
ules for antineoplastic drugs and polya- 
mine biosynthesis inhibitors should be 
determined in the laboratory before the 
compounds are used in the clinical set- 
ting. 
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Human P-Globin Gene Sequences Injected into Mouse 

Eggs, Retained in Adults, and Transmitted to Progeny 

Abstract. Foreign gene sequences were retained in two adult mice (out of 62 
analyzed) frorn fertilized eggs injected with a recombinant plasmid containing the 
human P-globin genomic region and the herpes simplex vlral thymidine kinahe gene. 
The intact human and viral genes were found in D N A  of one of the unimul~ and, in 
the other, at l e a ~ t  part of the human globin gene was present. The latter individual 
transmitted these sequences to its progeny in a Mendelian ratio. Thus, human D N A  
may be incorporated into the germ line of mice for in vivo studies o f  regulation of 
gene expression in development, genetic diseases, and malignancy. 

In a recent study, we demonstrated 
that human and viral genes introduced 
into fertilized mouse eggs by microinjec- 
tion of recombinant DNA into a pronu- 
cleus could later be found intact in DNA 
prepared from fetuses near the end of 
their prenatal development (I) .  In the 
present report, eggs injected with the 
same genes were allowed to develop to 
adulthood. Persistent foreign genetic ma- 
terial was detected in some adults, and 
biological evidence for integration in 
host DNA was obtained through Mende- 
lian transmission of human p-globin se- 
quences to progeny. 

Approximately 3000 copies of the bac- 
terial plasmid PtkHljl were injected into 
the male pronucleus of (C3H x DBA/2)Fl 
fertilized mouse eggs, as previously de- 
scribed (1). The plasmid consists of a 
pBR322 vector with a 7.6-kb Hind I11 
insert carrylng the human P-globin 
(HPG) genomic region and a 3.6-kb 
Bam HI fragment containing the thymi- 
dine kinase (tk) gene of herpes simplex 
virus (HSV) (2, 3). Of 394 eggs injected, 
304 surv~ved the injection and were sur- 
gically transferred to the oviducts of 
pseudopregnant Icr random-bred fe- 
males. At 8 to 10 weeks of age, partial 
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splenectomy was performed on 62 sur- 
vivors, and the DNA was extracted (4, 
5) .  

Some of the DNA was digested with 
the restriction endonuclease Pst I and 
tested by the Southern procedure (6-8) 
for hybridization with the 32P-labeled 
7.6-kb globin gene insert. The DNA's of 
two of the spleens hybridized with the 
HPG probe and therefore contained 
some gene sequences of human origin. 
One of the positive experimental animals 
(designated Exp. I), a female, had the 
diagnostic 4.4-kb Pst I fragment that 
spans the entire coding region and also 
the neighboring 3.9-kb fragment (9), 
thereby indicating retention of the entire 
intact human globin insert, as seen by 
comparison with a control digest of the 
injected plasmid (Fig. 1A). When the 
animal was ultimately autopsied, after 
breeding, the DNA digests from its five 
other tested organs (liver, kidney, heart, 
lung, brain) showed the same result as 
the spleen, with approximately two 
copies of the HPG per cell in all tissues. 
The second experimental animal with 
HPG sequences (Exp. 2), a male, had a 
higher molecular weight band of 13 kb, 
which hybridized with the 7.6-kb human 
gene insert. This band was present in all 
seven organs eventually tested, at an 
estimated copy number of one per cell 
(Fig. 1C). In subsequent experiments 
aimed at identifying these sequences, 
Bam HI and Eco KI digests were exam- 
ined for hybridization with the same 
HPG probe (Fig. 2A, lanes F1 a' and F,  
a"); they did not display the bands ex- 
pected if the coding region were present. 
In addition, no hybridization with an 
HPG complementary DNA (cDNA) 
probe was observed (data not shown). 
The 13-kb band was, however, seen 
when the probe was a 3.6-kb Eco RI 
fragment including most of the 3' end of 
the genomic region. Therefore, the HPG 
sequences in this second animal included 
at least some of the 3' sequences flanking 
the coding region of the human P-globin 
gene. 

