Reports

Evolution of the Hemoglobin S and C Genes in World Populations

Abstract. A polymorphic Hpa I endonuclease recognition site on the 3' side of the
B-globin gene was used to analyze the evolution of the B-globin gene mutants S and
C. Study of the worldwide distribution of the normal and variant Hpa I sites showed
that the mutation which resulted in the variant 13.0-kilobase fragment arose in a
localized region in West Africa. It predated the hemoglobin S and C mutations, both
of which arose separately from a chromosome with the variant 13.0-kilobase Hpa I
site. In contrast, the sickle genes in other parts of Africa and in Asia are associated
with the normal 7.6-kilobase Hpa I fragment, indicating that the sickle mutattons in
these other areas arose separately from that in West Africa.

Restriction endonuclease analyses
have expanded our knowledge of the mo-
lecular structure and arrangement of the
normal and mutant human globin genes
(I 4), and have also revealed that varia-
tions in DNA sequences near the globin
genes occur frequently (2-5). These vari-
ations appear to be common in the non-
coding region of the DNA, and they pro-
vide a new class of markers for genetic
analysis (5). Previously we described a
polymorphism in an Hpa I endonuclease
recognition site adjacent to the B-globin
structural gene (5), and demonstrated its
usefulness in the prenatal diagnosis of

Hpa I fragments

-] B Globin gene
——— 7.6 kb
--{_3 —L

sickle cell anemia (6). We have now
studied the relation of this polymorphic
Hpa 1 site to the hemoglobin S and he-
moglobin C genes in various world popu-
lations, and have derived from these data
new information on the evolution of
these mutations.

When normal human DNA is dlgested
with the restriction endonuclease Hpa I,
the B-globin gene is contained in a DNA
fragment 7.6 kilobases (kb) long (Fig. 1).
The polymorphic Hpa 1 recognition site
we detected was on the 3’ side of the 8-
globin gene, approximately 5000 nucle-
otides away from that gene (5). We found

Fig. 1. The three types of
DNA fragments containing the
B-globin gene. The variations
in size are due to changes in

the Hpa 1 site on the 3’ side of
the pB-globin gene. In the
American black population,

the 7.6- and 7.0-kb fragments
are usually associated with the
A genotype, and the 13.0-kb
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Fig. 2. Geographic dis-
tribution of the Hpa 1 8-
globin gene containing
fragments and their re-
lationship to the hemo-
globin S and C genes.
The figure of the fre-
quency of sickle gene is
adapted from Cavalli-
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two variants: one where the Hpa I site
was located closer to the B-globin gene,
yielding an Hpa I fragment 7.0 kb long;
and another where the Hpa 1 site was
farther away from the B-globin gene, re-
sulting in a fragment 13.0 kb long (7).
The genotypes of the B-globin fragments
in a diploid cell could thus be classified
as 7.6/7.6, 7.6/7.0, 7.6/13.0, 13.0/13.0,
and the like.

We initially found the Hpa 1 poly-
morphism in DNA obtained from Ameri-
can black subjects (Table 1). Whereas
normally the B-globin gene is contained
in the 7.6-kb fragment and occasionally
in the 7.0-kb fragment, it is rarely associ-
ated with the 13.0-kb fragment. In con-
trast, the majority of the B-globin genes
from individuals with the sickle mutation
are associated with the 13.0-kb fragment,
and less frequently with the 7.6-kb and
the 7.0-kb fragment. From the data of
Table 1, we calculated by the gene-
counting method (8) that in the American
black the frequency of association of the
A gene with the 7.6-kb fragment (A-7.6)
is 0.879, A-7.0is 0.087, and A-13 is 0.034
whereas the frequency of S-7.6 is 0.306,
S-7.0 is 0.015, and S-13.0 is 0.679. The
normal and variant Hpa I fragments are
inherited in a Mendelian manner. The
Hpa 1 sites appear to be tightly linked to
the B-globin gene, since we have so far
not observed crossover in the families
studied.

