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Abstrac t t 

Thee human Y chromosome is scattered with amplicons—very large, nearly 

identicall repeats—which render it susceptible to interstitial deletions that often cause 

spermatogenicc failure. Here we describe a novel deletion that removes half of the 

Azoospermiaa Factor c (AZFc) region, including 12 members of eight testes-specific gene 

families.. We observed this "b2/b3" deletion almost exclusively in a single family of 

closelyy related Y chromosomes, defined by the derived allele of a novel bi-allelic 

polymorphismm called "pre-Tat". All chromosomes tested in this family carry the deletion 

andd seem to be descended from a single b2/b3-deleted founder. The pre-Tat family is 

widelyy distributed in Eurasia, accounts for the majority of Y chromosomes in some 

populations,, and is several thousand years old. This population-genetic success is 

surprising,, since a different partial AZFc deletion that removes a similar set of testis-

specificc genes predisposes to spermatogenic failure. These findings suggest that either 

thee b2/b3 deletion has little effect on fitness, or that, in the pre-Tat family, its effect is 

counterbalancedd by another, beneficial Y-linked factor. 
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Ectopicc (nonallelic) homologous recombination between the 229-kb amplicons, b2 

andd b4, that flank AZFc often cause its deletion (fig 1A). Such b2/b4 deletions are the 

mostt common known genetic cause of human spermatogenic failure (Kuroda-Kawaguchi 

ett al. 2001) (MIM 400024). Homologous recombination between other AZFc amplicons 

resultss in two additional deletions of part, but not all, of AZFc (Yen 2001) (Repping et al. 

2003).. We previously showed that one of these, the gr/gr deletion (fig 14), is a risk 

factorr for spermatogenic failure (Repping et al. 2003). 

Heree we report a common, but heretofore-undescribed deletion of part of AZFc. 

Inn screening 1563 men with AZTc-specific plus/minus STSs, we found 25 men who 

lackedd SY1191 but possessed ail flanking STSs (f ig. 1A and tables 1 and 2). We 

investigatedd the nature of these deletions in light of the observation that homologous 

recombinationn between amplicons causes nearly all previously described interstitial Y-

chromosomall deletions (Kuroda-Kawaguchi et al. 2 0 0 1 ; Repping et al. 2002; Repping et 

al.. 2003). However, a single homologous recombination event acting on the reference 

sequencee of AZFc cannot produce this STS pattern (fig 1A). Nevertheless, two 

mutationall pathways, both consisting of an inversion followed by a deletion, could 

generatee the sY1191-minus-only genotype via homologous recombination (fig, 1), One 

pathwayy consists of an inversion involving the green and red amplicons (a "g r / rg " 

inversion)) followed by a deletion between amplicons b2 and b3. The other pathway 

consistss of an inversion between amplicons b2 and b3, followed by a deletion involving 

thee red and green amplicons (a " rg / rg " deletion)(f ig. ID ) . Both pathways produce the 

samee final arrangement of amplicons (fig. IE). FISH analysis of 13 sY1191-minus-only 

menn indicated that 11 had this arrangement (table 2 and fig. 1E,F), while the Y 

chromosomess of two men seemed to have undergone an additional duplication after the 

deletionn (fig. 2). 

Tabl ee 1. Men screened for deletions in AZFc. 

Category y 
Spermatogenicc failure a 

Normall spermatogenesis b 

Unknownn spermatogenesis c 

Total l 

Numberr of Men Tested 
1089 9 

148 8 

326 6 

Numberr of Men with sY1191-
minuss only genotype 

7 7 

2 2 

16 6 

1563 3 25 5 

33 Patients from the Academic Medical Center and patients studied at the Whitehead Institute, all 
withh non-obstructive azoospermia or oligozoospermia. 

bb Patients from the Academic Medical Center with normal spermatogenesis (total sperm count 
>40xl066 and normal motility and morphology). 

