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Summary

Until recently, the use of human Y chromosome DNA polymorphisms for evolutionary studies

and in human identification had been cramped by a scarcity of suitable markers. Fortunately

this picture has changed after the discovery of an extensive range of new polymorphisms in

the past five years. These are convenient markers, easily amplified by PCR, that fall into two

large groups: slow evolving biallelic markers (single nucleotide polymorphisms and

retroelement insertion polymorphisms) and fast evolving multiallelic tandem repeat

polymorphisms (microsatellites and minisatellites). In this review we provide simplified

detection protocols for the typing of the most important PCR-based polymorphisms and

discuss their use in population genetic studies and forensic casework, emphasizing the need to

adequate the rate of evolution and information content of the marker to the specific

application intended.
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 1   Introduction

Differences between polymorphisms in the Y chromosome and autosomes

DNA polymorphisms in the human genome are excellent markers of human individuality

because of the diploidy and their recombination rate. In evolutionary time spans new

mutations are quickly shuffled by recombination, generating genetic uniqueness. The situation

of autosomal and X-chromosomal markers contrasts markedly with that of the Y

chromosome, which exhibits in most of its length (Y-specific part) a haploid state and lack of

recombination. Thus, Y chromosomes are transmitted by males to their male offspring and

remain unaltered from generation to generation, establishing genetic lineages (patrilineages)

that remain stable until a mutation supervenes. Thus, by the study of DNA polymorphisms of

Y chromosomes of a given biological sample one can determine with great precision that it

belongs to a certain lineage, but not to a specific individual. Human Y chromosomal DNA

polymorphisms are consequently lineage markers and hence have special utility in

evolutionary studies [1, 2] as well as forensic application in criminal and paternity casework

[3-6].

The unusual properties of the Y chromosome derive from its function in driving the male sex

development in mammals. In consequence of this specialized function there was loss of genes

that were present in the proto-Y chromosome, which was probably almost entirely

homologous to the proto-X chromosome [7]. During this evolutionary process, the Y

chromosome has decreased in size and accumulated mutations and repeats of several classes

including tandem repeats, transposons and endogenous retrovirus [8]. At the same time, the Y

acquired by translocation from autosomes some special genes involved in spermatogenesis

[9]. In the modern human Y chromosome several loci with X homology remain [8],
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particularly in two regions on both Y chromosome extremities completely homologous to the

X chromosome ends, named Yp and Yq pseudo-autosomal regions (PARs). The Yp (2.6 Mbp)

and Yq (0.32 Mbp) PARs allow X-Y pairing and correct segregation during meiosis, when

recombination with the X occurs. Between the two PARs, most of the chromosome (~50

Mbp) correspond to the haploid and non-recombining Y-specific region.

DNA variation in the Y chromosome is a product of mutations that accumulate along

successive father-to-son generations allowing patrilineages to be traced back to common

ancestors using the knowledge of the ancestral and derived allele states for each Y locus [1,2].

The common ancestor for all living Y chromosomes has been dated with large uncertainties

between 37,000 to 411,000 years ago [10,11], but still supporting a recent origin for modern

humans.

DNA variability of the human Y chromosome specific region

Although the human Y chromosome exhibits considerable amounts of cytogenetic

heteromorphisms [12,13], searches for DNA polymorphisms were initially not successful [14-

16] giving origin to the idea that this chromosome was virtually molecularly monomorphic.

The sequence hypovariability of the Y was confirmed by sequence studies of large regions and

explained as either the consequence of selective sweeps [10] or simply as the expected

outcome of its reduced effective population size, which is ¼ of autosomes [11].

The first polymorphic markers described on the Y chromosome were relatively complex and

depended on Southern blotting for detection [14,17-22]. More recently many convenient PCR-

based markers became available [10,11,23-28]. These include several types of polymorphic

variation, ranging from polymorphisms created by very rare events such as point mutations

and retroelement insertions to the fast evolving microsatellites and minisatellites. These

several types of polymorphisms are studied for different purposes. Tandem repeat
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polymorphisms are  multiallelic and hypervariable, thus being highly informative. Because of

this, they are the markers of choice for paternity casework and criminal investigations.

However, because of this fast evolution and the fact that microsatellites evolve mostly by

forward-backward stepwise mutations, there is frequent homoplasy in human populations,

complicating evolutionary studies. In contrast, the single nucleotide polymorphisms (SNPs)

and especially insertion polymorphisms are slow evolving markers and each mutation can be

considered a unique event, what has great usefulness in evolutionary studies. On the other

hand, they are biallelic polymorphisms with low information content. The availability of

polymorphisms with a broad range of rates of evolution and informativeness, thus establishes

a menu from which one can choose the most suitable. The objective of this review is to survey

PCR-based polymorphisms in the Y-specific region of the human Y chromosome and to

present the methodology for their use.

