
frames reported to be encoded in the unique man, Virology 135, 379 (1984). 
A. E. Sears, I. W. Halliburton, B. Meignier, S. 
Silver. B. Roizman. T. Virol. 55. 338 11985). 

REFERENCES AND NOTES 
seauencei of the s comDonent of HSV-I 

1. G. S. Hapward, R. J. Jacob, S. C. Wadsworth, B. 
Roizman, Proc. Natl. Acad. Sci. U S A .  72, 4243 
119751. 

DNA, a total of nine genes in two clusters 
(US1 to US4 and US8 to US12) have now 
been shown to be "dispensable" for growth 
at least in some cell lines in culture (12, 13, 
20). Third, of the six (B, C, D, E, G, and H )  
major HSV-1 glycoproteins identified to 
date, at least three (C, E, and G) appear to 
be not essential for growth (13, 21), and 
both glycoproteins G (US4) and E (US8) 
map in the unique sequences of the S com- 
ponent. 

z - - -  \ - -  --, 
J .  W. ~ e i n e ,  R. W:koness, E-~assai, B. Roizman, 
zbtd. 14. 640 119741. 
B. ~oizman,  Annu. ~ e v .  Genet. 13, 25 (1979). 
R. Longnecker, S. Chattejee, R. Whitley, B. Roiz- 
man, Proc. Natl. Acad. Sd. U.S.A., in press. 
J. M. Walboomers and J. Ter Schagett, Virology 72, 
256 (1976). 
T. Maniatis, W. F. Fritsch, J. Sambrook, Molecular 
Cloning: A Laboratmy Manual (Cold Spring Harbor 
Laboratorv, Cold Spring Harbor, NY, 1982). 
E. S. Mofarski, L. E. Post, B. Roizman, Cell 22, 
243 (1980). 
Vero cells (African Green monkey kidney line) were 
used for the preparation of viral stocks, virus titra- 
tions, and the preparation of viral DNA from infect- 
ed cell lysates. HEp-2 cells (human epidermoid 
carcinoma line) were used in the pre aration of 
infected cell proteins as described in AcRermann et 
al. (15). Growth medium consisted of Dulbecco 
modified Eagle's minimal essential medium supple- 
mented with 10% calf serum. The maintenance 
medium, 199-V, consisted of mixture 199 supple- 
mented with 1% calf serum. 
We thank L. Pereira for monoclonal antibodies 
H1163 and H1379, and D. Simmons for expert 
technical assistance. Sup orted by PHS grants CA- 
08494 and CA-19264 i o m  the National Cancer 
Society grant MV-2R. R.L. is a redoctoral trainee 
(PHs training grant T32 PHs 07182 from the 
National Institute of Allergy and Infectious Dis- 
eases). 

B. ~oizman,  Cell 16, 481 (1979). 
P. Sheldrick and N. Berthelot, Cold Spring Harbor 
Symp. Quant. Bwl. 39, 667 (1975). 
S. C. Wadsworth, R. J. Jacob, B. Roizman, J. Virol. 
15, 1487 (1975). 
S. Mackem and B. Roizman, Proc. Natl. Acad. Sci. 
U.SA. 77, 7122 (1980). 
R. J. Watson, C. M. Preston, J. B. Clements, J. 
Virol. 31, 42 (1979). 
J. Chou and B. Roizman, ibid. 57, 629 (1986). 
E. S. Mocarski and B. Roizman, Proc. Natl. Acad. 
Sci. U S A .  79, 5626 (1982). 
N. D. Stow, EMBO J. 1, 863 (1982). 
D. A. Vlazny and N. Frenkel, Proc. Natl. Acad. Sci. 
U S A .  78, 742 (1981). 
D. J. McGeoch, A. Dolan, S. Donald, F. Rixon, J. 
Mol. Bwl. 181, 1 (1985). 
L. E. Post and B. Roizman, Cell 25, 227 (1981). 
R. Lonmecker and B. Roizman. T.  Virol. 58. 583 

These observations must be viewed from 
two considerations. First, because HSV en- 
codes manv enzvmes involved in viral DNA 

i i 

metabolism, it could be expected that com- 
petent cells may supply enzymes and other 
factors that would complement the require- 