DNA's from the same spleen samples 
were also analyzed for presence of HSV 
tk gene and pBR322 sequences by diges- 
tion with Bam HI and hybridization with 
32P-labeled Ptk. This probe represents 
the vector after insertion of the HSV tk 
gene into the Barn HI site of pBR322 (3) 
and before introduction of the HpG frag- 
ment. The animal (Exp. 1 )  that was posi- 
tive for the intact HPG gene also exhibit- 
ed Ptk-hybridizing sequences, at approx- 
imately two copies per cell, in all five 
organs eventually analyzed (Fig. 1B). 
The other HOG-positive individual, Exp. 
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2, was negative for Ptk (Fig. ID). The 
DNA of mouse Exp. 1 showed not only 
the 3.6-kb Bam HI band diagnostic for 
the intact HSV tk gene but also two 
additional bands: One, of 8.8-kb size, co- 
migrated with a band in the control di- 
gest; the other, of approximately 12 kb, 
had no counterpart in the control lane 
(Fig. IB). The presence of the 12-kb 
fragment is consistent with integration of 
some foreign DNA into the host genome, 
that is, loss of a Barn HI site in plasmid 
DNA and cleavage at a similar site in 
mouse flanking DNA. This conclusion 
was supported by occurrence of one 
extra high molecular weight band in a 
Pst I digest of DNA after hybridizing 
with Ptk, and of two extra bands in an 
Eco RI digest probed with Ptk (data not 
shown). 

To learn whether foreign gene se- 
quences in the two positive experimental 
animals could be passed on through the 

germ line, the mice were mated to DBAI 
2 strain controls, and liver samples were 
obtained from the progeny by partial 
hepatectomy at 4 to 6 weeks. Analyses 
of the DNA digests revealed that the 
male (mouse Exp. 2) had in fact transmit- 
ted to eight offspring, out of 14 exam- 
ined, an HPG-hybridizing band with the 
same molecular weight, after Pst I diges- 
tion, as in the parent (Fig. 2A). Similarity 
to the parent's HPG sequences was 
further indicated by comigration after 
Eco RI digestion (data not shown). Off- 
spring, like parent, lacked detectable 
HSV tk and pBR322 sequences (Fig. 
2B). This transmission of HPG se- 
quences to approximately half of the 
progeny follows a Mendelian pattern of 
inheritance for a single gene at a hetero- 
zygous locus and is strong evidence for 
the chromosomal integration of the in- 
jected sequences. 

In contrast, the female (mouse Exp. 1) 

did not transmit any plasmid sequences 
(HPG, tk, or pBR) to any of the 15 
offspring whose spleen DNA was tested. 
Therefore, this animal was a mosaic with 
donor sequences present in at least some 
cells of the various organs analyzed but 
either lacking in the germ cells or present 
in only a very small percentage. The 
disparity between somatic and germinal 
results could be due to delayed integra- 
tion of the injected genes until after the 
developmental point at which the germi- 
nal lineage, originating in very few pre- 
cursor cells (lo), diverged from the 
soma. A comparable explanation was 
offered for some differences found in 
fetal as compared to placental DNA's 
(I). An alternative possibility is that in- 
troduced sequences may sometimes be 
lost, as noted in experiments with Xeno- 
pus (11). Losses might also account for 
the lower frequency of adult mice (3 
percent) than of fetuses (15 percent) 

HBG probe 

P 
1kHSl x Fs l  1 3.9 4.4 I I L  I I 

+ 4 4 4 3.5 4 8.8 FI~HBI  x Barn HI 

L 
Ftk probe 

4.4- 0 
3.9- - Fig. 1 (left). DNA hybridization evidence (shown in composites of 

results) for human P-globin (HPG) and herpes simplex viral (HSV) 
thymidine kinase (tk) gene sequences in adult mice derived from 
fertilized eggs injected with DNA of the recombinant plasmid 