Since the majority of American blacks
came from West Africa, it seemed plau-
sible that the mutation which resulted in
the 13.0-kb variant originated there. We
therefore studied the relationship be-
tween the Hpa 1 site and hemoglobin C,
a 3-globin gene mutation that occurs fre-
quently in West Africa in a geographi-
cally more confined area than hemoglo-
bin S (9-11). Studies of American black
subjects with hemoglobin CC, AC, and
SC mutations showed that the 13.0-kb
Hpa 1 fragment is also frequently asso-
ciated with the C gene (5, 12) (Table 1).

The B85 and B¢ mutations affect the co-
don GAG (G, guanine; A, adenine)
which encodes for glutamic acid at the
sixth amino acid of the B-globin chain
(I13). The BS mutation is encoded by
GUG (U, uracil) (the codon for valine),
and the B¢ mutation by AAG (lysine).
The B5 and B€ genes most likely arose in-
dependently from the B4 gene in that a
mutation of A to C or A to S would each
involve only one nucleotide change,
while a S & C mutation would necessi-
tate the improbable event of two nucle-
otide changes per triplet. Since both the
S and C genes are linked to the 13.0-kb
Hpa 1 variant, we concluded that the mu-
tation which produced this Hpa I variant
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arose before the mutations of hemoglo-
bins S and C, both of which then arose
separately from a chromosome contain-
ing the 13.0-kb Hpa 1 site. Further study
is needed to clarify which of the two -
globin mutations arose first.

The sickle mutation is found in a large
geographic area which includes Africa,
the Mediterranean region, and Asia (9-
11). To determine whether the Hpa 1
genotypes in these areas are similar to
those in West Africa, we extended our
studies to Sicily, Cyprus, Gabon,
Kenya, Saudi Arabia, and India (/4)
(Table 1). The 13.0-kb fragment is pres-
ent in both Mediterranean islands. In Si-
cily, where more samples were studied,
the association between the 13.0-kb frag-
ment and the sickle gene is high. In con-
trast, the sickle gene was associated with
the 7.6-kb and not the 13.0-kb fragment
in the four other areas we studied —Ga-
bon in West Africa, Kenya in East Af-
rica, Saudi Arabia in the Middle East,
and the Valmiki, Khonda Reddi, and
Koya Dora tribes of India in Asia (/5).

There has been much debate as to
whether the sickle gene in world popu-
lations arose from a single or from mul-
tiple mutational events (/6, [7). We
could use the Hpa 1 site to analyze this
question. There are two possible ex-
planations for the association of the 7.6-
kb and 13.0-kb Hpa 1 fragments with the
sickle gene: (i) the sickle gene arose as a
single mutational event and the variant
Hpa 1 sites resulted from a crossover of
the DNA in the region between the -
globin gene and the Hpa 1 recognition
site; or (ii) the sickle mutation occurred
more than once; once on a chromosome
with the 13.0-kb recognition site, as in
West Africa, and at least once on a
chromosome with the 7.6-kb recognition
site in other geographic areas (/8). The
studies in India are particularly informa-
tive in this regard. The Valmiki, Khonda
Reddi, and Koya Dora tribes in southern
India are geographically isolated. Pre-
vious studies of blood and serum types in
the Khonda Reddi and Koya Dora, and
in other southern Indians with the sickle
gene, showed little or no similarities to
blood and serum types in Africans (/9).
This lack of similarity in these genetic
markers, together with the fact that the
Hpa 1 sites, tightly linked to the 8 gene,
are also different, favors the conclusion
that the Indian and West African sickle
mutations arose as separate events. The
fact that separate mutational events pro-
duced the same abnormal hemoglobin is
not surprising in light of our present
knowledge of spontaneous mutations in
the unstable hemoglobin syndromes,
where multiple mutational events pro-
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ducing the same amino acid substitution
have been well described (20). The simi-
larity in the Hpa 1 sites does not distin-
guish between the possibility that the
sickle genes in Kenya and Saudi Arabia
arose separately from the Indian, or that
they were derived from the same origin,
as has been postulated (/6). It may be
useful to search for other polymorphic
restriction endonuclease sites in these
populations to answer this question.
These data on the geographic distribu-
tion of the 13.0- and 7.6-kb fragments as-
sociated with the S and C gene (Fig. 2)
allowed us to draw a preliminary evolu-
tionary tree of the Hpa I site and its rela-
tion to the A, S, and C hemoglobin genes
(Fig. 3). In most sectors of the world
population, the 8-globin gene is normally
contained in a 7.6-kb Hpa 1 fragment. In
West Africa, a mutation affecting the
Hpa 1 recognition site on the 3’ side of

