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Genetic Analysis of Cystic Fibrosis: Linkage of DNA
and Classical Markers in Multiplex Families

A. M. BOWCOCK,1 J. CRANDALL,2 L. DANESHVAR,1 G. M. LEE,2 B. YOUNG,'
V. ZUNZUNEGUI,2 C. CRAIK23 L. L. CAVALLI-SFORZA,

AND M.-C. KING2

SUMMARY

Linkage of cystic fibrosis (CF) to DNA and classical markers was
studied in 36 families of two or three generations with at least two
living affected children. Among the 79 affected children, no recombi-
nants were detected between the disease and the markers MET and
pJ3. 11, previously shown to be linked to CF. No linkage between the
human trypsin gene family (which appears to include at least 10 mem-
bers) and CF was found, although not all genes of the trypsin family
have been screened yet. In one of the CF families, recombination be-
tween MET and pJ3.11 was detected in an unaffected sib. Data from
our families suggest that the gene order of markers among chro-
mosome 7q is: (7cen;p8.33)collagen(COL1A2);DOCR1-917;paraoxo-
nase(PON);(MET-cf-J3.1 1);T-cell receptor beta chain (TCRB);qter.
There was no evidence for (or against) either postzygotic selection or
meiotic drive to explain the high frequency of CF in Caucasian popu-
lations.

INTRODUCTION

The rationale for linkage analysis of CF is explained in the joint analysis [1]. In
this paper, we present results from our linkage analysis of DNA and classical
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polymorphisms in multiplex CF families [2, 3], including markers from chromo-
some 7q and some members of the trypsin gene family. We also discuss a
crossover between MET and pJ3. 11 in one of our families, which has made it
possible to order these markers with respect to others on 7q. Finally, we study
the ratio of carriers to noncarriers among the unaffected siblings of CF chil-
dren, estimating the sample size necessary to establish a statistically significant
deviation, under specific evolutionary hypotheses, from the expected 2:1 ratio.

MATERIALS AND METHODS

The families in our sample are described in table 1. Clinical collaborators who assisted
in identifying these families and encouraging their participation were: Drs. B. Nicker-
son, J. McQuitty, and H. Lipow and Ms. M. Minor (Children's Hospital, Medical
Center, Oakland); Drs. C. Wong and A. Osher (Children's Hospital of Los Angeles); Dr.
W. F. Howatt (C. S. Mott Children's Hospital, Ann Arbor), Dr. C. J. L. Newth (Univer-
sity of California Hospital, San Francisco), and Dr. L. Taussig (College of Medicine,
University of Arizona). We collected 20-40 ml whole blood into ACD from all parents,
CF children, and unaffected siblings and (for two families) grandparents and cousins.

All family members were typed for 26 classical markers. The paraoxonase/
arylesterase polymorphism was typed as a codominant using a method developed by
B. LaDu and S. Adkins (University of Michigan) (personal communication). It involves
determining by spectrophotometry the initial rates of hydrolysis of paraoxon by human
sera in the presence of 1 M NaCl and then of 10 mm phenyl acetate. The ratio of the
paraoxonase activity stimulated by salt over paraoxonase activity without salt distin-
guishes the AA type from the AB and BB types. The ratio of the paraoxonase activity
with salt over the arylesterase activity distinguishes the AA, AB, and BB types. The two
ratios were used to validate each other.
DNA probes were obtained from the following sources: human procollagen COL1A2

probe HF32 from J. Myers, pmetH and pmetD from R. White, pJ3.11 from J.
Schmidtke, the T-cell receptor beta-chain probe PTlO from J. G. Seidman, and 7C22
from R. Williamson. HindIII and HincII blots were probed with DORC1-917 by L.-C.
Tsui.

TABLE 1

FAMILIES WITH Two OR MORE AFFECTED CHILDREN USED
IN GENETIC ANALYSIS OF CF

CHILDREN LIVING AND SAMPLED

Affected Unaffected No. FAMILIES

2 0 ........ 13
2 1 ........ 7
2 2 ........ 6
2 3 ........ 3
2 7 ........ 1
3 0 ........ 2
3 1 ........ 2
3 8* ........ 1
4 5* ........ 1

Total ........ 79 50 36

* 3-generation families, each with two sets of sibs.
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DNA obtained from the ACD blood samples was digested, electrophoresed, trans-
ferred, and hybridized as described [4]. Hybridization conditions for the rat trypsin
cDNA probes were performed under less stringent conditions, using 40% formamide at
42TC in 4 x SSPE. The final wash was in 0.1 x SSPE, 0.1% SDS at 420C for 1 hr.

RESULTS

Linkage Data
Table 2 indicates the linkage relationships between CF and all DNA and

classical markers in our "CAL" families. The chromosome 7 markers, of
course, are of greatest interest. At a recombination fraction of .001, the lod
score for MET is 9.294, and for pJ3. 11, 9.994. Estimated recombination frac-
tions for the other chromosome 7q markers and CF are approximately .22 for
COLlA2, .14 for PON, .15 for DOCRI-917, and .35 for TCRB. These are
consistent with the joint data, although none of the lod scores for these markers
were above three in our sample alone.