Biallelic (binary) markers

DNA sequence polymorphisms (SNPs)

SNPs are a common type of human genetic variation representing a position at which two (or

more) alternative bases occur at frequencies > 1 % in human haploid genomes. They are

generated by single base substitutions or small insertion/deletion events occurring at a very

low rate (µ) of about 10-7 or less per site per generation [11]. Thus SNPs are slowly evolving

markers usually occurring just once. They are also called binary markers because usually only

two alleles are observed, the ancestral (0) and derived (1) states. To determine which allele is

ancestral and which is derived we need outgroup species, such as other primates, to ascertain

the most likely ancestral state of that locus, which in many cases proves to be the most

common allele [10,11,27-29]. The first SNP in the human Y chromosome was A or G at
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position 168 of the locus DYS271 [24] and the ancestral state, as indicated by the analysis of

chimpanzees and gorillas, was A. The derived allele G has shown a very restricted geographic

dispersion in Africa. In general, the range of geographical distribution of a binary marker is

proportional to the time when the mutation has occurred and the migration rate of males from

that area after its origin time. A similarly restricted geographic distribution was found with the

transition T à C in the Tat marker that is present in populations of Northern Eurasia [29], and

the transition C à T in the DYS199 locus found only in Amerindians [27]. On the other hand,

geographically widespread mutations are expected to be older, some of them having appeared

before the major out-of-Africa migrations, over 100,000 years ago [30]. Therefore, mutations

such as DYS271, DYS199 and Tat are expected to be younger, and indeed the former two were

estimated to have originated around 30,000 [27,31] while the latter is more recent, 4000 years

ago [29]. Several other SNPs have been described recently [10,11,28,31] with ancestral and

derived states determined for all of them. An example of an ancient mutation with widespread

geographical distribution is a transversion C à G called M9 [28] that is found in many

individuals in all continents except Africa. It probably occurred quite soon after the first

emigrants came out-of-Africa, because most of the Y chromosomes from Europe, Asia,

Americas and Oceania show the M9 mutation. Subsequent mutations, such as in the loci

DYS199, DYS234 and DYS273 [28] have a significantly more restricted geographic

distribution that is actually a subset of the M9 distribution. The association of many Y markers

arisen in different evolutionary times allows the derivation of binary marker haplotypes that

can be linked by sequential mutation steps in a single human phylogenetic tree [1,2,28]. If,

however, reverse mutations or recurrent mutation events happen, trees can become complex

because of the presence of loops. In a set of 29 binary markers [10,11,28,29] only a transition

A à G at position -1532 of the locus SRY seems to have mutated back to the ancestral state

[2].
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Retroelement insertion polymorphisms

Another source of human genome variability are insertion and deletion polymorphisms of

retroelements such as SINEs, LINEs and endogenous retroviruses (or fragments thereof, such

as LTRs). Among these, the most common are Alu insertion polymorphisms [32]. Alu

sequences represent the largest family of short interspersed nucleotide elements (SINEs) in

primates with an excess of 500,000 copies per haploid genome. Among all Alu sequences, a

very small proportion, numbering 500-2000, is relatively human specific and a subset of these,

only recently inserted into the human genome, is polymorphic. Their rate of insertion in a

specific site of the human genome is expected to be much smaller than mutation rates for

nucleotide substitutions [11]. Alu insertions are similar to SNPs in being biallelic and thus

having small information content. However, the sequencing of an outgroup species is not

necessary because the molecular nature of the retrotransposition event already points to

chromosomes without the insertion as the ancestral. Another important characteristic is that

reverse mutations are virtually impossible because there is no known mechanism capable of

excising precisely the retroelement after the insertion [32]. The only published polymorphic

retroposon in the human Y chromosome is the YAP marker, an Alu element of the active Sb2

subfamily with a likely origin around 135,000 years ago, probably in Africa [31], although an

Asian origin has been recently suggested [33]. A new polymorphic L1 insertion in the human

Y centromere has been recently isolated (F.R. Santos and C. Tyler-Smith, unpublished data)

and there may be some few other polymorphic retroelements in the human Y chromosome

still to be discovered.

Applications of binary Y chromosomal markers

Analyses of Y chromosome haplotypes using binary markers are very useful for human

evolutionary studies as they reflect the ancient male migration paths that gave rise to modern
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geographic groups [1,2]. The recent discovery of several new binary markers [28] hopefully

will allow resolution of the patrilineages colonizing all continents. In addition, they can be

used to estimate population admixture levels [34] and distinct geographic contributions to the

present population of countries such as Brazil ([35], D.R. Carvalho-Silva and S.D.J. Pena,

unpublished data). Y chromosome studies can be readily compared to mtDNA analysis, thus

contrasting paternal and maternal contributions [36].

Their low informativeness and geographic correlation limit the application of binary markers

in human identification for forensic and paternity cases. Thus these markers are more useful

for identification of human groups than individuals. Nevertheless, in populations with a well

known haplotype distribution, there may be cases where the likely geographic origin can be

used in investigations [6].

Microsatellites

The first microsatellite described in the human Y chromosome was a GATA tetranucleotide

repeat in the locus DYS19 [23] that displayed a considerable variation in extensive worldwide

surveys [37]. Several new Y microsatellites were described recently [1,5,22,38]. Some of

these, such as DYS389 [39], have a complex tandem repeat structure that involves distinct

repeat blocks displaying apparently independent evolution.

