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Determining the cause of patchwork HBA1 and HBA2
genes: recurrent gene conversion or crossing over
fixation events

The human α-globin gene cluster is
located on chromosome 16 pter-
p13.3, and is arranged in the order, 5’-

ζ2-ψζ1-ψα2-ψα1-α2-α1-θ1-3’.1 Recent re-
examination of the ψα2 gene revealed that it
is expressed at a very low level, and was
renamed as mu-globin gene.2 The cluster
was thought to result from duplication
events that occurred more than 300 million
years ago.3 Unequal homologous recombi-
nations are common between the two ζ-
and two α-globin genes of this cluster, due
to the extensive sequence homology
between the HBZ (ζ2-globin) and HBZP
(ψζ1-globin) genes and between the HBA1
(α1-globin) and HBA2 (α2-globin) genes,
respectively.

Despite their ancient origin, the HBA1 and
HBA2 genes have remained very similar,
comprising three segments of homology (the
X, Y, and Z boxes) that are punctuated with
non-homologous regions (I, II, and III).4

They are identical throughout the 868 base
pairs upstream of the cap site, except for
two positions: nucleotide -634 is an A in
HBA1 and a G in HBA2, while nucleotide
–733 is a C in HBA1 and a T in HBA2. Both

genes are also identical in their 5’untranslat-
ed regions, the first intron (IVSI) and all three
coding exons. In the second intron (IVSII),
only two sites of difference exist: a single
nucleotide difference at IVSII,55 (G in HBA1
and T in HBA2), and the substitution of an
octanucleotide in HBA1 (positions 119-126,
5’-CTCGGCCC-3’) with a single G at posi-
tion 119 in HBA2. The 3’ untranslated
regions of the two genes share 78% homol-
ogy, preceding a short region of 100% iden-
tity adjacent to the polyadenylation site.5

Several models have been suggested for this
concerted evolution of the α-globin gene clus-
ter, the most prominent being gene conver-
sion and crossover fixation.

Evidence for mispairing and reciprocal
crossing over between HBA1 and HBA2 can
be inferred from the existence of the single
α-globin gene deletions (-α3.7 and -α4.2)6-8 and
their reciprocal triplicated alleles (αααanti3.7

and αααanti4.2).9-13 The demonstration of α-glo-
bin gene deletions in transformed E. coli bac-
teria, identical to those found in humans,
further reinforces the theory that sequence
homology at the α-globin gene cluster pro-
motes unequal crossing over.14 Although
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Background and Objectives. Recombinations are common between the two homolo-
gous α-globin genes. We report on the identification and characterization of two patch-
work α-globin genes.

Design and Methods. Multiplex polymerase chain reaction assays were performed to
rule out the presence of α-globin gene deletions and triplications. The HBA1 (α1-glo-
bin) and HBA2 (α2-globin) genes were individually amplified and sequenced.

Results. Two variants of the HBA1 and HBA2 genes were identified. One variant allele,
α121, consists primarily of the HBA1 gene sequence except for a small segment of
IVSII in which an octanucleotide segment has been replaced by an HBA2 -specific
nucleotide. Conversely, the α212 variant consists primarily of the HBA2 gene sequence
except for a segment of IVSII in which HBA2 -specific nucleotides at two sites have
been replaced by HBA1-specific sequences. Both variant alleles are found in individu-
als of different ethnicity, geographical origin, and haplotype backgrounds. The simplest
model for the origins of these patchwork alleles is a single crossover between a nor-
mal allele and an existing recombinant allele such as the -α3.7 single gene deletion or
the αααanti3.7 triplicated allele, but we cannot exclude a reciprocal double crossover or a
non-reciprocal gene conversion between misaligned HBA1 and HBA2 genes.

Interpretation and Conclusions. The α-globin patchwork alleles have arisen independ-
ently on several occasions, most likely through a single crossover between a normal
and a recombinant allele. Further studies are necessary to evaluate the possible effect
of these changes on α-globin gene expression.
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gene conversion has been well described in yeast,15 and
although it cannot be definitively distinguished from
double crossovers events, in humans, gene conversion
has been inferred from short DNA segments identical to
one allele appearing in a different allele.