Trypsin Analysis

Using the 222- and 428-base pair (bp) PstI fragments of a rat trypsin gene [5],
we detected hybridization to 7-12 fragments of human DNA. These may repre-
sent a number of human trypsin genes analogous to those of the rat that may
have at least 10 closely linked trypsin gene family members [5]. We were able
to detect RFLPs with MspI and TaqI using the 222-bp fragment, the 428-bp
fragment detected on RFLP with HindIII. PvuII, RsaI, EcoRI, and Sacl de-
tected a deletion of certain trypsin specific bands in some individuals. These
may be deletions of trypsin pseudogenes. We could exclude linkage ofCF with
the trypsin HindIII RFLP closer than 0.02 and linkage of CF to one TaqI
variant closer than 0.02.

In one family, recombination occurred between the TaqI and HindIII sites,
and in another family, between the two Pvu sites. Thus, although there may be
a number of trypsin genes, they are far enough apart to recombine and may not
necessarily be clustered. A number of trypsin markers could be excluded from
linkage to the CF gene, but it is unlikely that the entire gene family is repre-
sented by the polymorphisms detected thus far.

MET-pJ3.11 Recombination
In one of our families, we detected crossing over between pJ3.11 and MET in

a nonaffected CF sib (fig. 1). This enabled us to propose an order for these
markers with respect to the other chromosome 7 markers. The recombinant
child-195-has inherited a normal chromosome from his mother, but his pa-
ternal chromosome reflects a paternal recombination between pJ3.11 and
MET. Child 195 is unaffected, but it is not possible to determine his carrier
status. Carrier status for the other children in this family was determined from
pJ3. 11 and MET data, and the inferred phases of maternal or paternal chromo-
somes are given in figure 1. This and our other families suggest the gene order
p8.33-COLlA2-PON-MET-J3. 1 -TCRB. Given data from all laboratories,
this becomes 7cen-COL1A2-DOCR1.917-PON-MET-J3.11-TCRB. Since the

701



BOWCOCK ET AL.

'r 0! rb %2N 0 0

-0 0 C -00Nv)e
. -

-

Cl o00 Cl u N er
.C-o ol---w

er^m m er- Cl

O Cl -No

N} N N N N N N N

*Nl

O~ :D te

702

0

z
0

z
0

z

0
U

0%~Cl4
W) 00

00 If)

Cl_ 0
. n

~.0 0

X

r- -

II

"' -4

06 6

V) en
I

e -_
_

Ob
_ oo

'It e~t

. cn
U Zo .~

o _ a-N,
o

,t a Cooc) c-

00

en N- en \Q 00

o0 ^oen o e

M r- I<, 0,_

I

r~N_0_N 00o

0)
4..0

X~_,I
rl ei

Ln

04

0

C4

04

0

z

0

0

C:

U

0
m
44

U)

cn

u
3.
0
WT

V)

W

C400

etN

00

VI 009
CD000

'd) 00 Cl4
T. .T.

N 00 b

oO 00
uQ 00 N

Cl

Cl

Cl4

C0 00

QQm00

0CD
0

N

0
VI)

0-
00

0

r-j

r-

en

00

000

Cl

rj,

en WIWn
000

00 ~c W)0I) !m 00

0D00 ,.c

00 N- N
oll Cl 00

en Cl4 c

w- 00 o

en 't VI) m

OR r*
" m

enenCl Cl cl

Cl Cl l Cl

\O

. ^

w

0 <
z

0--

0
0

U

00 Cl~00 W

0000oo 00

~c \c Cl4

N _~

I-

£ e

I* I-

Cl>u

: : :C'4
. . .,ct
: : :w

0
W-1 , C) ,J.'-' .4 m xel;
4< --!. A4



CYSTIC FIBROSIS

aoA m O N" W) W) all0%en en en
~0 0

0-O'In 0 00'
_ In O

-o ,It o 00 _0 00oo

m _ _ No

o 7o ON r- 1. all_O

_

II _

N fo
oo o I I.I

- ClClCl
0. 0.0.0. 0.0.

rlCl.
0.0.0.0.0.0.0.0.0.
. e. r. r.

- NClr.
ci) rJ).C#)CtICi)-

r. e. e. r.
-Ci)-

ON 'IT

0-

~ 0
00 en
i _~

m 00

N

-

0% -
N

.

0 en

e?
,t

,t 't
-4

't I
U) I

M O.

0

0

00

0

0.

Ci~

--

0 r^

0%1 00
aO

00,1

i i

..

cr

I>

~.0.

en 0
ON en~
-0

ef) 00
W)C4

-

000

en 00
-4

as co
- -

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

*

. .

. .

. .

. .