The average mutation rate (µ) for Y microsatellites was estimated around 2 x 10-3 per locus

per generation [40]. Such high levels inevitably will lead to the occurrence of several recurrent

microsatellite haplotypes (homoplasies). These properties indicate that microsatellites will be

most informative for recent evolutionary events, before a mutation-drift equilibrium has been

reached and while their variability is still proportional to the evolution time [41]. Considering

µ = 2 x 10-3 [40] and an effective population size (Ne) for human Y chromosomes around
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4500 individuals [29], the divergence of seven Y microsatellite loci measured as the allele

size variance [41] would be proportional to time until 2,128 generations (95 % confidence

level) or 42,560 years considering a generation time of 20 years. Previous phylogenetic

analysis using microsatellite haplotypes [42-44] has revealed complex evolutionary networks

without strong correlation with geography or population groups. A more successful approach

was obtained associating microsatellite haplotypes to the Tat mutation [29]. In that case, Y

chromosomes sharing the same derived allele C in the Tat marker were typed for several Y

microsatellites and a network of these related chromosomes was used to investigate the

migration involving males carrying the Tat mutation. A date of origin for Tat was calculated

around 4000 years ago, a short time to allow divergence in the microsatellites without

generating much recurrence as displayed in the compact evolutionary network obtained [29].

The most striking results were the clustering of microsatellite haplotypes of the same

populations and the suggestion of a migration route of chromosomes bearing the Tat C

mutation. However, the identification of the ancestral Y microsatellite haplotype seems to be

still the major difficulty. Thus the association of microsatellites to slower evolving markers,

especially those arising in a recent evolutionary time such as Tat [29], can be very informative

for studying human patrilineages.

Recently, we used the tetranucleotide microsatellite DYS19 in combination with the αh

alphoid DNA polymorphism [26] to establish the existence of a major founder Y chromosome

haplotype (allele A – 186 bp – at DYS19 and type II at αh) in South and North Amerindians

[45-47]. Our results were confirmed by a subsequent study [27], which has shown that besides

the allele A at DYS19, the founder haplotype was also characterized by a specific single base

change (C → T) at the DYS199 locus. This discovery was only possible because after more

than 10,000 years of the Asian migration into the Americas, DYS19 remained virtually

monomorphic in Amerindians, an observation that runs contrary to the expectations of fast
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evolution for DYS19, since studies in other populations had revealed high levels of variability

[37]. The reason for this slow evolution of  DYS19 in Amerindian patrilineages has not been

understood in spite of intense studies (D. R. Carvalho-Silva, F.R. Santos and S.D.J. Pena,

unpublished data).

Utilization of Y-linked microsatellites for human identification

In paternity testing Y-linked microsatellites are especially useful in cases where the possible

father is already deceased and in which the proband is male [4,48]. However, the use of  Y

chromosome microsatellites in these applications is subject to the caveat that they are lineage

markers and do not provide individualization. Thus, although absolutely reliable for

exclusions, in case of a match they only indicate that somebody in the patrilineage of the

tested suspect is the possible perpetrator. Moreover, even the combined use of several Y-

linked microsatellites does not allow absolute discrimination (for Y-linked markers the

discrimination probability, i.e. the probability that two randomly chosen individuals differ in

typing, the exclusion power, i.e. the probability of excluding the paternity of a falsely accused

individual, and the gene diversity are numerically identical). For example, with the use of

DYS19, DYS390, DYS391 and DYS393, which can be easily co-amplified and run as a

tetraplex system (Fig.1), we, reach a discrimination probability of 0.95 in the Brazilian

population. If we add DYS389A and DYS389B we increase the discrimination probability to

0.98 and if we add further the alphoid system (see below) we basically maintain the same

discrimination probability of 0.98 (D.R. Carvalho-Silva, F.R. Santos and S.D.J. Pena,

unpublished results). Thus, even if we add several other markers it is unlikely that we will

approach certainty much closer, for two main reasons. First, patrilineages are far reaching and

the frequency of unsuspected non-paternity in the population is considerable. Thus, two

individuals who are apparently quite unrelated may actually belong to the same patrilineage.
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Second, two males presenting the same microsatellite haplotype may represent homoplasy of

two distinct patrilineages. In the latter case the use of slowly evolving markers can define the

real haplogroups that they belong to [6]. A recent multicenter study [5] evaluated the use of a

set of seven Y-linked microsatellites DYS19, DYS389A, DYS389B, DYS390, DYS391,

DYS392 and DYS393 in several European populations and found discrimination probabilities

ranging from 0.74 to 0.90.

Fig.1 Finally we should remember that obviously Y-linked microsatellites could only be used in

paternity testing when the child is male, i.e. in 50% of the cases. There is basically nothing to

be gained by typing Y chromosome polymorphisms in routine paternity trios. In contrast, in

deficiency cases in which the alleged father is deceased, typing of Y-linked microsatellites in

his brothers or other male relatives belonging to the same patrilineage can be instrumental in

avoiding the need for exhumations [4,5,48].