We now report two natural, complex hybrid variants
of the HBA1 and HBA2 genes in man. In the HBA1 gene
variant α121, an octanucleotide within IVSII has been
replaced by a single HBA2-specific nucleotide. In the
HBA2 gene variant α212, two sites within IVSII have
been replaced by HBA1-specific sequences. We discuss
the possible origin of these patchwork α-globin genes.

Design and Methods

Patients
Patient AI was a 14-year old African-American girl.

She was referred for diagnosis because of severe ane-
mia. Hemoglobin analysis revealed Hb S (74%) and Hb
F (19%). DNA-based diagnostic results confirmed that
she had sickle cell anemia (homozygous for the Hb S
gene) and was heterozygous for the C/T polymorphism
at nucleotide -158 upstream of the Gγ-globin gene.16

Patient AP was a 2-year old Hispanic-American boy. He
was referred for diagnosis because of microcytosis
(mean corpuscular volume, MCV, 55 fL), and Hb 10.3
g/dL. DNA-based diagnostics showed that he was a het-
erozygous carrier of the IVSI,5 G→C β+-thalassemia
mutation.

Molecular analysis
Two multiplex polymerase chain reaction (PCR)

assays were performed on both patients to screen for
the presence of the seven most common α-globin gene
deletions (-α3.7, -α4.2, --SEA, --FIL, --THAI, -(α)20.5, --MED) and trip-
lications.17,18 This was followed by sequencing of the
HBA1 and HBA2 genes, which were individually ampli-
fied using gene-specific forward and reverse primers as
previously described.19

Southern blot analyses of BamHI and BgIII digested
DNA fragments hybridized with α- and ζ-globin probes
were performed to confirm the PCR-based results.

Results

Patients AI and AP were negative for α-globin gene
deletions and/or triplications as determined by multi-
plex PCR analyses, and these results were confirmed by
Southern blot analysis (data not shown). 

For patient AI, PCR sequencing of her HBA1 gene was
negative for any mutations (data not shown). However,
sequencing of her HBA2 gene revealed the presence of a
variant allele in addition to the wildtype one, differing
only within a segment of IVSII (Figure 1A-C). This seg-
ment was heterozygous for a T→G substitution at
IVSII,55 as well as for a G→CTCGGCCC in-
sertion/substitution at IVSII,119. Closer scrutiny
revealed that the IVSII sequence of this variant HBA2
allele was a complete match with the wildtype HBA1
IVSII sequence. We therefore conclude that we have