0 ,  PtkHPl containing both genes. In panels A and C, high molecular 
weight DNA (approximately 15 kg) extracted from the specified 

c o E X D . + ~  c o r p . + 2  organs was probed, after Pst I digestion, for hybridization with the 
"P-labeled HPG insert; in panels B and D, the DNA was tested, 

HBG probe after Bam HI digestion, for hybridization with the labeled Ptk probe 
I,,- representing the tk and pBR322 components of the plasmid. In each 

F I ~ H B I  x FSI  I 3 .9  , 4.4 I I I  I panel, the DNA in the control (Co) lane is the plasmid PtkHpl (100 
+ + 3.6 + 8.8 F ~ ~ H B I  x Barn HI pg) digested with the same restriction enzyme and hybridized with 

the same probe as used in the accompanying experimental lanes. 
Flk probe The results in (A) show that the first animal, a female designated 

Exp. 1, has retained intact both diagnostic restriction fragments (4.4 kb and 3.9 kb) spanning the entire coding region of the HPG gene, in all or- 
gans analyzed. The same animal (in B) has also retained the diagnostic fragments (8.8 kb and 3.6 kb) indicating the presence of the intact HSV tk 
gene; the additional higher molecular weight (12 kb) band seen in the experimental samples (but not in the control) is consistent with integration of 
some sequences in endogenous mouse DNA. The results in (C) show that the second animal, a male designated Exp. 2, has, in all organs 
analyzed, a single band of approximately 13 kb hybridizing to the HPG probe; further tests (see text) revealed this to be at least in part from the 3' 
(noncoding) end of the genomic region. This animal has no sequences that hybridized detectably with the Ptk probe (D). Fig. 2 (above). 
Transmission of HPG gene sequences through the germ line of an experimental male (Exp. 2) to its progeny. In (A), 20 pg of high molecular 
weight DNA from the livers of this parent (P) and of five of his F, progeny from the first litter (F,, a toe), were digested with Pst I and hybridized 
to the HPG insert; four of these five offspring had the same positive 13-kb band (see also Fig. 1C) as their father. The DNA from the first of the 
positive F, progeny was also digested with Barn HI (F, a') and Eco RI (F, a") and hybridized to the HPG probe. In (B), liver DNA's (20 pg) from 
the same experimental parent (P) and from the first of the positive progeny (F, a) were digested with Bam HI and hybridized to the Ptk plasmid; 
the offspring, like the parent (see also Fig. ID), displayed no bands hybridizing to the Ptk probe. The DNA in the control (Co) lanes is from the 
plasmid PtkHPl (100 pg) digested with Pst I (A) or Bam HI (B) and hybridized to the same probe as used in the respective experimental lanes. 
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found to have donor DNA from the same 
plasmid source, as described here and in 
our previous study (I). 

Some in vivo instability of DNA of 
exogenous origin may be indicated by 
the fact that, whereas all vositive fetuses 
in our earlier series had numerous intact 
copies of both marker genes, we now 
observe in one of the positive adults 
only partial sequences of a single-copy 
HPG gene. Other examples have been 
recently reported of retention of intact 
gene sequences in mice after injection 
into eggs of recombinant DNA including 
the rabbit p-globin (12) or HSV tk (13) 
genes. Retention of only rearranged or 
partially deleted sequences of other 
genes has also been shown (14, 15). In 
some instances, germ line transmission 
of the foreign DNA was observed (12, 
15). 

Of importance for further work based 
on gene injections into eggs is whether 
any of these newly introduced genes can 
function. We have demonstrated that it 
is possible to  obtain mouse fetuses that 
synthesize a functional HSV thymidine 
kinase protein after pronuclear injection 
with PtkHPl (1). Others have shown that 
by using a fusion construct containing 
the structural gene for HSV tk and the 
promoterlregulatory region of the mouse 
metallothionein-I gene, viral enzyme 
expression could be detected in the eggs 
(16) and in adult mice (13). In another 
report involving injection of the rabbit P- 
globin gene (17), preliminary data sug- 
gestive of possible rabbit globin forma- 
tion were presented, although evidence 
for actual presence of donor DNA was 
cited for only one of the mice. 