S 7.6 - E. Africa, Asia

Fig. 3. Evolution of the Hpa 1 site and
the B-globin genes. The letters A, S, and
C represent the B-globin genotypes and
the numbers indicate the lengths of the
B-globin gene containing Hpa 1 frag-
ments in kilobases. No time scale is im-
plied in this diagram. The divergence of
the S gene before the C gene indicated in
this diagram is arbitrary. Asterisks de-
note where the precise mode of evolu-
tion is not certain; —, normal;
variants; and - - -, recombinants.

s

the B%-globin gene produced a 13.0-kb
fragment (A-13.0). The S and C muta-
tions arose separately, each from a
chromosome that contained the variant
13.0-kb Hpa 1 site (S-13.0 and C-13.0). A
higher proportion of 13.0-kb fragments is
associated with the S and C genes than
with the A gene because the S and
C genes protected against malaria, and
hence increased the frequency of S-13.0
and C-13.0. The incidence of A-13.0 re-
mained low because this association did
not offer any selective advantage. The
increase in incidence of the 13.0-kb Hpa
I fragment, due to its close linkage to the
S and C gene, is an example of ‘‘genetic
hitch-hiking”* 21).

The fact that the S and C genes are
both associated with the 13.0-kb Hpa 1
fragment localizes the origin of the muta-
tion that gave rise to the 13.0-kb frag-
ment to a small geographic area in the

Table 1. The Hpa 1 B-globin gene fragment in several populations with hemoglobins S and C.

Hpa 1 B-globin pattern

Association
of hemoglobin

Hemo- S or C genes
globin No. with the
type 7.6/ 7.6/ 7.0/ 7.6/ 13.0/ 13.0-kb
7.6 7.0 13.0 13.0 13.0 fragment
United States Present
AA 43 30 9 0 4 0
AS 86 29 3 4 49 1
SS 58 4 0 2 22 30
CC 5 0 0 0 0 5
AC 4 0 0 0 3 1
SC 15 0 0 0 6 9
Sicily Present
AA 3 2 0 0 1 0
AS 7 0 0 0 7 0
SB-thal 6 0 0 0 6 .0
SS 2 0 0 0 0 2
Cyprus Present
AA 6 S 1 0 0 0
AS 1 0 0 1 0
Gabon Absent
AS 9 9 0 0 0 0
Kenya Absent
AA 7 S 1 0 0 1
SS 8 8 0 0 0 0
Saudi Arabia Absent (15)
AA 2 2 0 0 0 0
SS 4 4 0 0 0 0
India Absent
AA 17 16 1 0 0 0
AS 34 29 1 0 0 0
SS 3 3 0 0 0 0
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Upper Volta or Ghana, where the C gene
is highly concentrated (/7). In this area,
the frequency of the 13.0-kb fragment is
expected to be high and studies in Niger-
ia show that, indeed, the 13.0-kb frag-
ment is very frequently associated with
the S gene (22). In Gabon, just south of
Nigeria and Ghana, the sickle gene is al-
ready associated with the 7.6-kb frag-
ment. The Algerian sickle gene has also
been associated with the 13.0-kb Hpa 1
fragment (/5). While additional studies in
other countries of North Africa are nec-
essary, it seems likely that the sickle
gene with the 13.0-kb Hpa 1 site spread
from the Ghana-Nigeria area through
North Africa to the Mediterranean is-
lands.

