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A B S T RA C T The relationship of the genes coding
for HLA to those coding for properdin Factor B allo-
types and for deficiency of the second component of
complement (C2) was studied in families of patients
with connective tissue disorders. Patients were se-
lected because they were heterozygous or homozygous
for C2 deficiency. 12 families with 15 matings in-
formative for C2 deficiency were found. Of 57 in-
formative meioses, two crossovers were noted between
the C2 deficiency gene and the HLA-B gene, with a
recombinant fraction of 0.035. A lod score of 13 was
calculated for linkage between C2 deficiency and
HLA-B at a maximum likelihood value of the re-
combinant fraction of 0.04. 18 families with 21 informa-
tive matings for both properdin Factor B allotype and
HLA-B were found. Of 72 informative meioses, three
recombinants were found, giving a recombinant frac-
tion of 0.042. A lod score of 16 between HLA-B
and Factor B allotypes was calculated at a maximum
likelihood value of the recombinant fraction of 0.04.
A crossover was shown to have occurred between
genes for Factor B and HLA-D, in which HLA-D
segregated with HLA-A and B.

These studies suggest that the genes for Factor B
and C2 deficiency are located outside those for HLA,
that the order of genes is HLA-A, -B, -D, Factor B
allotype, C2 deficiency, that the genes coding for C2
deficiency and Factor B allotypes are approximately
3-5 centimorgans from the HLA-A and HLA-B loci,
and that the apparent lack of recombinants between
the Factor B gene and C2 deficiency gene suggests
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that these two genes lie in close proximity to one
another.

INTRODUCTION

Evidence has been presented for the linkage of the
HLA histocompatibility genes (HLA-A, B, C, D),1 col-
lectively referred to as the major histocompatibility
complex (MHC), to the gene for deficiency of the
second component of complement (C2d) (2-4), and
for the linkage of MHCto the gene for properdin
Factor B allotype polymorphism (Bf) (5). A ntumnber of
studies have presented data and attempted to map the
order of the genes. Family studies by Teisberg et al.
have suggested that the order of genes is HLA-A, B, Bf
(6). A recombinant fraction (RF) between HLA and Bf
of 6.1% has been observed, suggesting that they are, at
most, 6 centimorgans apart (7). These data suggest that
the Bf locus is outside the MHC. By contrast, studies
by Lamm et al. and Hauptmann et al. suggest that
Bf is between HLA-B and HLA-D (8, 9). The ability to

I Nomenclatuire and abbreviation1s utsed in this paper: The
convention for denoting genetic traits follows the gtuidelinies
set tip by the WHO-IUIS Terminology Committee (1) and is
extended to incltude the properdini Factor B allotypes anld C2
deficiency traits. The major histocompatibilitv complex
(MHC) in nman is called HLA and contains fouir recognizable
loci: A (lst series, or LA); B (2nd series, FOUR); C (3rd series,
AJ); and D (MLC, LD, MLR-S). A, B, and C are defined by
serological techniquies and D by mixed lymplhocyte ecultuire
(MLC). Other abbreviations are C2d, C2 deficiency; C2, C2
normal levels; C4d, C4 deficiency; Bf, properdin Factor B;
RF, recombinant fraction; S, Bf allotype slow; Si, rare slow;
F, fast; Fl, rare fast; MLRF, maximuim likelihood valuie of
the recombinant fraction; PGM3, phosphoglucomuitase-3;
H-2, mouise histocompatibility locuis; Ir, immulnie responise
gene; and RR, relative response.
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define hereditary deficiency of C2d in the absence of
homozygous deficient family members by the simul-
taneous use of immunochemical determinations,
hemolytic assay and HLA gene complex association
(4) has made it possible to survey a large number
of unrelated patients and their families for heter-
ozygous deficiency of the second component of
complement. The aim of the present studies was to
better define the linkage between the HLA, C2d,
and Bf and to determine their order on the chromo-
some by studying large families and examining them
for crossover events.