identified a variant allele of HBA2 in the heterozygous
state in patient AI, whereby a segment of IVSII has been
substituted with HBA1-specific IVSII sequences. We
refer to this HBA2 variant as an α212 patchwork allele
due to its alternating α2, α1, and α2 sequences (Figure
2). For patient AP, PCR sequencing of his HBA1 gene
revealed heterozygosity for a variant allele, which dif-
fers from the wildtype HBA1 sequence only within a
short segment of IVSII (Figure 1D-F). Nucleotides 119-
126 of IVSII (CTCGGCCC) were replaced by a single G,
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Figure 1. Partial HBA1 and HBA2 gene sequence chromatograms
of wildtype (panels A & D), patient AI (panels B & C) and patient
AP (panels E & F). A. Wildtype HBA2 gene sequence around
IVSII,119. B-C. Corresponding gene sequencing result from patient
AI showing overlapping wildtype (HBA2-specific) and variant
(HBA1-specific) IVSII sequences. D. Wildtype HBA1 gene sequence
around IVSII,119. E-F. Corresponding gene sequencing result from
patient AP showing overlapping wildtype (HBA1-specific) and vari-
ant (HBA2-specific) IVSII sequences.
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the latter interestingly being a characteristic of the wild-
type HBA2 IVSII sequence. The nucleotide at IVSII,55,
however, remained wildtype HBA1. We therefore con-
clude that we have identified a variant allele of HBA1 in
the heterozygous state in patient AP, whereby a short
stretch of IVSII has been substituted with an HBA2-spe-
cific IVSII sequence. We refer to this HBA1 variant as a
α121 patchwork allele due to its alternating α1, α2, and
α1 sequences (Figure 2). PCR sequencing of the HBA2
gene of patient AP was negative for any mutations (data
not shown). Separately, in the course of routine HBA1 and
HBA2 gene screening of asymptomatic individuals with
borderline low normal MCV of ~85 fL or less, we iden-
tified one additional individual of Asian Indian ethnici-
ty who was heterozygous for the α121 patchwork
allele, and a further eight unrelated individuals of differ-
ent ethnicity who were heterozygous for α212 (Table
1). The single α121-positive individual was identified
from a total of 348 unrelated Singaporean samples (176
Chinese, 106 Malay, 37 Indian, and 29 of other ethnici-
ties) that underwent HBA1 gene screening, suggesting
an α121 allele frequency of 1.35% in the Asian Indian
population. In marked contrast, out of 416 unrelated
Singaporeans (208 Chinese, 128 Malay, 47 Indian, and
33 of other ethnicities) underwent HBA2 gene screen-
ing, we identified four Indian and two Malay individu-
als who were heterozygous for the α212 patchwork
allele, suggesting α212 allele frequencies of 4.25% and
0.78% in the Asian Indian and Malay populations,
respectively. A further two out of 120 Iranian samples
screened were positive for the α212 allele (0.83% allele
frequency). It should be noted, however, that these data
may not be representative of the true population allele
frequencies, due to the relatively small sample sizes
involved and the fact that the samples were selected for
analysis based on certain MCV criteria. Interestingly
through sequencing and/or pedigree analysis, the Indian
and Malay α212 alleles were discovered to be linked in
cis to a variant nucleotide (G) at position -4 relative to
the cap site, while the α212 allele in the Iranian samples

is linked to wildtype C at position -4. The predicted 5’
and 3’ crossover sites differ between the two patchwork
alleles described. In α212, both IVSII,55 and IVSII,119-
126 are HBA1-specific, implying a 5’ crossover occurring
upstream of IVSII,55 and a 3’ crossover occurring down-
stream of IVSII,119-126 but not much beyond the TAA
translation stop (Figure 2). In α121, only the IVSII,119-
126 site is HBA2-specific. This observation indicates
that these patchwork alleles do not represent reciprocal
derivatives of an intragenic double crossover between
the HBA1 and HBA2 genes.

Discussion

Duplication of the ancestral α-globin gene is thought
to have occurred millions of years ago. Yet, the resultant
HBA1 and HBA2 genes have maintained a remarkable
sequence homology to each other over time. Segmental

Figure 2. Schematic illustration of
the 3’ end of wildtype HBA1 and
HBA2 genes and their patchwork
variants. A-B. Wildtype HBA1 and
HBA2 genes, respectively, highlight-
ing the nucleotide differences within
IVSII, as well as restriction site differ-
ences. C-D. α121 and α212 patch-
work genes, respectively, and their
IVSII sequence compositions. TAA,
translation termination codon;
aataaa, polyadenylation signal.
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Table 1. Additional individuals heterozygous for the α212 or α121
patchwork allele.

S/No. Ethnicity MCV Patchwork Linked nucleotide Other
allele at position -4 mutations

on α212

1 Indian 82.9 α121 n.a.

1 Indian 77.3 α212 G
2 Indian 81.1 α212 G
3 Indian 84.8 α212 G
4 Indian 73.1 α212 G
5 Malay 76.4 α212 G
6 Malay 73.8 α212 G Concurrent 

heterozygous 
Hb E

7 Iranian 74.5 α212 C
8 Iranian 81.0 α212 C

n.a.: not applicable.