The MSY1 minisatellite

Minisatellites are tandem arrays with repeat unit size larger than 6 bp [49]. The first human

haploid minisatellite MSY1, described recently in the Y-linked locus DYF155S1, is composed

of 25 bp tandem repeat units that are variable in sequence and block size [50]. It is the most

variable locus in the human Y chromosome, reaching a gene diversity of about 99.9 % due to

its high mutation rate ranging from 0.02 to 0.11 per generation [50]. The mutation events

generating MSY1 diversity seem to be very complex and include a biased repair mechanism

[51] reflecting the different modular structures and repeat block size. The applications of

MSY1 in paternity and forensic casework as well as human evolution are similar to other

tandem repeats such as microsatellites (see above). However the inherent complexities of the

MVR-PCR technique [50] will certainly limit the utilization of this marker into routine

laboratory work.
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The alphoid heteroduplex (αh) polymorphic system

The αh polymorphism [26] is an unique system that allows the detection of variants in the Y

chromosome alphoid DNA. It consists basically of a multilocal PCR amplification of specific

divergent alphoid units present in the Y centromere. Two types of loci are co-amplified, one

left side locus (αhL locus) and several loci in the right side (αh# loci) of the alphoid array.

The locus αhL in the left side of the alphoid block is usually invariable among individuals

[26,52] and is 4 bp smaller than the right side αh# loci (285 bp). Consequently, when the two

types of loci are co-amplified there is presence of a short loop in heteroduplexes formed

between them (Fig. 2). This loop is responsible for a large shift in mobility of the

heteroduplexes relative to the homoduplexes, best seen in non-denaturing polyacrylamide gels

(Fig. 2). Distinct point mutations are present in each αh# locus and cause the formation of

further bubbles (mismatches) in heteroduplex, further affecting the heteroduplex mobility

already retarded by the loop. Thus, each combination αhL + αh# (# = 1 to 39) generates a pair

of heteroduplexes, named h1 to h39, that have different mobilities (Fig. 2). The mobility shift

of each heteroduplex pair reflects the sequence of each corresponding αh# locus. In any single

male, there can be one to six heteroduplex pairs corresponding to the same number of αh# loci

variants, giving a heteroduplex pattern called αh type.

Fig.2 Fifty three αh types (αhI to αhLIII) have been found [26,52,53] which are resulted from

distinct combinations of 39 different αh# (αh1 to αh39). Another source of variation is the

occurrence of deletions of αh loci that can generate some of the αh types. Point mutations

usually are unique events, but deletions can produce some recurrent αh types. The simplest

type is αhI, a pattern with no heteroduplex formation that can be subtyped by artificial mixing

experiments and is more often generated by deletion events involving the αhL locus

[26,46,52] regardless of the αh# constitution. The combination of the αh system with binary
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markers has revealed that simpler types such as αhII and αhIII, with few heteroduplex pairs,

can be recurrently derived by deletion events from more complex types such as αhV and

αhIX [52]. The applications of the αh polymorphic system are basically the same of the

binary markers, especially for human evolutionary studies, as demonstrated previously [26,

45-47,52].

2   Technical procedures

Protocols for analysis of binary markers

An updated collection of binary markers amplified by PCR is listed below (Table 1). We are

going to describe simple analysis methods for many of the markers, mostly RFLPs that can be

readily incorporated to laboratory screening routine.

Table 1 Some other markers will not be discussed in detail because they were recently published and

the sequence information for designing alternative protocols is not available. They include

polymorphisms analyzed by more complex methods such as DHPLC [28] and SSO typing

[31].

Protocol 1

General protocols – unless differently stated in the marker-specific sections (Table 2)

Protocol 1.1 PCR (mix)

Using 200 µl PCR tubes it is prepared 12.5 µl reactions in standard buffers 1 x provided by

manufacturers of the enzyme Taq DNA polymerase (Perkin-Elmer, Promega), 1.5 mM MgCl2,

200 µM of each dNTP, 1 µM of each primer (Table 1), 0.5 unit of enzyme and 10 to 50 ng of

genomic DNA. No oil or paraffin is added to the tube.

Protocol 1.2 PCR (cycling)

The best results were obtained in PCR machines with hot lid to allow oil free amplification



14

such as PTC100 or PTC200 (MJR Research), GeneAmp 9600 (Perkin Elmer) and Genius

(Techne). In addition to the cycling program there is an initial denaturation step at 94º C for 2

minutes and final extension at 72º C for 5 minutes with subsequent cooling to 4º C. Usually

30 cycles yielded sufficient amplified products however an increase to 35 cycles is

recommended for bad quality DNAs.

Protocol 1.3 Digestion

Performed in a 10 µl volume containing 5 µl of PCR products and final 1 x digestion buffer

provided by the restriction enzyme manufacturer. Boehringer Manhein, NEB and Promega

provided restriction enzymes.

Protocol 1.4 Electrophoresis and visualization of bands

Table 2 Use a horizontal apparatus with 10 cm length of agarose gel in standard TAE or TBE running

buffers [56]. Usually 5 µl of PCR products or 10 µl digested PCR products are loaded onto

the gel mixed with standard loading buffer [56]. Some gels use also NuSieve (FMC) agarose

to increase resolution. Alternatively, all products can be separated in non denaturing PAGE in

TBE 1 x followed by silver staining [35], particularly when short PCR products have to be

visualized. Ethidium bromide is usually incorporated in the agarose gel and running buffer

[56]. After running, the gel is photographed (Polaroid) under UV irradiation.