With respect to  the animal designated 
mouse Exp. 1, in which the HSV tk gene 
was present (Fig. lB), we tested for viral 
thymidine kinase activity in liver homog- 
enates with the 1251-labeled deoxycyti- 
dine assay in the presence of tetrahy- 
drouridine (18); 0.1 percent of the en- 
zyme as  viral-type would be detectable. 
No viral-specific enzyme activity was 
found (data not shown). Evidence for 
HpG-specific transcripts was sought in 
both experimental animals with HPG se- 
quences by analyzing total liver messen- 
ger RNA's (mRNA's) with the Sl-nucle- 
ase mapping technique (19-21) capable 
of detecting one copy of mRNA per cell. 
The diagnostic fragment of human P- 
globin-specific RNA (211 bases in size) 
was not found (data not shown) when a 
3'-end-labeled Eco RI restriction frag- 
ment was used for hybridization; there- 
fore, the occurrence of correct 3' human 
P-globin-specific transcripts is unlikely. 
Sl  assays on RNA's from hematopoietic 
organs, for example, spleen, were not 

performed in this series; therefore, the 
possibility of tissue-specific mRNA 
expression was not ruled out. 

Our combined observations on mouse 
fetuses (I) and adults, following intro- 
duction of PtkHPl DNA into eggs, have 
thus disclosed instances in which foreign 
gene sequences are present (usually in- 
tact), fully functional (in one case), and 
transmissible (in another case) to proge- 
ny. These results support the expecta- 
tion that introduction of foreign DNA 
early in mammalian development may 
prove useful for in vivo analyses of gene 
regulation in differentiation, genetic dis- 
eases, and malignancy. 
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Plasmodium falciparum Gametocytes from Culture in vitro 
Develop to Sporozoites That Are Infectious to Primates 

Abstract. Gametocytes of two strains of the human malaria parasite Plasmodium 
falciparum have been produced in high density by means of a continuous-jow 
cultivation system. The gametocytes of these two strains infected a mean of 36 
percent and 71 percent, respectively, of Anopheles freeborni mosquitoes that fed on 
a suspension of red blood cells containing the cultured gametocytes. Sporozoites 
harvested from the infected mosquito salivary glands were infective to the chimpan- 
zee (Pan troglodytes) and the owl monkey (Aotus trivirgatus). 

The gametocyte stage of malaria rep- 
resents the evolutionary link by which 
the microorganism developing in the ver- 
tebrate host undergoes sexual differenti- 
ation and infects the invertebrate host 
(mosquitoes). Recently developed tech- 
niques for cultivating Plasmodium falci- 
parum in vitro allow studies on the sexu- 
al stage of this most malignant of the 
human malaria parasites. Our initial 
demonstration of the culture of gameto- 
cytes in vitro that could infect mosqui- 
toes (I)  established that biologically ma- 
ture gametocytes would develop outside 
the primate. Subsequently, modification 
of the prime culture conditions (2, 3) and 
supplementation of the culture medium 
with adenosine 3',5'-monophosphate 
(cyclic AMP) (4) o r  hypoxanthine (5) 
have been reported to enhance gameto- 
cyte production or  maturation. 

Although these studies have defined 
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conditions conducive to  the production 
of infective gametocytes, not all the mor- 
phologically mature gametocytes so pro- 
duced have proved to be infective to 
mosquitoes. Similarly, not all mosqui- 
toes with gut infections (oocyst stage) 
have consistently supported further mat- 
uration of the parasite to  the salivary 
gland infection (sporozoite stage). We 
now report studies in which the complete 
extrinsic development of the parasite in 
anopheline mosquitoes has been repeat- 
edly accomplished, producing sporozo- 
ites fully infective to  two species of 
nonhuman primate hosts for falciparum 
malaria. 

The Indochina IIIlCDC strain of P .  
falciparum (6) was cultured from a Lao 
refugee in August 1980. Gametocyte 
stimulation studies with this strain were 
performed during the initial 12 months of 
cultivation in vitro. The Tanzania IICDC 
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