega- 
tion of cd. As can be seen from Table 8, there is no 
evidence for  a deficiency of c&/c& individuals, consis- 
tent with  what was found  for enolase. 

These  data also provide the  opportunity  for further 
examining the linkage between cd and eno, since many 
of the F3 males could  be typed for  both loci. Pooling 
the results across all crosses, 16 out of  37 jointly typed 

F3 males carried  recombinant neo-Y chromosomes. If 
these data  are  added to the backcross data of Table 3, 
the overall estimate of recombination frequency be- 
tween cd and en0 is 26/78 = 0.33 % 0.05. This should 
be viewed  with some caution, as americana is polymor- 
phic for a  common medial inversion complex a + b on 
chromosome 4 (WARTERS 1944; HSU 1952), and several 
of the stocks we used are  either homozygous for this 
arrangement  or segregate for it (own observations). Dif- 
ferent stocks may thus give different estimates of recom- 
bination frequencies. Strain a m 4  is homosequential 
with virilis (HSU 1952; own observations), so that  the F3 
backcross results from this strain are representative of 
the situation in  the  absence of inversion heterozygosity 
on chromosome 4. Six recombinants out of  22 progeny 
were observed in this case, a  recombination frequency 
of 0.22, consistent with the results in Table 3. It thus 
seems clear that cd and eno are only  loosely linked; given 
that cd is located 32 cM from  the tip of chromosome 4 
(ALEXANDER 1976), this suggests that eno may be proxi- 
mal to cd. This remains to be confirmed by in situ hy- 
bridization or more  detailed genetic mapping. 

DISCUSSION 

The results presented above are consistent with the 
idea  that  the neo-Y chromosome (the nonfused copy 
of the  fourth  chromosome) of D. ammkana americana 
shows little signs  of degeneration, consistent with the 
old findings of  STALKER (1940) on  the loci cd and px, 
and with recent molecular data indicating a lack  of 
dosage compensation of the neo-Xin this species (BONE 
and KURODA 1996; M A R ~ N  et al. 1996). (All  of the ameri- 
cana strains listed in Table 5 gave  wild-type F1 males 
when males  were crossed to vir-46, indicating that cd is 
active on  the neo-Y chromosome of each strain.) Our 
data show that  the enzyme  loci pgk and en0 are located 
on chromosome 4 of virilis and americana, and have 
active alleles on  the neo-Y in all the americana strains 
that we have tested (Table 5). Adh is also on this chro- 
mosome and has  active neo-Y alleles in the two strains 
of americana that we were able to test. If mdh is on the 
neo-Y,  which has not  been established, it must have an 
active allele in  the single strain tested. Thus, we  now 
have  five active  loci that  are definitely on  the neo-Y, 
and  one whose location is uncertain. The localizations 
of pgk, eno and adh also provide further evidence to 
support  the  concept of a high degree of conservation 
of chromosome  arm  content  in  the  genus Drosophila 
(MULLER 1940; PATTERSON and STONE 1952; WHITING 
et al. 1989; SEGARRA et al. 1996). 

In  addition,  the  experiments  on sex ratios in the F3 
generations of intercrosses between virilis and americana 
show that  there is generally only a small reduction in 
viability  of  males that have been made homozygous for 
sections of the neo-Y chromosome (Table 6). There is 
certainly no indication  that  lethal alleles have accumu- 
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lated on this chromosome, since the sex ratios are  far 
from the value of 33% expected with a single recessive 
lethal allele (see  above). According to PATTERSON and 
STONE (1952, p.  498), STURTEVANT  also carried out tests 
of the homozygous viability  of the americana neo-Ychro- 
mosome and  found evidence for lethality in some cases 
but  not others,  but no details appear to have been p u b  
lished. Nevertheless, there is evidence from  the  inbred 
crosses  involving am-0 and urn-6 that indicates some de- 
gree of reduction  in fitness associated with  homozygos- 
ity for  portions of the neo-Y. This question is explored 
in detail  in  the APPENDIX. The segregation data  in par- 
ticular seem to suggest that  there  are  one  or  more fairly 
strongly deleterious, recessive or partially recessive 
genes between en0 and cd that  contribute to a substan- 
tial  loss in fitness of homozygotes for  the am-0 and am- 
6 neo-Y chromosomes. 