METHODS

HLA typing. HLA typing was done by the microdroplet
lymphocyte cytotoxicity test (10) using antisera to define 36
specificities (antisera kindly provided by Dr. Donald Kayhoe,
Transplantation and Immunology Branch, National Institute
of Allergy and Infectious Diseases, Bethesda, Md.). Un-
related ethnically matched normal controls sequentially
selected from the kidney donor population and a panel of
normal individuals from the Tissue Typing Laboratory at the
Peter Bent Brigham Hospital served as controls. The same
antisera used in typing the patients and their families were
used to type the controls.

Mixed lymphocyte culture. One way mixed lymphocyte
cultures were performed as a microlymphocyte transforma-
tion test (11) as described in detail previously (4).

Complement component measurements. Serum protein
concentrations of C2, C4, C6, and other complement
components were measured by radial immunodiffusion using
monospecific antisera developed in this laboratory (12-14).
Properdin Factor B allotypes were recognized as described
previously (15). Bf allotypes are denoted as Bf S (slow),
Bf SI (rare slow), Bf F (fast), or Bf Fl (rare fast). The
frequency of Bf S in the general population studied is
about 0.7. Hemolytic C2 was measured by a modification
of the method of Borsos and Rapp (16,17). Heterozygous
C2 deficiency in the absence of homozygous deficient
individuals was recognized as previously described (4).

Calculation of the log of the odds (lod score) for the
linkage of two genes and the maximum likelihood value of
the recombinant fraction. The RF is defined as the number
of observed crossovers divided by the number of observed
meioses. Conceptually, the RF is the probability that two genes,
one at each locus, are not passed on together to an offspring.
Lod scores were calculated by the method of Morton (18)
and as modified by Maynard-Smith et al. (19) and Smith (20).
Initially, all lod scores were computed for double-back
crosses (matings in which one parent was doubly heterozygous
and the other was at least singly homozygous at one of the
two loci scored) between C2 deficiency and HLA, and be-
tween properdin Factor b allotype and HLA with no as-
sumption as to phase (whether in a given person,
specific HLA and Bf genes are on the same or different
chromosomes). The likelihood value of the recombinant
fraction = 0. Since these genetic loci were already known to be
located on the sixth chromosome near the HLA region, it
was felt to be valid to calculate these lod scores as if phase
were known unless the number of progeny observed was two
and there was one recombinant and one nonrecombinant.
In fact, the calculation of the lod score in this case is
identical for both phase known and phase unknown. The
maximum likelihood value of the recombinant fraction

TABLE I
Lod scores: Bf and C2d vs. HLA

Bf C2d

Kindred 18 12
Informative matings 21 15
Informative meioses 72 57
Recombinants 3 2
Recombinant fraction 0.042 0.035
Lods at 0 = 0.001 12.64 11.74

0.010 15.36 12.92
0.020 15.99 13.28
0.030 16.21 13.39
0.040 16.27 13.39
0.050 16.25 13.34
0.100 15.50 12.56
0.200 12.88 10.21
0.450 2.69 2.12

(MLRF) was taken as that 0 which gave the greatest
lod score. No evidence has been presented for differences
in the crossover rate in males and females in the MHC
region and therefore no correction has been made for this.
Theoretical justification for the use of lod scores for the
determination of the order of loci on a chromosome is
given by Sturt (21).

Estimation of linkage disequilibrium. The detection of
linkage disequilibrium was done by the methods of Bodmer
(22, 23), and Kojima and Lewontin (24).

Population studied. During the course of studies of ac-
quired abnormalities of the complement system in patients
with rheumatic diseases (25), a number of individuals were
encountered who appeared to be heterozygous deficient for
C2 (4). Families were studied where propositi were previously
shown to have complement abnormalities (4, 26).

RESULTS

18 kindred were studied which were informative
(one parent doubly heterozygous) for the linkage be-
tween properdin Factor B allotypes and HLA. Of the 18
kindred, there were 21 informative matings with 72
informative meioses. In this way, three recombinant
events, described below, were noted in the offspring.
The RF is 0.042. The lod scores for these matings
were computed at likelihood values of the recombinant
fraction (6) from 0.001 to 0.45. The lod score was
16.27 at the MLRF= 0.04.