Protocols for analysis of microsatellites

The first analyses of Y microsatellites were done in standard denaturing sequencing gels of

fragments radioactively labeled and visualized in a photographic film [23] or in non

denaturing PAGE followed by silver staining [35]. These methods were time consuming

procedures that have been replaced by less laborious automated protocols using laser DNA

sequencers [5,43]. Thus, recent improvements in Y microsatellite typing have gradually

enabled the multiplexing of as many loci as possible during PCR and/or electrophoresis, in
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order to reduce their handling time. In this review we are going to describe some improved

protocols for Y microsatellite typing for some loci listed bellow (Table 3) that can be applied

to any other microsatellite. Additional protocols and special cares with Y microsatellite typing

using many different technologies were published recently in a large multicenter study [5].

Table 3 Protocol 2 PCR amplification of Y linked tetranucleotide repeat loci

Protocol 2.1 PCR tetraplex DYS19 + DYS390 + DYS391 + DYS393 (mix and cycling)

Using 500 µl tubes, in a 12.5 µl reaction volume add 1 x buffer (provided by the Taq

manufacturer), 200 µM dNTPs, 1.5 mM MgCl2, 1.6 µM of DYS19 and DYS391 primers, 1

µM of DYS390 primers, 0.5 µM of DYS393 primers, 0.625 unit of Taq polymerase and 20 ng

DNA. This mixture was submitted to 30 cycles at 51º C 30 s, 72º C 90 s, 94º C 30 s.

Protocol 2.2 PCR DYS389 (mix and cycling)

Use the same conditions as for the tetraplex with 1 µM of  DYS389 primers. DYS389 is typed

as a duplex because it is actually composed of at least two independent repeat blocks,

DYS389A and DYS389B; the former apparently having arisen from a partial duplication of the

latter [39] and both are amplified by the same set of primers (Table 3). PCR amplification

then yields two products of different size: the larger amplicon (~350 bp) encompasses both

microsatellites (DYS389A+B) while the smaller one (~250 bp) corresponds to DYS389B. The

allele size of DYS389A can be calculated by subtracting the size of the small amplicon from

that of the larger one.

Protocol 2.3 Electrophoresis (gel and running conditions)

When the primer is labeled with a fluorophor, the PCR products may be run in an automated

electrophoresis system with laser detection using either fluorescein (ALF® - Pharmacia,

Uppsala, Sweden) or a fluorescent carbocyanine dye Cy5* (ALF Express®, Pharmacia,

Uppsala, Sweden) at the 5’end of either forward or reverse primer. Both reactions (tetraplex
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and duplex) can be carried out as described in protocols 2.1 and 2.2 and resolved by running

at 1500 V, 45 mA, 34 W, 45º C, for at least 2 hours (ALF express) or 6 hours (ALF). In the

absence of an automated system, it is feasible to employ 8% PAGE (in TBE 1 x) silver stained

[35]. In such cases, a non-labeled primer is employed in single locus PCR amplification and

ran at constant current of 30 mA for at least 4 hours.

Protocol 2.4 Typing of alleles

15-repeat allele = 190 bp (DYS19), 108 bp (DYS389A), 255 bp (DYS389B), 287 bp (DYS391);

25-repeat allele at DYS390 = 212 bp. We confirmed the sequence at DYS19 and DYS391

alleles. The sequence of the other loci was obtained in GenBank. To ensure a correct allele

designation at all loci, an allelic ladder was constructed by amplifying a pool of 200

individuals (Fig. 1). In addition, an internal lane standard may be run so that each sample may

be compared on the same scale and an external one allows us to calculate the size, in base

pairs, of the peak.

Protocols for analysis of complex markers

The systems listed in Table 4 display complex polymorphisms amplified by PCR in the

human Y chromosome. The recently described minisatellite MSY1 is detected by a MVR-

PCR approach [50] that detects both size and unit sequence differences. Due to its complexity,

MVR-PCR is not a protocol executable in most laboratories. A further complex

polymorphism, the alphoid heteroduplex system, can be readily set up in a laboratory

interested especially in human evolutionary studies and will be discussed below.

Table 4 Protocol 3 Heteroduplex analysis of the αh system

Protocol 3.1 PCR (mix)

In a 200 µl tube, 12.5 µl volume reactions are prepared with 1 x buffer (provided by the Taq
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manufacturer), 200 µM dNTPs, 1.5 mM MgCl2, 1 µM of primers (Table 4), 1 unit of Taq per

tube and 50 ng of genomic DNA;

Protocol 3.2 PCR (cycling)

An initial denaturation at 94º C for 3 min, followed by 40 cycles at 65º C 30 s; 72º C 60 s, 94º

C 30 s. After cycling it is used a 10 min extension at 72º C followed by a slow cooling of 1º C

per 10 s until 4º C, to allow a better heteroduplex formation. At the end add 2.5 µl of MDE

loading buffer (FMC) to the 12.5 µl volume reaction and load 6 µl onto the gel.

Protocol 3.3 Electrophoresis

Use a 20 x 20 cm glass plate vertical electrophoresis system, with 1 mm width spacers and

combs (24 or 30 wells). Prepare 1 x MDE polyacrylamide gel (FMC) according to the

manufacturer. Use 1 x TBE buffer and run at 160 V for 15 hours. After running visualize the

bands by silver staining [52].