But these effects are only detected when the  maternal 
and paternal alleles come  from  the same strain, sug- 
gesting that inviability of the americana neo-Y homozy- 
gotes is mainly due to deleterious alleles that  are strain- 
specific, rather  than to a process of degeneration  that 
is common to all  neo-Y chromosomes of the species. 
This conclusion should  be qualified, however, by noting 
that  in some cases there  are significant excesses  of arneri- 
cana marker homozygotes, both  for eno and cd (Tables 
7 and 8 ) .  This indicates that incompatibilities between 
virilis and americana alleles may cause males that carry 
more of the ammkxzna genome with respect to chromo- 
some 4 to survive better  on  the  predominantly arnm’cana 
background of the F3 intercrosses than males  with a 
smaller proportion of amm’cana alleles. Selection 
against genotypes homozygous for  the amm‘cana allele 
at  the  marker locus, due to linked deleterious neo-Y 
alleles, might  thus  be  obscured by these interspecies 
incompatibilities. The sex ratio data of Table 6 suggest, 
however, that these effects cannot  be very large, unless 
females are affected by the incompatibilities to approxi- 
mately the same extent as males, since otherwise a 
highly female-biased sex ratio  in  the F3 generation 
would result. The  1:l segregations of the  marker geno- 
types among am-0 F3 females are inconsistent with a 
large effect of hybrid incompatibility on  the relative 
viabilities  of the  fourth  chromosome genotypes of fe- 
males (Tables 7 and 8). Similarly, the biased sex ratio 
of the  inbred  control am-0 cross in Table 6, where ho- 
mozygosity for  the neo-Y cannot affect the sex ratio, 
suggests that F3 males are  more affected by incompati- 
bilities than females, in  accordance with Haldane’s 
Rule. 

The lack  of evidence for recessive lethal  effects of the 
arnericana neo-Y chromosomes raises the question of 
whether this is expected, given that chromosomes of 
Drosophila extracted  from  natural  populations  are fre- 
quently homozygous lethal, and  that lethal  mutations 
accumulate on chromosomes  that are maintained het- 
erozygous by balancers (SIMMONS and CROW 1977; 

CROW and SIMMONS 1983). No balancer extraction data 
are available on  the frequencies of lethal chromosomes 
in  members of the virilis group,  but in the obscura group 
(whose autosomes are of similar size to those of D. vir- 
ilis), the  frequency of  recessive lethal chromosomes in 
a sample is -0.2 for  a typical autosome (SIMMONS and 
CROW 1977; SPERLICH et al. 1977). Since lethals seem 
predominantly to be selected against in the heterozy- 
gous state in Drosophila populations (SIMMONS and 
CROW 1977; CROW and SIMMONS 1983),  the frequency 
of  recessive lethal neo-Ychromosomes (without any de- 
generation)  in  a  natural  population is unlikely to ex- 
ceed 0.2. A caveat concerning this conclusion is that 
the odh region on chromosome 2 of americana is associ- 
ated with an unusually high frequency of lethals in chro- 
mosomes from natural  populations  (FEDER  1984). This 
is probably an exceptional situation, however, and is 
unlikely to represent  the state of the neo-Y chromo- 
some. Given the length of time that  the strains used 
here have been  maintained  in  the laboratory, it is likely 
that  their neo-Y chromosomes have  largely become 
identical by descent, so that  the five different strains 
can be treated as representing five independently sam- 
pled nec-Y chromosomes. With a frequency of lethal 
chromosomes of 0.20, there is a probability of 0.33 that 
five independent chromosomes sampled from the wild 
would  all be  nonlethal. 

Furthermore,  the  mutation  rate  for  the X chromo- 
somes in male D. rnelanogaster has been estimated as 
0.0025 per  chromosome  per  generation (CROW and 
SIMMONS  1983). In the absence of other data, this pro- 
vides an estimate of the mutation  rate  for  the arnm’cana 
neo-Y,  which is  of similar size to the melanogaster Xchro- 
mosome. In 600 generations, which is approximately 
the time that  the oldest strain (am-0) has been  kept 
in  the laboratory (WARTERS 1944), we would therefore 
expect  a  mean  number of  new lethal  mutations  per 
strain of 1.5, if selection is completely absent, and each 
strain has become identical by descent. The probability 
that  a given strain lacks a  lethal is exp(-1.5) = 0.22. 
The probability that all five strains failed to accumulate 
any lethals is only  0.0005 on this basis. But this ignores 
selection against the heterozygous effects of lethals. 
With a  mean selection coefficient of 0.03 against a het- 
erozygous lethal  that has arisen by spontaneous muta- 
tion (SIMMONS and CROW 1977) and an effective num- 
ber of breeding males per strain of  20 each generation, 
use  of the  standard diffusion equation  formula (CROW 
and KIMURA 1970, p. 426) implies that  the fixation p rob  
ability  of a neo-Ylethal is only  0.013. The expected  rate 
of substitution of lethals per  generation is  20 x 0.0025 
X 0.013 = 0.00065 (KIMURA and OHTA 1971, p. 13), 
yielding an expected  number of accumulated lethals of 
600 X 0.00065 = 0.39 for  a strain maintained  for 600 
generations. There is a probability of 0.08 that no le- 
thals become fixed in five such strains. Overall, there- 
fore,  there is a probability of 0.33 X 0.08 = 0.03 that 
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five strains that have been  maintained  for 600 genera- 
tions lack lethals on  the neo-Ychromosomes, so that  the 
observation does not raise serious concern, especially  as 
the  parameters used in the calculations are based on 
results from other Drosophila species, and  are thus of 
somewhat uncertain relevance to americana. 