The sickle genes in other parts of Af-
rica, Saudi Arabia, and India, all pre-
-dominantly associated with the 7.6-kb
Hpa 1 site, most likely arose as one or
more mutational events separately from
the West African sickle gene. As the 7.6-
kb fragment is the normal pattern in
worldwide populations, the selective ad-
vantage of the sickle gene for malaria is
not adequate to raise appreciably the
proportion of S-7.6 relative to A-7.6, and
S-7.6 remains low compared to A-7.6.

The evolution of the other Hpa I geno-
types is less certain. For example, the
7.0-kb variant could have arisen from a
chromosome that contained either the
7.6-kb or the 13.0-kb Hpa I site. Other
combinations, such as the association of
the 7.6-kb site or 7.0-kb site with the S
gene, could be the result of separate mu-
tations or of recombination. The classifi-
cation of these genotypes will necessi-
tate further studies of their distribution
in areas of the world where there is a fre-
quency of these Hpa 1 variants.

Polymorphism of restriction endo-
nuclease sites has already provided a
new approach for prenatal diagnosis by
analysis of the linkage of normal and var-
iant restriction sites to structural genes
6). Thus, the Hpa 1 polymorphism can
be utilized for the intrauterine detection
of sickle cell anemia. Previously, the
common B-globin chain abnormalities,
B-thalassemia and sickle cell anemia,
were diagnosed in utero primarily with
fetal blood sampling and analysis of the
type or quantity of 8-globin chain syn-
thesized in the fetal blood (23). The ac-
quisition of fetal blood is a complex pro-
cedure, requiring specially trained physi-
cians and elaborate and sophisticated
equipment. It also carries a 5 to 10 per-
cent risk to the fetus. In those families
where the polymorphic Hpa I site is as-
sociated with the sickle gene, it is now
possible to use the well-established pro-
cedure of amniocentesis for prenatal di-
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agnosis (6). Amniotic fluid cells are fetal
in origin, and DNA can be isolated from
these cells for restriction endonuclease
analysis. The technique is very sensitive.
At the 16th week of gestation, when am-
niocentesis is usually performed, enough
DNA can be isolated directly from the
cells without the necessity of cell culture
in most cases.

Thus, restriction endonuclease site
polymorphism constitutes a new class of
genetic marker for studying human dis-
eases. The Hpa I polymorphism has pro-
vided new information regarding the
evolution of the hemoglobin S and
C genes and has furnished strong evi-
dence for the multicentric origin of the
sickle gene. Detailed studies of the inter-
relation between the structural mutants
and the restriction endonuclease sites in
localities where the variants occur fre-
quently will undoubtedly provide addi-
tional information on the evolution and
migration of these genes in Africa, Eu-
rope, and Asia.

It has been suggested that the frequen-
cy of the 13.0-kb Hpa 1 fragment varies
in different parts of the United States [,
12) and this report]. This needs to be
confirmed by studying a larger number of
subjects. If the difference is real, the
Hpa 1 polymorphism may also serve as a
marker for tracing the origin and migra-
tion of the black population in North
America.

The polymorphism that we discovered
has provided a useful means for linkage
analysis of the sickle gene. In about 70
percent of the pregnancies at risk in the
American black population, it is now
possible to diagnose sickle cell anemia
prenatally with the relatively simple and
well-established method of amniocen-
tesis. In localities such as Nigeria and
Ghana in West Africa, where the 13.0-kb
Hpa 1 fragment originated, an even high-
er proportion of the sickle gene is ex-
pected to be linked to the 13.0-kb frag-
ment, making prenatal diagnosis by am-
niocentesis possible in most pregnancies
at risk. Several other polymorphic re-
striction endonuclease sites around the
B-globin gene region have been reported:
Hind TI1 sites in the intervening se-
quence of the %y and “y gene, a Pst 1 site
in the intervening sequence of the &
gene, and a Bam HI site in the sequence
3’ to the B-globin gene (/-3, 24). The
Bam HI site can be used for linkage anal-
ysis and diagnosis of certain patients
with B-thalassemia (24), while the
Hind 111 sites for sickle-cell anemia and
B-thalassemia (25). By using a combina-
tion of restriction endonuclease sites, it
is possible that the globin disorders can
be diagnosed in a large number of cases.