12 kindred were studied which were informative
for the linkage of C2 deficiency and HLA. Of the 12
kindred, there were 15 informative matings with 57
informative meioses. Two recombinant events, de-
scribed below, were noted in the offspring. The RF
is 0.035. The lod scores were computed and the
score was 13.39 at the MLRF= 0.04. These data are
presented in Table I. In all kindred studied there were
no recombinants observed between HLA-A and B loci,
in keeping with the much lower RF (less than 0.01)
known to exist for these loci.
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A2 B5 Db BfS A2 B5 Dc BfS A2 B5 Dc BfS A9 B/ Dd 8F A2 B5 Dc BfS A9 B/ Dd BfF

FIGURE 1 In a pedigree, males are indicated by squares, females by circles. The propositus is
indicated by an arrow. Each individual is identified by initials written to the right ofthe symbol and
below each symbol is given the deduced genotypes of HLA-A, HLA-B, Bf, and C2d locus. HLA
specificities are as given in Footnote 1. Bf allotypes are denoted as S (slow), F (fast), Fl (rare fast),
or S1 (rare slow). HLA-D alleles are given the arbitrary designation a, b, c, or d. A genome
denoted by a double line contains a recombination. Probable sites of recombination are denoted by
solid X and possible alternative sites of recombination are denoted by dotted X.

Families in which crossover events were detected
for either properdin Factor B or C2d were examined
in detail. Fig. 1 presents family V, in which the
product of a recombinant for properdin Factor B
allotypes has been observed in LV. The phases of
Bf allotypes in AV and RV are known from the study
of HLA and Bf phenotypes of their parents. There-
fore there are a maximum of five children who have
received their respective HLA genotypes and Bf
allotypes from their parents without a recombinant
event between the loci during either parental meiosis.
These children are MV, MAV, MMV, KV, and the
propositus, AMV. Two-way mixed lymphocyte cultures
(MLCs) were performed between siblings and parents.

AVand RVare mutually stimulatory with each of their
children. LV is mutually stimulatory with siblings
MAVand KV and nonstimulatory with AMV. There-
fore, the recombinant event must have occurred in
AV between HLA-B and HLA-D. This recombinant
event places the gene for Bf allotypes on the HLA-D
side of HLA-B.

Fig. 2 presents family R in which a recombinant
for both Factor B and C2 deficiency has been ob-
served, and has also been noted previously (4).
The phase of C2 deficiency, HLA, and Factor B
allotypes is established by the study of siblings,
nieces, and nephews of JaRa. This establishes the
child JuRa to have a recombinant genome A2, B5,

1 JGC

BiS Dd BfS ri A2 B5 Db OfF A2 1C A2Bw4OBF A2Bw4OBfS A28 8 w F cm? Aw BfS 1C2

BwK Dc BfS L'J A1 8 Da BfSE A2BBw36BfF m C21Ai8Bw3 mCB2l7 B m2 A2 C21BBfA Bw fS C21

18.5 14.3 20.6 26.7 25.5 24.2 22.9
21,868 1 1,550 21,875 23,438 25,104 18,264 30,800