cc Men included for analysis based on their Y haplotype without knowledge of their sperm count. 
Thesee samples were mostly purchased from the NHGRI/NIGMS DNA Polymorphism Discovery 
Resourcee {Coriell Cell Repositories). 
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Figur ee 1 . Inversion-deletion models of the origins of b2/b3 deletions. A, The ampliconic 
complexx embedding AZFc, shown to scale (Kuroda-Kawaguchi et al. 2001). The central bar 
depictss the organization of the constituent amplicons, which are color-coded; sequences with the 
samee color are > 9 9 . 9 % identical. The genomic extents of the b2/b4 AZFc deletion and the gr /gr 
deletionn are shown on top. STSs used to detect the b2/b3 deletion are indicated immediately 
beloww the central bar. Locations detected by FISH probes RP11-336F2 (green, (Tilford et al. 
2001) ) ,, cosmid 18E8 (red, (Saxena et al. 2000)) , and RP11-79J10 (yellow, (Tilford et al. 2001)) 
aree also shown. The green and blue "bows" indicate the regions involved in the first homologous 
recombinationn event in both pathways. B, FISH probes hybridized to interphase nuclei f rom a 
mann (PD223) whose STS results are consistent with the reference sequence in A. Hybridization 
producedd the expected patterns: green-red-green-red-green (left) and green-yel low-green-green-
yelloww (r ight) . C, Pathway one: gr / rg inversion ( g l , r l , r2 recombining with g2, r3 , r4 ; green-
shadedd box) followed by a b2/b3 deletion (blue-shaded box), both via homologous recombination. 
Thee blue "bow" in the inverted organization indicates the sequences involved in the delet ion. 
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Tabl ee 2. FISH analysis of men with the STS pattern indicating a b2/b3 deletion, and their location 
inn the genealogical tree of the Y chromosome. 

Samplee ID 
AMC0135 5 
AMC0172 2 
PD321 1 
AMC0171 1 
PD403 3 
WHT3645 5 
AMC0010 0 
PD427 7 
WHT0716 6 
WHT3420 0 
WHT4704 4 
WHT4830 0 
AMC0170 0 
AMC0173 3 
WHT4443 3 
WHT4869 9 
WHT4895 5 
WHT4906 6 
YCC047 7 
YCC048 8 
YCC049 9 
YCC050 0 
YCC051 1 
PD024 4 
PD066 6 

Pre-- Tat 
Allelee a 

C C 
C C 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
T T 
C C 
C C 

Numberr of 
Dotss with 

Redd Probe b 

1 1 
1 1 
1 1 
2 2 
2 2 
3 3 
1 1 
1 1 
1 1 
1 1 
1 1 
1 1 

Noo cells 
Noo cells 
Noo cells 
Noo cells 
Noo cells 
Noo cells 
Noo cells 
Noo cells 
Noo cells 
Noo cells 
Noo cells 

1 1 
1 1 

aa C is ancestral, T derived. 
bb See f igure 
cc See f igure 

1A A 
3. . 

FISH H 
Organizationn of Dots 

afterr Co-Hybridization 
withh Green and Red 

Probess b 

G-R R 
G-R R 
G-R R 

Insuff icientt cells 
G-R-G-R R 

R-G-R-R-G G 
G-R R 
G-R R 
G-R R 
G-R R 
G-R R 
G-R R 

G-R R 
G-R R 

Branchh of Y 
Gene-- alogy c 

e e 
f f 
j j 
J J 
j j 
j j 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
k k 
m m 
m m 

Spermatogenic c 
Phenotype e 
Abnormal l 

Normal l 
Unknown n 
Abnormal l 
Unknown n 
Abnormal l 

Normal l 
Unknown n 
Unknown n 
Abnormal l 
Unknown n 
Unknown n 
Abnormal l 
Abnormal l 
Abnormal l 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Unknown n 
Unknown n 

Figur ee 1 (cont' d fro m opposit e page) . sY1191 and one copy of SY1206 lie in the deleted 
region,, accounting for the sY1191-minus-only genotype. Interphase nuclei (from PD116) 
hybridizedd as in A showed the patterns expected for a gr/rg inversion: green and red probes 
producedd the same pattern as in 6, and green and yellow probes produced a pattern different 
fromm B: green-green-yellow-green-yellow. D, Pathway two: b2/b3 inversion (blue-shaded box) 
followedd by rg/rg deletion (green-shaded box) both via homologous recombination. The green 
"bow"" in the inverted organization indicates the sequences involved in the deletion. As in C, 
sY11911 and one copy of sY1206 lie in the deleted region. Interphase nuclei (from PD264) 
hybridizedd as in A showed the patterns expected for b2/b3 inversion: green and red probes 
producedd a pattern different from 8 and C: red-green-green-red-green, and green and yellow 
probess produced the same pattern as in B. E, Final arrangement in both pathways. F, Interphase 
nucleii of a man (WHT3420) with the STS signature indicating a b2/b3 deletion, hybridized with 
FISHH probes as in 6. The patterns are as predicted: red-green (left) and green-yellow (right). 
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AA b2/b3 deleted chromosome 