Protocol 3.4 Typing of alleles

For heteroduplex typing the individual patterns should be compared to a reference marker

such as an individual with a pattern already characterized or a ladder of heteroduplexes that

can be amplified from clones ([26,53], F.R. Santos upon request). The scoring can be also

done comparing with the schemes (Fig. 2) showing the individualized heteroduplex pairs and

αh types previously found [26,52,53]. Some new heteroduplex pairs that can appear in further

analysis may need cloning and artificial mixing experiments [26,46,52] to be ascertained

correctly. Some problems for scoring the heteroduplexes can appear due to the co-migration

of bands, either the superior or inferior, belonging to different heteroduplex pairs. As each

pair of heteroduplexes result from a unique combination of two loci (αhL + αh#), for the

stoichiometry of heteroduplex formation they are expected to appear in the same intensity, and

the heteroduplex pairs do vary in intensities as their source loci can be in single copy or at

least duplicated [26]. If bands are co-migrating they should also appear thicker on the gel as
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the sum of the intensities of each band (Fig. 2). However individuals with the same αh type

and some difference in intensity of bands have only a quantitative difference that is not used

for discrimination of αh types.
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Figure Legends

Figure 1 - Fluorogram with allelic ladders for the Y microsatellite tetraplex (DYS19, DYS390,

DYS391 and DYS393). Pooled DNA samples from 200 random Brazilians (males and

females) were amplified with protocol 2.1 (see ”Technical procedures”) and run on ALF

express® (Pharmacia, Uppsala, Sweden). The alleles at each locus are seen as individual peaks

and the areas under each peak are roughly proportional to the frequency of the corresponding

allele in that DNA pool. Note that the largest allele of DYS19 and the smallest one of DYS390

are very close. In general this does not cause any problems in typing. However, the size of

DYS390 alleles can be increased by 10 base pairs simply by adding a tail of 10 Ts to the lower

primer. An additional locus ladder is seen between DYS390 and DYS391. This ladder

corresponds to an X-linked tetranucleotide microsatellite that is homologous to DYS391 (D.R.

Carvalho-Silva and S.D.J. Pena, manuscript in preparation). In this run the size of this ladder

was exaggerated compared to what we generally see in males because 50% of the pooled

DNA amplified originated from females. The fluorogram was visualized with the Fragment

Manager software (Pharmacia, Uppsala, Sweden).
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Figure 2 – Y chromosome alphoid heteroduplex (αh) polymorphic system.  (A) MDE (FMC)

polyacrylamide gel stained by silver [52] showing PCR heteroduplex patterns (protocol 3) of

artificial clone mixtures and an African individual. In lanes h1, h5, h6, h7 and h9 mixtures of

PCR products of each of five different αh clones of the right side with a cloned αhL locus are

shown [26]. In lane M the PCR products mixture of all previous αh# loci (1,5,6,7,9) with the

αhL locus is depicted. The pattern in lane M reproduces completely the profile observed in

lane I, the heteroduplex pattern of an African male with the αhX type. A drawing with the

αhX profile is represented in column S where an arrow points to the heteroduplex band that

looks thicker in lanes M and I, when compared to other bands, because of co-migration of the

upper bands of heteroduplex pairs h7 and h9. The homoduplexes are seen at the bottom of the

gel. (B) Diagram explaining how the heteroduplexes observed in the lane I of Fig. 2A were

generated by PCR amplification of the left side locus (αhL) and the five right side loci (αh1,

αh5, αh6, αh7 and αh9).



29

Fig. 1

DYS393 DYS19 DYS390 DYS391

bp



30

h1 h5 Mh6 h7 h9 I

Homoduplexes 

Heteroduplex
pairs

S

ß

Fig. 2A



31

ø ÷
αh1αhL (281 bp)

 αh#  (285 bp)

è
ç

è
ç

è
ç

è
ç

è
ç

Alphoid Block (Y centromere)
RIGHTLEFT

Yp Yq

Five different pairs of 
heteroduplexes are
formed, one for each 
combination αhL + αh#

è
ç

αh5 αh6 αh7 αh9

Fig. 2B



32

Table 1 – Binary markers amplified by PCR

Locus
[marker]

Upper and lower primers (5’→3’) Size
(bp)

Variation
0 → 1

Site*
(bp)

Detection
methods

References

DYS287
[YAP]

actgctaaaaggggatggat
caggggaagataaagaaata

155
or 455

→Alu Gel [25]

DYS271
[sY81]

aggcactggtcagaatgaag
aatggaaaatacagctcccc

209 A→G 168 RFLP
DHPLC

[24]
[28]

DYZ3
[YαI]

tctgagacacttctttgtggta
cgctcaaaatatccactttcac

285 A↔G ** 48 RFLP [26]

SRY
[-8299]

acagcacattagctggtatgac
tctctttatggcaagacttacg

509 G→A 147 RFLP [10]

SRY
[-1532]

tccttagcaaccattaatctgg
aaatagcaaaaaatgacacaaggc

167 A→G *** 115 RFLP [10,54]

DYS287
[PN1]

tcacataatttcattttccc
tagtcctctccttattaacg

? C→T ? SSO [31]