, , 
(1986).- 

14. D. J. McGeoch and A. J. Davison, NucleicAcidrRes. 
14, 1765 (1986). 

15. M. Ackermann, R. Lon necker B Roizman, L. 
Pereira, Virology 150, 208 (1986). ' 

16. D. D. hchman. A. Buckmaster. S. Bell. C. Hode- 
ments of mutants deleted in genes encoding 
similar factors. This appears to be the case 
for thymidine kinase and a22(US1)- mu- 
tants, and might be the case for at least some 
other genes deleted from the unique se- 
quences of the S component. This explana- 
tion, however, does not appear at first 

- - 

man, A. Minso", J .  Vtrol. 57, 647 (1986). 
17. 1. Hubenthal-Voss and B. Roizman. ibid. 54, 509 

(1985). 
18. Rabbit skin cells obtalned from J. McLaren, Univer- 

sity of New Mexico 
19. K. G. Kousoulas, P. E. Pellet, L. Pereira, B. Roiz- 24 December 1986; accepted 24 February 1987 

glance to fit mutants carrying deletions in 
genes specifying structural proteins such as 
the viral glycoproteins E and G, which are 
incorporated into the viral envelope. One 
hypothesis that may explain the viability of 
glycoprotein E- and G- mutants is that 
these ~roteins are reauired for survival of 

Rapid Identification of Nonessential Genes of Herpes 
Simplex Virus Type 1 by Tn5 Mutagenesis 

I 

the virus in the human host but not for viral 
The large genome of herpes simplex virus type 1 (HSV-1) encodes at least 80 
polypeptides, the majority of which have no recognized function. A subgroup of these 
gene products appears to be nonessential for virus replication in cell culture, but 
contributes to the complex life cycle of the virus in the host. To identify such functions, 
a simple insertional mutagenesis method has been used for selective inactivation of 
individual HSV- 1 genes. The bacterial transposon Tn5 was allowed to insert randomly 
into cloned restriction fragments representing the entire short unique (Us) region of 
the HSV-1 genome. Of the 12 open reading frames that were mutagenized with Tn5, 
mutant derivatives of US2, US4, and US5 were recombined into the virus. These three 
genes proved to be nonessential for HSV- 1 replication in Vero (African Green monkey 
kidney) cells and the US4 gene appeared to be involved in viral pathogenesis in the 
central nervous system of mice. This rapid mutagenesis procedure should prove useful 
in exploring the entire HSV- 1 genome as well as the genomes of other complex animal 
viruses. 

replication in cells that do become infected. 
Although the function of most of the de- 
leted genes in the S component is not 
known, the observation that at least two 
(glycoproteins E and G) and possibly more 
(US3, US10, and US11) genes encode 
structural proteins raises a question concern- 
ing the significance of the clustering of so 
many of these "dispensable" genes. One 
hypothesis to explain this clustering is that 
the genes that evolved in the unique se- 
quences of the S component endow HSV 
with ability to survive in the environmental 
niche of its human host rather than to 
replicate or package its genome. Evolution 
of a cluster of genes with such functions T HE CLINICAL MANIFESTATIONS OF 

herpes simplex virus type 1 (HSV-1) 
infection are most often associated 

with orofacial lesions, although infrequent 
cases of encephalitis caused by HSV-1 have 
been reported. Treatment of HSV-1 infec- 
tions is complicated by the ability of this 
pathogen to establish a latent infection in 
the peripheral nervous system of the host, 

growth in cell culture but that nevertheless 
play a role in infection in vivo (2). Mutants 
carrying alterations in such nonessential 
genes are difficult to isolate, due to the 
absence of identifiable phenotypes. Large- 
scale DNA sequencing of the 150-kilobase 
pair HSV-1 genome is currently under way, 
so that many putative HSV-1 genes with 
unknown functions have now been identi- 

would be greatlffacilitated if the progenitor 
of HSV had acquired a DNA fragment in 
which these genes could evolve. The possi- 
bility that the evolutionary herpesvirus pro- 
genitor arose by insertion of a DNA frag- 
ment representing the S component into a 
larger DNA fragment encoding genes essen- 
tial for viral replication was postulated else- 
where (2, 22). 