 < I > > M I 1 ^ 

BB blue-gray duplication 

greenn and red 

DD WHT3645 

greenn and yellow 

greenn and red greenn and yellow 

Figur ee 2. Subsequent rearrangements of 
b2/b3-deletedd chromosomes. A, 
Organizationn of amplicons in a b2/b3 deleted 
chromosome,, with the amplicons involved in 
thee blue-gray duplication indicated by the 
"bow".. B, Model of blue-gray duplication 
causedd by homologous recombination 
(shadedd box). C, Interphase nuclei of a man 
(PD403)) hybridized with probes as in figure 
1.. The results are as predicted for a blue-
grayy duplication: red-green-red-green (left) 
andd green-yellow-green-yellow (right). D, 
Interphasee nuclei from WHT3645 hybridized 
withh FISH probes as in figure 1. 
Homologouss recombination between 

ampliconss in a b2/b3-deleted chromosome 
cannott explain this result. However, the fact 
thatt this man's chromosome has the derived 
allelee for pre-Tat and lacks only sY1191 
suggestt that it descended from a b2/b3-
deletedd chromosome. The organization 
indicatedd by the FISH results could be the 
resultt of non-homologous rearrangement or 
off recombination between short repeats. 
Suchh mutations are much less common in 
thee Y chromosome than homologous 
recombinationn between amplicons, but nave 
beenn reported (Kuroda-Kawaguchi et al. 
2001;; Repping et al. 2002). 

Thee inversions and deletions in these mutational pathways are unlikely to occur 

inn the same generation; thus, we might expect to observe Y chromosomes with 

inversionss only. FISH analysis of Y chromosomes representing all major human 

populationss showed both inversions at reasonably high frequencies: 6/44 for the gr/rg 

inversionn (fig. 1C,3 and table 3), and 3/44 for the b2/b3 inversion (fig. I D , 3 and table 

3).. Our data do not indicate whether one of the two mutational pathways predominates 

inn generation of sY1191-minus-only chromosomes. However, we termed the final 

arrangementt of amplicons the "b2 /b3" deletion, referring to the targets of homologous 

recombinationn in the more common gr/rg inversion (fig. 1C). 

Wee investigated the origins and dynamics of b2/b3 deletions over the course of 

humann history by taking advantage of the Y chromosome's clonal transmission and 

knowledgee of its genealogical tree (Underhill et al. 2000; Underhill et al. 2001 ; The Y 

Chromosomee Consortium 2002). We found that 21 of the 25 b2/b3 deletions cluster in 

aa single family of Y chromosomes defined by a novel bi-allelic polymorphism that we call 

"pre-Tat"" (table 2 and f ig. 3, branches; and k). Furthermore, all Y chromosomes with 

thee derived allele at pre-Tat were b2/b3-deleted. This fact and the rarity of b2/b3 
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deletionss beyond those in the pre-Tat family (4/1542) suggest that b2/b3-deleted 

chromosomess in this family descended from a single deleted founder. The remaining 

b2/b3-deletedd chromosomes were distributed over three other Y haplotypes, all of which 

containedd many undeleted chromosomes (fig. 3 and table 2). We conclude that the 

b2/b33 deletion arose independently once in the pre-Tat family and at least once in each 

off the other three haplotypes. 

Tabl ee 3. Locations of gr/rg-inverted and b2/b3-inverted chromosomes in the Y genealogical tree. 

gr/rg-inverte dd chromosome s 
PD0611 a 
GM104700 b 
WHT31599 c 
WHT35522 d 
WHT26111 e 
PD1166 / 

b2/b3-inverte dd chromosome s 
PD0733 g 
PD0166 h 
PD2644 i 

aa See figure 3. 