This evidence for lack  of degeneration of the amen- 
cana neo-Ychromosome raises the question of  why this 
should be the case. One simple answer is that  there 
simply has not  been  enough evolutionary time since its 
origin for  the various population  genetic processes that 
cause degeneration to produce effects that can be ob- 
served at  the level  with  which we are working. 
CHARLESWORTH (1996) has argued  that  the  three major 
forces that  are likely to cause Y chromosome  degenera- 
tion (Muller's ratchet, selective  sweeps, and back- 
ground  selection) will operate very  slowly in popula- 
tions with  effective population sizes in the  hundreds of 
thousands or millions, as seems to be the case in  the 
Drosophila species that have been extensively  surveyed 
for DNA sequence variation (KREITMAN 1983; MORI- 
YAMA and  POWEL~L  1996),  and appears also  to be true 
for amm'cana and texana (HILTON  and HEY 1996). The 
evidence from cytology and hybridization data (PAT- 
TERSON and STONE 1952, Chapter 10; THROCKMORTON 
1982),  protein  electrophoresis  (THROCKMORTON 1982; 
SPICER 1992), and DNA sequence comparisons (TOMI- 
NAGA and NARISE 1995; HILTON and HEY 1996; NURMIN- 
SKY et al. 1996) suggests that amm'cana and texnna are 
extremely closely related. Indeed, the lack  of  diver- 
gence between texanu and amm'cana observed for  the 
per locus by HILTON  and HEY (1996) suggests that  the 
two species or subspecies have either only diverged very 
recently, or are subject to a  good deal of gene flow 
connecting  their local populations. The time since the 
centric fusion evolved  may thus be effectively zero on 
the scale of molecular sequence divergence. In contrast, 
molecular data  indicate a time of divergence of 2 Mya 
for D. miranda and D. pseudoobscura (NORMAN and 
DOANE 1990; Russo et al. 1995).  The neo-Y  of miranda 
has evolved a long way toward complete  degeneration, 
with dosage compensation  extending over  many parts 
of  the neo-X (MACKNIGHT 1939; STROBEL et al. 1978; 
DAS et al. 1982; KRISHNAN et al. 1991; STEINEMANN et 
al. 1993; BONE and KURODA 1996; MARiN et al. 1996; 
STEINEMANN et al. 1996).  The time available for this 
level  of degeneration is clearly much  greater  than  for 
the amm'cana neo-Y. 

PATTERSON and STONE (1952, p. 498) also  discussed 
the question of the lack  of degeneration of the ameri- 
cana neo-Y and suggested that  recombination in males 
between the  neo-Yand its homologue,  or introgression 
of the nonfused chromosome 4 from texana, could pre- 
vent  its degeneration. While there is no direct evidence 
on  the frequency of male recombination in amm'cana, 
it appears to be a very  low frequency phenomenon in 
both vim'lis and littoralis (ALEXANDER 1976; C<)I.T*JE 1988; 

LUMME  and LANKINEN 1988).  The generally achiasmate 
meiosis of higher Diptera (GETHMANN 1988) makes it 
seem unlikely that male recombination  could be an 
important factor in americana. 

It is more difficult  to assess the possible role of hybrid- 
ization  between a m m n a  and texana in introducing un- 
fused fourth chromosomes into  the  former,  and thereby 
inhibiting the process of degeneration.  There is evidence 
for such hybridization  in nature, in populations at  or 
near  the zone of contact between the two species  across 
the middle of the USA (STONE and PATTBKSON 1947; 
CARSON and BLIGHT 1952; THROCKMORTON 1982).  The 
very large geographic range of amm'cana across the 
northern  part of the USA east of the Rocky Mountains 
(THROCKMORTON 1982) makes  it  seem  unlikely that un- 
fused texana fourth chromosomes could penetrate  into 
all populations of' ammicanu, particularly those in the 
West, and  there  are  no reports of this  in the literature, 
but  further population surveys  of mitotic karyotypes are 
needed to be sure of this. As stated in the MATERIALS 

AND METHODS, we found  that strain am-2 segregated for 
the americana and texana karyotypes. We do not believe 
that this is because  this  stock is derived from wild flies 
of hybrid origin. According to the National Drosophila 
Species  Resource Center listing, it was originally  desig- 
nated as strain 17961.9 and was used by STONE (1949) 
for a test of the effect of the X-4 centric fusion on female 
fertility in crosses  between amen'cana and texana. This 
implies that the karyotype  of  this  stock was amm'cana at 
the time of Stone's tests and has subsequently changed, 
either by detachment of the fusion or by contamination 
with texann. 