JoRa k J uRa TCC NCC SGC EGC

2 B5 Db B!F E2 A2 B5 DaoBfSN A2Bw40B,f F E A2 8w40fF EC A2_Bw3__FCEp A28B_5 E

2 B18O BfSmrA2B8 Dd BfS LJ A2 BfS m A2 BW40Bf Aw2 OW35S Im2 Aw2696&W5 M
20.5 10.5 21.8 19.4 21.8 19.4

1 7,556 12,012 19,296 21,694 21,142 19,191

FIGURE 2 In a pedigree, males are indicated by squares, females by circles. Heterozygotes are
shown by half-blackened symbols and the propositus is indicated by an arrow. Each individual is
identified by initials written to the right of the symbol and below each symbol is given the de-
duced genotypes for HLA-A, HLA-B, Bf, and C2d locus. HLAspecificities are as given in Footnote
1. Bf allotypes are denoted as S (slow), F (fast), Fl (rare fast), or SI (rare slow) and C2 level
denoted as C2d for deficient or C2 for normal. Where applicable both C2 protein and functional
levels are given. HLA-D alleles are given the arbitrary designation a, b, c, or d. A genome
denoted by a double line contains a recombination. Probable sites of recombination denoted
by solid X and possible alternative sites of recombination denoted by dotted X.
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15,170
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±wP
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8
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A28 B12 BfS _J
20.3
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FIGURE 3 In a pedigree, males are indicated by squares, females by circles. Heterozygotes
are shown by half-blackened symbols and the propositus is indicated by an arrow. Each individual
is identified by initials written to the right of the symbol and below each symbol is given the
deduced genotypes for HLA-A, HLA-B, Bf, and C2d locus. HLA specificities are as given in
Footnote 1. Bf allotypes are denoted as S (slow), F (fast), Fl (rare fast), or SI (rare slow) and C2 level
denoted as C2d for deficient or C2 for normal. Where applicable both C2 protein and functional
levels are given. HLA-D alleles are given the arbitrary designation a, b, c, or d. A genome
denoted by a double line contains a recombination. Probable sites of recombination denoted by
solid X and possible alternative sites of recombination denoted by dotted X.

Bf S, C2d from her father. The mutual stimulation of her
HLA-identical sibling JoRa places the genes for Bf
and C2d on the HLA-D side of HLA-B.

Fig. 3 presents family P in which a recombinant
for C2d has been observed. The phase of C2
deficiency and HLA is established by the study of
three generations. The genotype of the mother, MP,
is deduced from her mother, JC. The genome of the
father, RPS, is deduced in a manner to reduce the
number of observed recombinants. If this is the case,
then the child PP, who is the propositus with juvenile
rheumatoid arthritis, received the genome A2, B12, Bf S
from her father and genome with recombinant event
A28, B12, Bf S, C2d from her mother. Mutual stimula-
tion of mother, MP, and PP; mother and WP, an
HLA identical sibling of PP; and of PP and WPsug-
gests that the recombinant event occurred between
HLA-B and HLA-D and also places the gene for C2d
on the HLA-D side of HLA-B.

Fig. 4 presents family B in which a recombinant
for Factor B allotypes has been observed. C2
deficiency has been assumed to be in coupling (i.e.,
on the same chromosome) with A10 because of their
known linkage disequilibrium (2-4). The phase of
Factor B allotypes in JB was assumed to minimize
the number of observed recombinants, as would be ex-

pected for two closely linked genes. In this manner the
child PB, who was the juvenile rheumatoid arthritis
propositus, is thought to have received the genome
A10, Bw4O, Bf S, C2d from her father and the re-
combinant genome A2, Bw15, Bf S from her mother.
All five members of this family have been studied with
two way MLC reactions and all combinations are
strongly stimulatory. The relative responses are given
in Table II and are approximately 1.0 for every
combination. It was expected that DB and PB would
not stimulate one another, but DB and PB have a
relative response (RR) = 1.55 compared to JB when
the stimulatory (mitomycin-treated) cell is DB; and
RR= 1.06 when compared to WB. DB and PB
have an RR= 0.84 compared to JB when the stimula-
tory cell is PB, and RR= 0.80 when compared to
WB. Therefore, the crossover during patemal meiosis
must have occurred outside of the group of genes de-
limited by the loci for HLA-A, B, and D. This estab-
lishes the order of genes as HLA-A, B, D, Bf.

A tabulation of the frequency of the association of
alleles at the loci studies was done and is presented in
Table III. Of the population studied, 57 members with
C2 deficiency (including 1 homozygous deficient) had
Factor B allotypes determined. In all 58 cases the C2
deficiency could be deduced to be linked to Bf S.
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Ai Bw17DaBfS1o2
I

A2 Bw15 Db BfF

26.5
21,252
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Al Bw17 Do BfS m

1021

, ,WB

Ai0 Bw4ODc BfS

A2 Bw35 Dd BfS g
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i PB ±BB

A2 BwI5 Db BfS C-I1 I I1

I ES- A10 I4 ID IB d
AIO Bw4ODc BfS AIO Bw4ODc BfS

A2I ID BS 1
A2 Bw35Dd BfS

PROTEIN (.g/mm)
FUNCTION(U/mI)

15.5
12,012

10.5
9,240

20.5
17,864

FIGuRE 4 In a pedigree, males are indicated by squares, females by circles. Heterozygotes are

shown by half-blackened symbols and the propositus is indicated by an arrow. Each individual
is identified by initials written to the right of the symbol and below each symbol is given the
deduced genotypes for HLA-A, HLA-B, Bf, and C2d locus. HLAspecificities are as given in Foot-
note 1. Bf allotypes are denoted as S (slow), F (fast), Fl (rare fast), or SI (rare slow) and C2 level
denoted as C2d for deficient or C2 for normal. Where applicable both C2 protein and functional
levels are given. HLA-D alleles are given the arbitrary designation a, b, c, or d. A genome denoted
by a double line contains a recombination. Probable sites of recombination denoted by solid X
and possible alternative sites of recombination denoted by dotted X.