Seventeenn out of the 21 pre-Tat-derived chromosomes also bore the derived allele 

att the Tat polymorphism (Zerjal et al. 1997)(fig. 3 and table 2). This allele is 

widespreadd in Northern Eurasia and extremely common in some populations, including 

Easternn Siberian Yakuts (85%) , Finns (60%) , and Estonians (47%) (Zerjal et al. 1997; 

Lahermoo et al. 1999). Indeed, the geographical distribution of Tat-derived 

chromosomess and their microsatellite diversity indicate that this polymorphism is 

severall thousand years old (Zerjal et al. 1997; Lahermo et al. 1999). Thus, the b2/b3 

deletionn in the pre-Tat family is at least as old. This is surprising, because the b2/b3 

deletionn removes 1.75 Mb of AZFc—a region essential for normal spermatogenesis— 

includingg 12 testes-specific genes or transcripts (table 4), Furthermore, the gr/gr 

deletionn has similar size and gene content (fig 1A, table 4) and indeed predisposes to 

spermatogenicc failure (Repping et al. 2003). Apparently, the selective forces that limit 

transmissionn of the gr/gr deletion have not prevented transmission of b2/b3-deleted 

chromosomess in the pre-Tat family for more than a hundred generations. 
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Tabl ee 4. Effects of the b2/b3 deletion on gene and transcript families compared with other 
commonn deletions affecting AZFc. 

Numberr of Copies Present 

Genee or Transcript 
Familyy a 

RBMY1 RBMY1 
BPY2 BPY2 
DAZ DAZ 
CDY1 CDY1 
PRY PRY 
CSPG4LY CSPG4LY 
GOLGA2LY GOLGA2LY 
TTTY3 TTTY3 
TTTY4 TTTY4 
TTTY5 TTTY5 
TTTY6 TTTY6 
TTTY17 TTTY17 
Total l 

Reference e 
Sequence e 

(orr gr / rg or b2/b3 
Invertedd b) 

6 6 
3 3 
4 4 
2 2 
2 2 
2 2 
2 2 
2 2 
3 3 
1 1 
2 2 
3 3 

32 2 

b2/b33 Deletion 
6 6 
1 1 
2 2 
1 1 
2 2 
1 1 
1 1 
1 1 
1 1 
1 1 
2 2 
1 1 

20 0 

qr /g rr Deletion c 

6 6 
2 2 
2 2 
1 1 
2 2 
1 1 
1 1 
1 1 
2 2 
1 1 
2 2 
2 2 

23 3 

b2/b44 {AZFc) 
Deletionn c 

6 6 
0 0 
0 0 
0 0 
2 2 
0 0 
0 0 
0 0 
0 0 
1 1 
2 2 
0 0 
11 1 

Seee (Skaletsky et al. 2003) for precise gene locations, and Electronic Database Information for 
GenBankk accession numbers. 

11 See fig. 1. 
Adaptedd from (Yen 2001). 

Whatt might account for the population-genetic success of the b2/b3 deletion in 

thee pre-Tat family? One possible explanation is that, in the pre-Tat family, any 

reductionn in fitness caused by the b2/b3 deletion was counterbalanced by a beneficial 

factorr on the same chromosome. In the absence of meiotic crossing over with a 

homologouss chromosome, this factor would remain completely linked to the b2/b3 

deletion.. Alternatively, the b2/b3 deletion might have only minimal effect on 

spermatogenesiss and fitness. Our data do not suggest enrichment for the b2/b3 

deletionn among men with spermatogenic failure (table 1), although we found too few 

b2/b3-deletedd men to draw firm conclusions. Because of the possibility of a 

compensatoryy factor in the pre-Tat family and because of the rarity of b2/b3 deletions 

outsidee the pre-Tat family, investigating a possible effect on spermatogenesis would 

requiree screening tens of thousands of Y chromosomes. Such large-scale studies are 

currentlyy infeasible, but are part of the goals of the human genome project and may 

becomee possible in the future (Collins et al. 2003). 
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byy deletions, RBMY1 [accession number X76060], BPY2 [accession number 

AF000980],, DAZ [accession number U21663], CDY1 [accession number 

AF000981],, PRY [accession number AF000988], CSPG4LY [accession number 

AF332228],, G0LGA2LY [accession number AF332229], 7TTY3 [accession number 

AF332230],, TTTY4 [accession number AF332231], TTTY5 [accession number 

AF332236],, TTTY6 [accession number AF332237], TTTY17 [accession number 

AF527829]) ) 

Onlinee Mendelian Inheritance in Man (OMIM) f ht tp: / /ww.ncbi.nlm.nih.gov/OMIM/ (for 

AZFcAZFc [MIM 400024]) 
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