The operation of these causes of nondegeneration 
of the americana neo-Y can be tested for as  follows. A 
nonrecombining  chromosome arm in Drosophila is ex- 
pected to show an extremely low level  of genetic varia- 
tion, because of the effects  of  selective  sweeps or back- 
ground selection (KAPLAN et al. 1989; CHARLESWORTH 
et al. 1993; STEPHAN  1995). For example, assume that 
the  mutation rate for  nonlethal  deleterious alleles for 
the neo-Y is one-half the rate estimated for  the second 
chromosome of D. melanogaster, in accordance with the 
relative  sizes of the two chromosomes. Using the conser- 
vative  value  of  0.15 for this latter  rate (CROW and SIM- 
MONS 1983; KEIGHTLEY 1994),  and assuming that  the 
harmonic mean selection coefficient against heterozy- 
gous deleterious mutations is 0.02 (CROW and  SIMMONS 
1983; CHARLESWORTH and  HUGHES  1997),  the  expected 
value of the  neutral  nucleotide site  diversity under  the 
background selection model relative to the classical 
neutral value is exp(-0.075/0.02) = 0.02 (CHARLES- 
WORTH et al. 1993). From  this cause alone,  therefore, 
there  should be a very  low  level  of silent variation on  the 
americana neo-Y. If a substantial level of silent genetic 
variation is found  for loci on  the neo-Y, comparable to 
that  for loci on  other chromosomes, this  would indicate 
that  the postulated processes have not  been at work, 
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either because of gene flow between texana and ameri- 
cana or because of a very recent  origin of the  centric 
fusion. We are  currently investigating this question. 
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APPENDIX 

We here present an analysis  of the conclusions from 
the sex ratio and segregation analyses for  the markers 
eno and cd, for  inbred crosses  involving strains am-0 and 
am-6. The largest deviation from a 1:l sex ratio is am- 
0, here,  the  ratio of  males to females in the  inbred F3 
cross is 0.76 t 0.01. Since half the F:3 male progeny 
are homozygous for  a given neo- Yallele, approximately 
additive action of the neo-Y genes affecting viability 
would  imply that  the sum of the  reduction in  viability 
caused by each locus is 0.48 % 0.02. 

In this cross, the ratio of amm'cana homozygotes to 
heterozyotes for  the  marker loci is 0.59 5 0.08 for en0 
and 0.52 -t 0.06 for cd; these are not significantly differ- 
ent. If a single locus is responsible for  the  reduction in 
viability associated with  homozygosity for  the amm&na 
allele, with recombination frequency T with respect to 
the  marker in question, this ratio estimates (1 - s (1 - 
r ) ) / ( l  - T S ) ,  where s is the homozygous reduction in 
viability caused by this locus. The parameters .s and T 

cannot,  therefore, be estimated separately. A minimum 
estimate of s is given by setting T to zero, in  which  case 
we have s = 0.41 for eno and 0.48 for cd. The sum of 
these is clearly much  greater  than  the sum of locus 
effects suggested by the sex ratio data. 

A possibly more satisfactory alternative model  for  the 
marker-associated viability  effects is to assume that  the 
same locus is responsible for  the deviations for  both eno 
and cd, and is located about halfway between the two 
genes. The recombination frequency between en0 and 
cd from all  available data was estimated as 0.33, so that 
rwould be -0.16 on this model. Pooling the ratios for 
amerirann homozygotes to heterozyotes for eno and cd, 
gives s = 0.61 t 0.06 in this  case,  which is not signifi- 
cantly different  from  the estimate of total locus effects 
suggested by the sex ratio data. An even higher estimate 
of s would be  obtained if the  probable distortion of the 
segregation ratio of the markers due to incompatibility 
effects  were  allowed for,  but  the  data  are  too limited to 
permit  an  accurate estimate of  this. A similar effect is 
also seen for  the am-6 strain;  the estimate of s on  the 
assumption of a single locus  halfway between eno and 
cd is 0.58 -t 0.10 for  the  inbred am-6 cross. 