Patchwork HBA1 and HBA2 genes

Apal

Apal
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gene conversion and/or unequal crossing over between
these two genes has been invoked to account for this
concerted evolution.4,5,20 The two natural hybrid patchwork
α-globin genes described in this study may help further
our understanding of these genetic recombination
mechanisms during evolution. 

Given the high sequence identity between the HBA1
and HBA2 genes and their surrounding sequences, the
patchwork α-globin genes could have arisen from a
double crossover or a gene conversion between mis-
aligned HBA1 and HBA2 genes of normal alleles (Figure
3A). In a double crossover, two breakpoints occur with-
in the misaligned α-globin genes followed by exchange
of genetic material between the breakpoints, resulting
in an α121-like patchwork gene and its reciprocal α212-
like derivative. Because the region of DNA exchange
involved in these patchwork alleles is in the sub-kilo-
base range, a simultaneous double crossover with 5’ and
3’ crossing over sites within a few hundred nucleotides

of each other is expected to be extremely rare. Gene
conversion involves the non-reciprocal transfer of infor-
mation from a donor sequence to an acceptor sequence.
There is strand invasion of a part of the HBA1 or HBA2
gene to its misaligned HBA2 or HBA1 counterpart,
respectively, followed by heteroduplex formation, mis-
match repair, and finally synthesis of the complementa-
ry strand of the recipient gene directed by the donor
strand as template. This results in the formation of
either an α212-like or α121-like patchwork gene, but
not both. Although it has been suggested that sequence
gaps such as the IVSII 7 bp insertion/deletion difference
between HBA1 and HBA2 act as a barrier to gene con-
version,4,5,20 observations at the ζ-globin locus suggest
that small deletions or insertions do not always act as
barriers to genetic recombination.20,21 The existence of
α121 and α212 patchwork genes may also be construed
as further evidence that gene conversion can occur in
regions of insertion/deletion difference. A simpler

H-Y Law et al.

Figure 3. Derivation of patchwork genes via double crossover,
gene conversion or unequal crossing over between a normal allele
and a single gene deletion or triplicated allele. A. Double
crossover or gene conversion mechanism for the origin of the
patchwork genes. Misalignment between two normal alleles and
an intragenic double crossover between the HBA1 and HBA2
genes will produce an α121 derivative and its reciprocal α212
derivative. Alternatively, an intragenic gene conversion event
between HBA1 and HBA2 could produce an α121 or α212 patch-
work gene. B-E. Unequal crossing over between a normal allele
and a type II -α3.7 allele (B) or a type I anti-3.7 allele (C) can give
rise to an α121 allele. Similarly, unequal crossing over between a
normal allele and a type I -α3.7 allele (D) or a type II anti-3.7 allele
(E) can give rise to an α212 allele. The X, Y, and Z boxes are the
homologous segments in the α-globin gene cluster.
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model to account for the origin of the patchwork genes,
however, is through unequal crossing over between a
common recombinant allele such as the -α3.7 single gene
deletion (or the αααanti3.7 triplication) and a normal allele.
Thus, an α121 allele could be derived from an unequal
crossover between a wildtype HBA1 gene and a type II
-α3.7 allele, with the crossing over occurring between
IVSII,55 and IVSII,119 of HBA1 (Figure 3B). It is also
possible to derive an α121 allele through unequal
crossover between a wildtype HBA1 gene and a type I
anti-3.7 triplicated allele, with crossing over occurring
between the ApaI site in IVSII and the BalI site in exon
3 of HBA1 (Figure 3C). The reciprocal derivatives of
these two recombinations are a type I -α3.7 allele and a
type II anti-3.7 triplicated allele, respectively (not shown).
Similarly, an α212 allele could be generated through a
single unequal crossover between a wildtype HBA2
gene and a type I -α3.7 allele, with crossing over occur-
ring between the ApaI site in IVSII and the BalI site in
exon 3 (Figure 3D). It could also be derived from an
unequal crossover between a wildtype HBA2 gene and
a type II anti-3.7 triplicated allele, with crossing over
occurring upstream of IVSII,55 (Figure 3E). The recipro-
cal derivatives of these two recombinations are a type II
–α3.7 allele and a type I anti-3.7 triplicated allele, respec-
tively (not shown). We have now detected the α121 allele
in 2 unrelated individuals of different ethnicity (Latino
and Asian Indian), and the α212 allele in a total of nine
unrelated individuals from four different ethnic back-
grounds (African American, Asian Indian, Malay and
Iranian). Sequencing and/or pedigree analyses also
showed that the α212 allele in the Iranians was linked
to the wildtype C nucleotide at position -4 relative to
the cap site of the HBA2 gene, while the same allele in
the Indians and Malays was linked to the variant G
nucleotide at position -4 (Table 1). The different ethnic,
geographical, and haplotype backgrounds of both the
α121 and α212 alleles strongly suggest that they have
arisen independently on at least two different occasions.
In fact, we predict that in regions with a high frequency
of the type II -α3.7 allele or type I anti-3.7 allele, the pres-
ence of the α121 allele is highly probable. Similarly, in
regions with a high frequency of the type I -α3.7 allele or
type II anti-3.7 allele, the probability of the α212 allele
being present may be high. 