DYS287
[PN2]

gatgcaaatgagaaagaact
ctaaaaactggagggagaaa

? C→T ? SSO [31]

DYS287
[PN3]

gatgcaaatgagaaagaact
ctaaaaactggagggagaaa

? G→A ? SSO [31]

SRY
[-2627]

cgcggctttgaatttcaagctctg
ccagggccccgagggactctt

391 C→T 130 RFLP [55]

[Tat]
gactctgagtgtagacttgtga
gaaggtgccgtaaaagtgtgaa

112 T→C 28 RFLP [29]

DYS199
[M3] ****

taatcagtctcctcccagca
aaaattgtgaatctgaaattcaagg

202 C→T 181 RFLP
DHPLC

[27]
[28]

DYS234
[M4]

tcctaggttatgattacagagcg
tgcagaacatttgtactgttcc

273 A→G 88 DHPLC [28]

DYS214
[M5]

gggtttatactgacctgccaatgtt
ttattgggaactttcagggg

325 G→A 73 DHPLC [28]

DYS198
[M6]

cactaccacatttctggttgg
cgctgagtccattctttgag

218 T→C 37 DHPLC [28]

DYS253
[M7]

actgtgagcgagctgaaaat
gcagccttgtgaaccaatta

280 C→G 216 DHPLC [28]

DYS263
[M8]

cccacccacttcagtatgaa
aggctgacagacaagtccac

267 G→T 137 DHPLC [28]

[M9]
gcagcatataaaactttcagg
aaaacctaactttgctcaagc

340 C→G 68 DHPLC [28]

[M10]
gcattgctataagttacctgc
taataaaaattgggtcaccc

343 T→C 156 DHPLC [28]

[M11]
tctctctgtctgtctctccctcc
gagcataaacaagaacttactgagc

222 A→G 44 DHPLC [28]

DYS260
[M12]

actaaaacaccattagaaacaaagg
ctgagcaacatagtgacccc

309 G→T 286 DHPLC [28]

[M13]
tcctaacctggtggtctttc
agccatgattttatccaacc

231 G→C 157 DHPLC [28]

[M14]
agacggttagatcagttctctg
tagataaaagcacattgacacc

287 T→C 180 DHPLC [28]

[Ml5]
acaaatcctgaacaatcgc
aaatgtgttgagtctgggaag

162
or 171

→+9 bp 110 DHPLC [28]

DYS214
[Ml6]

tgttatgtcatttgaacccag
ccgtgtgttgctgggctgtc

266 C→A 38 DHPLC [28]

[Ml7]
ctggtcataacactggaaatc
tgacctacaaatgagaaactc

335
or 334

→- 1 bp 68 DHPLC [28]

[Ml8]
ctggtcataacactggaaatc
tgacctacaaatgagaaactc

335
or 337

→+ 2 bp 63 DHPLC [28]

[M19]
ctggtcataacactggaaatc
tgacctacaaatgagaaactc

335 T→A 131 DHPLC [28]

[M20]
gattgggtgtcttcagtgct
cacacaacaaggcaccatc

413 A→G 118 DHPLC [28]

[M21]
cttttatttctgactacaggg
aacagcagatttgagcagg

415 A→T 357 DHPLC [28]

DYS273
[M22]

agaagggtctgaaagcaggt
gcctactacctggaggcttc

327 A→G 129 DHPLC [28]

*    position of the mutation related to the 5’ end of the upper primer
**  some individuals display both allele states as the locus is duplicated
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Table 2 – Binary marker specific protocols

Marker PCR Digestion Electrophoresis Typing of alleles Geographic dispersion
Mix Cycling Gel Condition

YAP (DYS287) 1 unit of Taq
per tube; 0.5
µM primers

30 cycles at 51º C 60 s;
72º C 60 s, 94º C 60 s

1.5 % agarose
in TAE 0.5 x

100 V, 40
minutes

allele 0 = 155 bp;
allele 1 = 455 bp

allele 1 is found in Africa, Japan,
Tibet, Middle East and Europe
[25,31,33]

SRY-8299 30 cycles at 60º C 30 s;
72º C 60 s, 94º C 30 s

1 unit of BsrBI,
37º C 2 hours

1.5 % agarose
in TAE 0.5 x

100 V, 40
minutes

allele 0 = bands at 147 + 362
bp; allele 1 = 509 bp

allele 1 is a subset of YAP allele 1
chromosomes and found in Africa,
Middle East and Europe [33]

sY81 (DYS271) 30 cycles at 60º C 20 s;
72º C 30 s, 94º C 20 s

1 unit of
Hsp92II , 37º C
2 hours

3.5 % Nusieve
/ agarose
(2/1.5) in TAE
0.5 x

100 V,  40
minutes

allele 0 = bands at 102 + 65
+ 42 bp; allele 1 = bands at
144 + 65 bp

allele 1 is a subset of SRY-8299
allele 1 chromosomes found almost
exclusively in sub-Saharan Africa
[24,31]