An increasing number of human genes
are being isolated with recombinant
DNA technology and more and more
genomic DNA'’s are being isolated from
libraries of cloned human DNA. It will
be possible to use polymorphism of re-
striction endonuclease sites to study the
evolution of many genes, to characterize
and diagnose other genetic disorders,
and to map human variations.

YUET WAl KAN
ANDREE M. Dozy
Howard Hughes Medical Institute
Laboratory and Department of
Medicine, University of California,
San Francisco 94143

References and Notes

1. J. G. Mears et al., Proc. Natl. Acad. Sci.
U.S.A. 75, 1222 (1978); J. G. Mears, F. Rami-
rez, D. Leibowitz, A. Bank, Cell 15, 15 (1978);
R. A. Flavell, J. M. Kooter, E. De Boer, P. F.
R. Little, R. Williamson, ibid., p. 25; S. H. Or-
kin, Proc. Natl. Acad. Sci. U.S.A. 75, 5950
(1978); P. F. R. Little, R. A. Flavell, J. M. Koo-
ter, G. Annison, R. Williamson, Nature (Lon-
don) 278, 227 (1979).

. R. M. Lawn et al., Cell 15, 1157 (1978).

. D. Tuan, P. A. Bird, J. K. deRiel, H. Lazarus,
B. Forget, Nucleic Acids Res. 6, 2519 (1979); A
J. Jeffreys, Cell 18, 1 (1979).

4. E. F. Fritsch, R. M. Lawn, T. Maniatis, Nature
(London) 297, 598 (1979); S. H. Embury, R. V.
Lebo, A. M. Dozy, Y. W. Kan J. Clin. Invest.
63, 1307 (1979); S. H. Orkin et al., Cell 17, 33
(1979); S. H. Orkin, B. P. Alter, C. Altay, J.
Clin. Invest. 64, 866 (1979); L. H. T. Van der
Ploeg, A. Konings, M. Oort, D. Roos, L. Ber-
nini, R. A. Flavell, Nature (London) 283, 637
(1980).

5. Y. W. Kan and A. M. Dozy, Proc. Natl. Acad.
Sci. U.S.A. 75, 5631 (1978); Clin. Res. 27, 274A

(1979).
, Lancet 1978-11, 910 (1978).

7. The conversion of the 7.6-kb Hpa I fragment to
the 13-kb fragment is due to the abolition of the
normal Hpa 1 site on the 3’ side of the B-globin
gene. With the loss of this site, the fragment
containing the B-globin gene extends about 5 kb
downstream to the next Hpa I site. The molecu-
lar mechanisms which produced the anomalous
fragments are not known. They could result
from a single nucleotide mutation or more exten-
sive changes, such as the insertion or deletion of
nucleotides of various lengths.

8. R. Ceppelini, M. Siniscalco, C. A. B. Smith,
Ann. Hum. Genet. 20, 97 (1955).

9. G. M. Edington and H. Lehmann, Man 56, 36
(1956).

10. F. B. Livingstone, Abnormal Hemoglobins in
Human Populations (Aldine, Chicago, 1967);
Data on the Abnormal Hemoglobins and Glu-
cose-6 Phosphate Dehydrogenase Deficiency in
Human Populations 19671973 (Museum of An-
thropology, University of Michigan Technical
Reports, No. 3, 1973).