Of these 58 genomes with C2d and Bf S, 10 were
linked to B18 (but not A10 or closely related Aw25),
3 were linked to A10 or Aw25 (but not B18), and 43
were linked to both A10 or Aw25 and B18. Of the two
which were linked to neither A10 (Aw25) nor B18,
one was shown to be a result of a crossover in which
the C2d and Bf S had been linked with B18 in the
mother. In the second case, in a C2 homozygous
deficient individual, the genotype was A10, B18, S,

TABLE II
MLCResponse of Family B*

Responding Stimulating Comparison Relationship RR for
cell (R) cell (S) cell (Rto S) R to S

PB WB JB Propositus-Father 1.0
DB WB JB Sibling-Father 1.01
BB WB JB Sibling-Father 0.76
Unrelated

control WB JB Control-Father 0.76
PB DB JB Propositus- Sibling 1.55
DB PB JB Sibling-Propositus 0.84
PB DB WB Propositus- Sibling 1.06
PB DB WB Sibling-Propositus 0.80

All possible combinations of five family members and un-
related control give similar results.
* For genotype refer to Fig. 5.

C2d/AI, B8, S, C2d in whomthe father was not avail-
able but the phase of AIO, B18, S, C2d could be
established in the mother through a second marriage
and the offspring of that mating. Of 58 known C2d
and Bf genomes there is a 100% association of C2d
with Bf S, a 91% association of C2d with B18 (10 plus
43 of 58), and a 79% association of C2d with A10 or
Aw25 (3 plus 43 of 58).

An estimate of linkage disequilibrium is given by a

TABLE III
Frequency of C2d Association with Bf and HLA

Observed ntumber of Percent
genomes linked to observed

Genotype C2d 58

C2d-S 58 100
C2d-F 0 0
C2d-B18

but not A10 or Aw25 10 17
C2d-A10 or Aw25

but not B18 3 5
C2d-B18-A1O-Aw25 43 74
C2d but neither

B18 nor AIO or Aw25 2 3
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delta value. A delta value is an estimate of the dif-
ference between the expected and observed associa-
tion of alleles at closely linked loci. For most alleles
delta is about 0.001 and is significant if greater than
0.01. For the two-locus model of linkage disequilibrium
the delta value for C2d with A10 (or Aw25) and B18
is approximately 0.2 in our population. Since the
number of loci studied (HLA-A, B, D, Bf, C2d) in some
families was five and the loci are probably located
within 5 centimorgans of one another, a more complex
model of linkage disequilibrium may be applied which
suggests the actual delta value for these five alleles to
be a minimum of 0.22.

Of the families studied for C2 deficiency and Factor
B allotypes, in 15 the parents and siblings of the pro-
band were also studied. This was the case of all four
families in which crossover events were observed in
the region studied. Of the 16 probands, all had juvenile
rheumatoid arthritis or systemic lupus erythematosus;
three were shown to have had crossovers in the
chromosome region studied, as demonstrated in Figs.
2, 3, and 4. Of the 38 siblings studied, all of whom
are well, only one other crossover event was observed.
Since meioses- were counted for both Bf and C2d there
were four crossovers observed in 27 meioses for pro-
bands and one crossover observed in 64 meioses for
well siblings. The x = 6.42, P = 0.01.