SRY-2627 30 cycles at 63º C 30 s;
72º C 60 s, 94º C 30 s

1 unit of BanI,
37º C 2 hours

3.5 % Nusieve
/ agarose
(2/1.5) in TAE
0.5 x

100 V, 60
minutes

allele 0 = bands at 264 + 86+
41 bp; allele 1 = bands at
350 + 41 bp

allele 1 is found in Iberian
populations ([55], Pandya et al. in
preparation)

Tat 1 unit of Taq
per tube

30 cycles at 61º C 20 s;
72º C 30 s, 94º C 20 s

1 unit of
Hsp92II, 37º C
2 hours

4 % Nusieve /
agarose (3/1) in
TAE 0.5 x

100 V, 40
minutes

allele 0 = bands at 85 + 27
bp; allele 1 = 112 bp

allele 1 is found in north Europe
and Asia [29]

DYS199 1 unit of Taq
per tube

30 cycles at 61º C 20 s;
72º C 30 s, 94º C 20 s

1 unit of MfeI,
37º C 2 hours

4 % Nusieve /
agarose (3/1) in
TAE 0.5 x

100 V, 40
minutes

allele 0 = bands at 181 + 21
bp;  allele 1 = 202 bp

allele 1 is found in Americas [27]

YαI (DYZ3) 1 unit of Taq
per tube

30 cycles at 65º C 30 s;
72º C 60 s, 94º C 30 s

1 unit of
HindIII, 37º C
2 hours

1.5 % agarose
in TAE 0.5 x

100 V, 40
minutes

* allele A = 285 bp;  allele G
= bands at 237 + 48 bp

both allele states are found
everywhere [26]

SRY-1532 30 cycles at 60º C 20 s;
72º C 30 s, 94º C 20 s

0.5 unit of
DraIII, 37º C 2
hours

3.5 % Nusieve
/ agarose
(2/1.5) in TAE
0.5 x

100 V 30
minutes

** allele 0 = 167 bp; allele 1
= bands at 112 + 55 bp

allele 1 is found in most individuals
everywhere and allele 0 is found in
African bushmen and populations
of northern Europe and Asia
([1,11], Pandya et al. in
preparation)

* in this case the ancestral and derived states are not known as the locus can be duplicated and a single individual may contain both allele states [26]
** the allele 0, corresponding to the nucleotide A, can be a recurrent allele state [2]
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Table 3 – Microsatellites in the human Y chromosome

 Locus
[marker]

Upper and lower primers (5’→3’) Allele size
variation (bp)

Repeat block ** References

DYS19
[Y-27H39]

ctactgagtttctgttatagt
atggcatgtagtgaggaca

174 – 210 (gata)3 (ggta) (gata)n [23]

DYS288 cattacaaatacctggacactg
ttgctttgcttgtcatttcaga

119 – 123 (ca)n [57]

DYS385 agcatgggtgacagagcta
tgggatgctaggtaaagctg

360 – 412 (gaaa)n [57]

DYS388 gtgagttagccgtttagcga
cagatcgcaaccactgcg

126 – 138 (ata)n [57]

DYS389A* ccaactctcatctgtattatctat
tcttatctccacccaccaga

105 – 125 (gata)n (gaca)6 [39,57]

DYS389B* see DYS389A 239 – 263 (gata)n (gaca)3 (gata) [39,57]

DYS390 tatattttacacatttttgggcc
tgacagtaaaatgaacacattgc

191 – 227 (gata)2 (gaca)8 (gata)n [1,57]

DYS391 ctattcattcaatcatacaccca
gattctttgtggtgggtctg

275 – 295 (gata)n (gaca)3 (gata) [1,57]

DYS392 tcattaatctagcttttaaaaacaa
agacccagttgatgcaatgt

236 – 263 (att)n [1,57]

DYS393 gtggtcttctacttgtgtcaatac
aactcaagtccaaaaaatgagg

108 – 132 (gata)n [1,57]

[YCAI]
cccatgcctgttctccagatt
gagagtgtgacacatcaggta

124 – 132 (ca)n [22]

[YACII]
tatattaaatagaagtagtga
tatcgatgtaatgttatatta

147 – 165 (ca)n [22]

DYS413
[YACIII]

caacattgtgtgaatgtgtga
tcctcagagaaggagaaacta

192 – 204 (ca)n [22]

DYS425 tggagagaagaagagagaaat
agtaattctggaggtaaaatgg

198 – 207 trinucleotide [38]

DYS426 ggtgacaagacgagactttgtg
ctcaaagtatgaaagcatgacc

94 – 97 trinucleotide [38]

DXYS156Y gtagtggtcttttgcctcc
cagataccaaggtgagaatc

160 – 170 (taaaa)n [58]

* Amplification of locus DYS389 has two independent microsatellites, A and B [39].
** The most variable repeat block is displayed as (unit)n.

Table 4 – Complex polymorphisms amplified by PCR

System Locus Upper and lower primers (5’→3’) Source of variation Detection
method

References

αh system DYZ3 tctgagacacttctttgtggta
cgctcaaaatatccactttcac

Sequence polymorphisms
and loci deletion

Heteroduplex
analysis

[26]

MSY1 DYF155S1 ctcaagctaggacaaagggaaagg
gaggtagatgctgaagcggtatag

Variable size of repeat block
 and point mutations in the
 repeat units

MVR-PCR [50]