11. L. L. Cavalli-Sforza and W. F. Bodmer, The
Genetics of Human Populations (Freeman, San
Francisco, 1971).

12. J. Feldenzer, J. G. Mears, A. L. Burns, C. Nat-
ta, A. Bank, J. Clin. Invest. 64, 751 (1979).

13. C. A. Marotta, J. T. Wilson, B. G. Forget, S.
Weissman, J. Biol. Chem. 252, 5040 (1977).

14. We thank the following colleagues who sent
samples to us: G. Schiliro, Sicily; M. G. Hadji-
minas and Z. Zachariades, Cyprus; N. Mwibo
and N. Clogg, Kenya; and A. Bouie, Paris, for
the Gabon samples; D. J. Weatherall and J. Old,
Oxford, England, for the Saudi Arabian sam-
ples; and G. Brittenham, Cleveland, Ohio, for
the Indian samples.

15. Recent studies showed that the sickle gene in
Algeria is also associated with the 13.0-kb pat-
tern, and that in Saudi Arabia, about 95 percent
of the sickle gene was associated with the 13.0-
kb pattern.

16. H. Lehmann, Eugen. Rev. 46, 101 (1954).

17. A. P. Gelpi and R. P. Perrine, J. Am. Med. As-
soc. 224, 605 (1973); A. P. Gelpi, Ann. Intern
Med. 79, 258 (1973).

18. D. M. Kumn Lancet 1979-1 104 (1979); E. Solo-
mon and W. F Bodmer, ibid., p. 923.

19. G. Brittenham, J. Am. Med. "Assoc. 225 1120

SCIENCE, VOL. 209

w N




(1973); M. Siniscalco, personal communication.

20. As reviewed by H. F. Bunn, B. G. Forget, and
H. M. Ranney [Human Hemoglobins (Saun-
ders, Philadelphia, 1977), chap. 8] apparent
spontaneous mutations have been reported in 16
abnormal hemoglobins resulting in instability or
altered hemoglobin functions. Three instances
have been described with hemoglobin Ham-
g\_ersmith and two each with four other hemoglo-

ins.

21. D. K. Wagener and L. L. Cavalli-Sforza, Am. J.
Hum. Genet. 27, 348 (1975); D. M. Kurnit and
H. Hoehn, Annu. Rev. Genet. 13, 235 (1979).

22. G.J. F. Esan and Y. W. Kan, unpublished ob-
servation.

23. Y. W. Kan, Prog. Hematol. 10, 91 (1977); B. P.
Alter and D. G. Nathan, Clinics Haematol. 7,
195 (1978).

24. Y. W. Kan, K. Y. Lee, M. Furbetta, A. Angius,
A. Cao, N. Engl. J. Med. 302, 185 (1980).

25. P. F. R. Little, G. Annison, S. Darling, R. Wil-
liamson, L. Camba, B. Modell, Nature (Lon-
don) 285, 144 (1980); J. A. Phillips I1I, S. R. Pan-
ny, H. H. Kazazian, Jr., C. D. Boehm, A. F.
Scott, K. D. Smith, Proc. Natl. Acad. Sci.
U.S.A. 77, 2853 (1980).

26. Supported in part by grants from the U.S. Public
Health Service, National Institutes of Health
(AM 16666, HL 20985), the National Founda-
tion/March of Dimes, and a contract from De-
partment of Health Services, Maternal and
Child Health Branch, State of California. Y.W.K.
is an investigator of the Howard Hughes Medi-
cal Institute.

S October 1979; revised 7 May 1980

Survival of Escherichia coli Host-Vector Systems

in the Mammalian Intestine

Abstract. Survival in the mouse and human intestine of Escherichia coli host-vec-
tor systems used and proposed for recombinant DNA technology was assessed.
There was no detectable survival of severely disabled E. coli K12 strain x1776 in mice
or in human subjects 24 hours after ingestion. The same strain bearing the plasmid
PBR322, however, was recovered from human subjects for 4 days in amounts of six
organisms for every million ingested. Nondisabled E. coli K12 strain x1666, with or
without pBR322, survived in 10*fold greater numbers and for 2 days longer, with
better recovery of the plasmid-containing derivative. Although the plasmid-bearing
strains were recovered for longer periods, no intestinal colonization was noted. De-
spite the presence of pBR322 for a maximum of 6 days in the human intestine, there
was no evidence that it was transferred from either bacterial host to endogenous

aerobic fecal bacteria.