DISCUSSION

The MHChas been assigned to chromosome 6 by the
observation of a pericentric inversion (27). The orienta-
tion of the HLA loci in respect to the centromere
has been established by study of phosphogluco-
mutase-3. Phosphoglucomutase-3 (PGM3) has been as-
signed to chromosome 6 by somatic cell hybrid
studies (28). The orientation of the HLA region with
regard to PGM3has been established by studies of
crossovers within the HLA region (29). PGM3 is
thought to be linked to the centromere of chromosome
6 from studies of cultures of ovarian teratomas (30).
These data give the order of genes as: Centromere .
PGM3, HLA-D, B, C, A. The RF between HLA-D
and HLA-B has been estimated and these loci are less
than 1 centimorgan apart (31). The HLA-A and HLA-B
loci are thought to be at most 1 centimorgan apart (32).

Several investigators have previously reported data
concerning the linkage of Bf to the MHC. Allen (5)
described 12 families with 44 informative children.
No recombinants were found and the lod score was
approximately 10. Rittner et al. (7) studied 21 families
with 82 informative meioses: of these, 5 suggested a
single recombinant event between HLA and Bf.
From this they calculated an RF of 0.061. A lod score
of 10 was calculated at 0= 0.1. Of the five cross-
overs, three apparently were maternal and two were

paternal; however, no difference was seen in the lods
scored separately from the maternal and paternal
meioses. This is unlike the data observed for HLA
and PGM3, which suggests different rates of crossing
over in the male and female in the PGM3 region
(33, 34). In the rhesus monkey linkage of Bf to the
histocompatibility loci has been demonstrated with
MLRF of 0.02 and lod score 15 (35), suggesting a
similar relationship of these loci in man and monkey.

Teisberg et al. (6) studied three families known to
have a crossover between the HLA-A and B, and
demonstrated the segregation of Bf and HLA-B.
They studied 23 matings with 90 informative off-
spring in whom no recombinants have been seen.
They have studied the linkage of the HLA region
to the Bf locus in a slightly different manner. They
have scored separately for HLA-A alleles and Bf
allotypes and HLA-B alleles and Bf allotypes. 17
kindred with 49 Bf/HLA informative matings and 178
children were studied. Of these 178 meioses, three
recombinants were observed. This is an RF of 0.017.
In our data, we have observed three HLAIBf re-
combinants in 72 informative meioses, to give the RF
0.042. If one sums all the previous data, 466 in-
formative meioses with 11 recombinants for HLA-Bf
have been observed, giving an RF of 0.024. If one ac-
cepts, as discussed later, that our data may inad-
vertently have selected for crossovers by the examina-
tion of a disease population, as did Rittner et al., then
one could accept that in a general population the RF
may actually be somewhat smaller. Of the crossovers
observed by Rittner et al., those reported (7) do not
unequivocally demonstrate the location of Bf with re-
gard to the HLA-D; but in a footnote, they suggest
that the typing of two families revealed a cross-
over between the HLA-D and Bf, in which Bf
segregates from HLA-B and D. Lammet al. report a
recombination between HLA-D and HLA-B in which
Bf follows HLA-B (8). Similar data has been presented
by Hauptmann et al. (9). In our data, we report a
crossover between HLA-D and Bf, in which Bf
segregates from HLA-B and D, and definitively places
Bf between PGM3and HLA-D. It is difficult to ex-
plain these conflicting results, but assuming that both
sets of observations are correct, they lead one to invoke
the possibility that Bf may exist in some families as
redundant loci (36).

Wehave observed no recombinant event between
C2d and Bf. In addition, a marked linkage dis-
equilibrium between HLA-A10, B18, Dw2, and C2
deficiency has been noted (37). Our data concerning
the linkage of HLA to the locus coding for C2d indi-
cates, both by RF and by maximum likelihood esti-
mate of the RF, that this locus is very near to the
Bf locus. Our estimate of MLRF by lod scores for
C2d and HLA is in agreement with that reported for
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CHROMOSOME6

PGM3 C2d Bf
II

HLA-D HLA-B HLA-A
I

Centromere 5cM 1c<lc
W. - 15cM I

FIGuRE 5 Proposed chromosome map distances for the loci
discussed. Centromere denoted by a circle. The linear ar-
rangement of genes is denoted by vertical lines and ab-
breviated as PGM3, deficiency of the second component of
complement (C2d), properdin Factor B allotypes (Bf), and
histocompatibility loci (HLA-A, B, D). Their approximate dis-
tances in centimorgans (cM) are given between the vertical
lines.