*

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

; c)

O

cq

NCl4

00

*E m_q _
W

_ t0 0Mg O

O-O OqO,O4O-O en O- O-

ee~000tr 00e

as a.,
ousD£600nW)0 tn

__I _ _

l-rr00 o 00 --%0 e4 000
- ) 9, ONo 0fio en O O

W) ",O~Nt tz o

I4

-tt

t 00 N~ reht 0 m O t " 00
0%M00r-N1.0~qtC1Nr W

C. C. C. t.. e. e. . C.- C. C. *~' e.

_I

00

00~~~a00££0O ON

F- E-4W;-c- 00-c 4 -2CL4

.~~ ~. . . . .

. . . . .

703

Cl4
0

0

00

N

r-

N

0

0

r-

~o
c-l
CQI



BOWCOCK ET AL.

275

290

194 195 196 197 198 199

BR ABBB B A B B B BA B TCR18

0:2 2 4 2 4 1 4 1 1. 1 2 4 1 4 J3-11

N c NC C N N N N C N C CCCN'N CFN}I1 I 3 ]t -j--; 2 4 2 :0] 4 lt lf}t~jX I i 0 2 4 ]4 MET
A BAA A PON

B AB BA 1 A A A B RA B AA B A B COLIA2

HAPLOTYPES

J3. 11 MSPI STUI/TAQI MET H D

1 A A 1 A A
2 B A 2 C A
4 A B 3 B -

4 A B

FIG. 1 -Portion of family CAL41 with recombinants illustrated. The data suggest that pJ3. 11 is
between TCRB and MET and supports PON, DOCR1-917, and COLIA2 on the opposite side of the
pJ3.11, CF, MET cluster from TCRB. The most likely order of genes is indicated, but bracketed
pairs of loci could have either position; that is, pJ3. 11 and CF, or CF and MET, could be reversed.
The carrier status of child 195 cannot be determined. This family was also typed for 7C22, but no

additional linkage information was obtained.

carrier status of 195 cannot be determined, it is not possible to position CF with
respect to MET and pJ3.11 using this family.

Carrier Status of Unaffected Siblings

For the 228 unaffected siblings of CF children, we assessed carrier status
based on MET and pJ3.11. Frequencies of carrier, noncarrier, and partially
informative siblings are shown in table 9 of the joint report [1]. The partially
informative siblings have one chromosome known to be normal. Therefore,
under standard Mendelian proportions, we expect equal frequencies of carriers
and noncarriers among these siblings.
As demonstrated in the joint report, there is no difference between the ob-

served and expected ratios of carriers to noncarriers. We estimated the sample
size necessary to detect a significant excess of carrier siblings as follows.
Assume the frequency of the CF allele among Caucasians is in equilibrium at
the observed frequency (1/40) and that fitnesses are 0 for CF children, 1 for
carriers, and - s for noncarriers. Then 1/40 = s/(1 + s), so s = 1/39. If there
is no selection against noncarrier sibs ofCF children, then 1/3 ofCF sibs will be
noncarriers and 2/3 will be carriers. For selection s against noncarriers, the
expected proportion of siblings will be (1 - s)/(3 - s) normal and 2/(3 - s)
carriers, or .328 noncarriers and .672 carriers for s = 1/39. The chi-square

192
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for detecting a difference between these two noncarrier:carrier ratios with N
unaffected siblings:

2[I S i]2 N[2 2]-2x +2 [ 3 s 3 s 3 ]

1 2
3 3

so that

N 2(3 S)2s2

For P = .05, chi-square = 3.84, s = 1/39, N = 25,836. This number is about
100-fold higher than that available for testing. Similar calculations hold if
meiotic drive is responsible for the deviation. As a further complication,
heterozygous advantage might be due to other selective mechanisms that can-
not be analyzed by the present data, such as differential fertility.

DISCUSSION

Our data confirm the very close linkage of MET, pJ3. 11, and cystic fibrosis;
in fact, we did not find a single recombinant between CF and either marker in
our 36 families. One recombinant between MET and pJ3. 11 was observed and,
with our other families, suggests the order 7cen-COL1A2-PON-MET-J3.11-
TCRB-7qter. Linkage between CF and trypsin was not found; however, trypsin
is a very large gene family and not all members can be excluded.
The close linkage of CF, MET, and pJ3.11 excludes important genetic

heterogeneity. The existence of fairly close linkage is, in itself, proof that there
cannot be much heterogeneity due to unlinked disease loci, as shown by the
following simple model: Assume that there are two disease loci, one unlinked
to the marker being examined and the other linked with unknown recombina-
tion theta. If the two loci are found in proportions (1 - alpha) and alpha of the
families, respectively, the frequency of families with the unlinked marker (a
measure of heterogeneity = 1 - alpha) cannot be greater than twice the ob-
served recombination. This is easily deduced from formula 513, p. 110 of Ott
[6]; see also Cavalli-Sforza and King [7]. Thus, a first firm result is that there is
only one locus contributing to at least 98% of all CF cases (based on twice the
95% confidence limit for MET or pJ3. 11-CF recombination given in the joint
paper), although so far one cannot entirely exclude other rare loci. This conclu-
sion allows the detection of carriers in families with at least one affected child
and an excellent probability of fetal diagnosis for pregnancies after the first
affected child. It also paves the way for location of the CF gene.
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