Certain Escherichia coli host-vector
systems, designated EK2(HV2), have
been approved for use in recombinant
DNA research. Mutations in both host
and vector have been introduced so as to
improve biologic containment (/ -5). One
particular host cell, x1776, developed by
Curtiss and colleagues (/) was derived to
be unable to survive outside the defined
laboratory environment. It is sensitive to
bile acid, resistant to nalidixic acid, and
multiply auxotrophic (Dap~, Thy™,
Met~, Thr~, Bio™). Plasmid vectors,
such as pBR322 (2), have been con-
structed that are incapable of directing
transfer of themselves to other bacterial
hosts and are also poorly transferred by
other plasmids.

We have reported the recovery of
x1776 from mice for 2 days after in-
oculation by different parenteral routes
(6). The mean lethal dose (LDs,) was 10%-
to 10*fold greater than that of naturally
occurring E. coli, but not markedly dif-
ferent from that of a laboratory E. coli
K12 strain. In the present studies, we
compared in mice and in human subjects
the survival in the intestinal tract of
x1776 and its plasmid pBR322-bearing
derivative, x2236, with that of a conven-
tional laboratory EK1 strain, E. coli
K12, x1666 (Ara-, Nal®) (7) and its
pBR322-bearing derivative, D20-5.

When doses of 5 X 10° x1776 cells
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were given by gastric intubation to ten
germ-free mice, no intestinal coloniza-
tion was found. The organism was de-
tected only in fecal samples analyzed
within the first 24 hours after in-
oculation. Similarly no intestinal coloni-
zation was found with x2236 given in

food, by gastric intubation, or by rectal
administration. In contrast, x1666 and
D20-5 colonized in germ-free mice at 10°
cells per gram of feces. Inoculations of
5.2 X 10° cells of x1666 did not lead to
colonization of the intestinal tract of con-
ventional mice; cells were recovered on-
ly up to 3 days after gastric intubation.

Studies in human subjects were per-
formed on groups of four male volun-
teers housed in the Clinical Study Unit of
Tufts-New England Medical Center
Hospital. They were permitted to leave
the room only once each day for 1 to 2
hours. No physical contact with other in-
dividuals was permitted. An attachment
on the toilet ensured that all fecal sam-
ples would be collected in an autoclav-
able plastic bag. These samples were im-
mediately placed in the refrigerator in
the room until being taken for analysis.

In the first experiment, three of four
individuals drank 1.9 X 10° viable cells
of x1776 in milk on two separate occa-
sions, 6 hours apart. After each dose,
skin, nose, and throat swabs were cul-
tured in supplemented eosin-methylene
blue broth (EMB) with nalidixic acid
(Nal) or on agar plates (EMB-Nal) (8) to
identify the presence of the ingested or-
ganism. Each fecal sample was pro-
cessed within 1 hour of passage. It was
weighed, mixed thoroughly in the plastic
bags, and sampled on EMB-Nal agar to
determine the number of endogenous
and ingested E. coli and enterococci per
gram of feces.

Up to 1 hour after ingestion, x1776
was detected in the nose and throat;

e N.D o +—e Total coliforms
9, . o P.M. o--0 X1776
o—o Enterococci
8. 8. ~--« Detectable level
7. 7.
6. 6.
5. 5.
Fig. 1. Survival of ¢ 4
x1776 after the inges- af . 3
H 9
tlf)n of 3.8 X 10° orga- 2 L e L2 PR
nisms on day 0 and . S
1.5 x10' organisms B ~ ¢ ! T .
on day 4 (arrow). The 2 = ; ]
minimal  detectable O vz e e 78 2o s e T8
level for each sample o * s
is designated by the g ° J.B B JL
dashed line. The or- 8. 8
dinate is number of ,
colony-forming units !
(CFU) of bacteria per 6 s
gram (wet weight) of s s
feces. . "
3. 3.
2 2. -
k | I < . -
i 2 3 4 s 7 o 1 2 3 4 5 6 7 8
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