families with known C2d homozygotes (38). This link-
age disequilibrium and the absence of observed re-
combinants between these loci may be explained by
the existence of a human "T-locus" like that associated
with the H-2 locus of the mouse (39). This locus is
about 8 centimorgans from the H-2 on the centromere
side of mouse chromosome 17. That fact that wild mice
are polymorphic for t-alleles, and that the MHCof the
mouse lies within the area of crossover suppression
associated with recessive lethal T-locus mutants, sug-
gests in mice that the T-locus may serve to maintain
this chromosome region as a "super-gene" complex.
Our data also suggest an alternative explanation. When
the genotypes were deduced, C2d was associated with
the B18 alleles in approximately 91% of cases, and C2d
was associated with the sum of AIO and Aw25 alleles
in approximately 79%of cases. The decreasing associa-
tion of alleles as genetic distance between loci in-
creases could be explained by recent mutation at one
locus with not enough time for the various alleles at
several loci to reach the equilibrium predicted by the
Hardy-Weinberg law. That this is the case is also
supported by the observation of C2d association with
A3, B5 and Aw3O, B13 haplotypes (40).

No recombinant event has been observed between
HLA-D and C2d which would definitively place C2d
relative to the positions of HLA-A, B, and D; but our
data suggest that C2d is, like Bf, located outside the
major histocompatibility complex, and that C2d arose
as a relatively recent mutation; the propositus carry-
ing the A10, B18, Bf S, C2d genotype. Friend et al.
have presented evidence locating the C2d locus be-
tween HLA-D and PGM3(41).

Of the 54 children for whom both parents were
known, including 16 propositi with known juvenile
rheumatoid arthritis or systemic lupus erythematosus,
three of the crossover events were observed in
propositi, while only one was observed in a normal
sibling. This suggests that a crossover during meiosis
may play some part in the pathophysiology of these

diseases. Of the 13 propositi in whom no crossover
was observed, meiosis was informative in only one
parent and therefore a crossover is not ruled out in these
children. An increase in intra-HLA recombinants has
been observed in juvenile diabetes mellitus (42).
Relevant to this is a recent observation by Dorf et al.
(43) that complementation may occur between immune
response (Ir) genes. Further, it appears that an immune
response may occur when both Ir genes are in the cis
position (i.e., on the same chromosome), but not in the
trans configuration of the F1 hybrid (i.e., each gene on
separate chromosomes). It is also suggested that cis
effects have helped maintain close linkage of Ir genes
during mammalian evolution (44). The increased
incidence of crossovers with the loss of one or more
complementing Ir genes among this rheumatic disease
population may account in part for some of their im-
munological abnormalities.

It has also been demonstrated in the mouse that
complement level correlates with SsSlp genotype,
which is part of the mouse MHC, and not with H-2K,
H-2D, or Ir genotypes (45). It has been subsequently
shown that the Ss protein is a homologue of human
C4 (46-48). In addition, evidence has been presented
that C3 level during ontogeny is MHC-linked in mouse
(49). The mapping of C2d, C4d, and Bf near the MHC
suggests that this region may be of importance in
inflammatory processes.

Though it is not possible at this time to ascertain
the significance of the observed linkage disequilibrium
between alleles at loci located over a distance of about
5 centimorgans, it is concluded that recent mutation is
the most likely cause of the observed disequilibrium
of HLA and C2d. It is concluded that Bf lies between
PGM3and HLA-D. The lack of recombinants between
Bf and C2d and similar MLRFs suggests they lie in
proximity to one another and hence that C2d lies be-
tween PGM3and HLA-D. Fig. 5 summarizes these
relationships. It is hypothesized that the close
proximity of the genes coding for C2d and Bf through
their similar functional positions, respectively, in the
classical and alternate pathways suggests the possi-
bility that these two proteins arose by gene duplica-
tion and divergent evolution, and from other data, that
the Bf gene and alternate pathway were prototypes.
The association of disease with crossover events sug-
gests that connective tissue disease may be patho-
physiologically related to the disruption of cis-Ir gene
complementation. If this association with connective
tissue disease proves to be correct, Bf and C2d are
probably closer to HLA-B in a normal population than
suggested by the RF of 0.035 and 0.042.
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