Interestingly, a hybrid HBA2 gene has previously been
reported among African Americans.22 This hybrid HBA2
gene is most similar to the α212 as it also displays
HBA1-specific sequences at two sites within IVSII.
Unlike α212, however, a CC dinucleotide normally
present in wildtype HBA1 (IVSII,126-127) is deleted in
the hybrid gene. The authors postulated that the hybrid
gene probably originated through a double crossover. A
hybrid δ-globin (HBD) gene containing internal HBB (β-
globin) gene sequences has also been described.23,24 In
this δβδ hybrid gene, the IVSI and small portions of
exons 1 and 2 of the HBD gene are HBB-specific. The
authors also suggest that this patchwork gene probably
arose through a reciprocal non-homologous double
crossover between the HBB and HBD genes. 

The possible effect of the IVSII changes on α-globin

gene expression from the α121 and α212 alleles is unde-
fined at present. Although the majority of individuals
who were positive for the α121 or α212 alleles were
asymptomatic and had borderline low MCV (Table 1),
this could simply be due to the fact that only asympto-
matic individuals with borderline low MCV were
screened, to investigate whether the low MCV could be
explained by mild mutations within the HBA1 or HBA2
genes. Alternatively, the α121 and α212 alleles might
truly represent mildly hypomorphic alleles of their
respective normal α-globin genes. However, a prelimi-
nary analysis of MCV values in an Indian family segre-
gating with the α212 allele suggests otherwise (Table 2).
In this family, low MCV values of less than 80 fL were
observed only in those members co-segregating with
the -α3.7 allele alone or in combination with the α212
allele, while those members who were heterozygous
for the α212 allele alone (but not the -α3.7 allele) had
MCV values greater than 80 fL. These observations sug-
gest that the α212 allele is unlikely to be associated with
microcytosis. Systematic screening for these patchwork
alleles in a larger cohort of unselected individuals, fol-
lowed by hematologic investigations of those positive
for either allele alone, is needed in order to dissect out
their possible effect.
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Table 2. MCV values in an Indian family segregating with α212
and -α3.7 alleles.

S/No. Relationship MCV (fL) Genotype

1 Father 78.9 -α3.7/α212
2 Mother 82.9 αα/αα
3 Son 75.9 -α3.7/αα
4 Son 80.1 -α3.7/αα
5 Daughter 84.8 αα/α212
6 Daughter 80.4 -α3.7/αα
7 Son 81.5 αα/α212
8 Daughter 80.8 αα/α212
9 Daughter 87.0 αα/α212
10 Daughter 86.2 αα/α212
11 Son 82.3 αα/α212
12 Son 79.2 -α3.7/αα
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