Note added in pro@ Subsequent to the 
submission of this report we deleted US7 
and showed that it specifies a novel glyco- 
protein designated by the letter I (glycopro- 
tein I) (23). 

whiih piovides a reservo; of virus for recur- p, C, Weber and J ,  C, Glorioso, Unit for Laboratow 
rent lesions ( I ) .  It is probable that specific Animal Medicine, University of Michigan Medicd 

viral functions are involved in both latency $ h ~ ~ i n ~ D ~ , b ~ ~ ~ , 4 f ~ ~ ~ o b i o 1 0  and Immvnolo~ 

and pathogenesis within the nervous System. p, Department of Human Genetics, Ziversity of Mich- 
Indeed, a number of HSV-1 genes have lgm Medical School, Ann Arbor, MI 48109. 

been described that are not essential for *To whomcorrespondence should be addressed. 
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Fig. 1. Tn5 mutagenesis 
of the short unique re- 
gion of the HSV-1 
genome. (A) Expansion 
of the 13-kb short 
unique (Us) region of 
the HSV-1 genome. (B) 
The 12 genes of Us, as 
determined by DNA se- 
quence and RNA tran- 
script analysis (4). US1 
and US12 encode the 
immediate early proteins 
ICP22 and ICP47, re- 
spectively (10); US4, 
US6, and US8 encode 
the glycoproteins gG, 
gD, and gE, respectively 
(11); and US9 encodes a 
vlnon phosphoprotein 
(12). The functions and - 

I 1 products of the re- ' pFHlOO ' 
1 maining six genes are ' pSG25 - 8364 B unknown, although US3 
71 may be a protein kinase 
S p ~ 0 2 5 - ~ ~ l l  E (13), US5 and US7 may 

be glycoprotcins (4), 
and US1 1 may be a DNA biding protein (14). (C) Location of Tn5 insertion mutations within the Us 
region. The three Tn5 insertions that were recombined into HSV-1 in this work are indicated. (D) 
Cloned restriction fragments used in Tn5 mutagenesis experiments. pFHlOO is the Bam HI n fragment 
cloned in pBR322, pSG25-B364 is the Bam HI j fragment cloned in pBR325, and pSG25-SEll is a 
3.7-kb Sal IIEco RI fragment spanning Bam HI fragments x and z cloned in pBR325 (15). 

fied. A simple method for insertional muta- 
genesis of these genes by means of the 
bacterial transposon Tn5 is presented here, 
so that viral functions that are dispensable 
for growth in vitro, but that may be essential 
for replication in the natural host, can be 
readily discerned. 

Tn5, a transposable element carrying a 

(Barn HI n) 

A 
4.9- 

(pBR322)d 

Tn 5 4.4 

kanamycin resistance marker, has been used 
extensively for insertional mutagenesis in 
prokaryotes (3). The random insemon of 
Tn5 into a gene results in truncation of the 
corresponding gene product, due to the 
presence of amber codons in all three read- 
ing frames of the transposon termini. The 
short unique (Us) component of the HSV- 1 

genome (Fig. 1A) was chosen for study for 
two reasons: (i) its DNA sequence and 
RNA transcripts have recently been deter- 
mined (4), and (ii) it is likely to contain a 
number of nonessential genes, since two 
deletion mutations in Us have been mapped 
(5) and no temperature-sensitive mutants in 
Us have yet been found. The Us region 
consists of 12 genes, most of which have 
uncharacterized functions (Fig. 1B). 

Three cloned restriction fragments span- 
ning the entire Us region (Fig. 1D) were 
mutagenized by infecting plasmid-carrying 
Eschckhh wli DH1 cells with the defective 
phage A467::TnS and selecting for kanamy- 
cin resistance as described (3). The positions 
of Tn5 insertions within a plasmid can be 
accurately and unambiguo&ly determined 
with only two restriction enzymes (Fig. 2). 
About 60 random Tn5 insemons from three 
mutagenesis experiments were mapped 
throughout Us in this manner (Fig. 1C). 
Mutations near the 5' ends of individual 
genes were selected for incorporation into 
the viral genome by homologous recombi- 
nation between mutant plasmid and HSV-1 
genomic DNA. The procedures used for 
cotransfection of DNA into Vero cells, as 
well as for detection of viral recombinants 
by an in situ plaque hybridization assay 
(with radiolabeled restriction fragments of 
Tn5 as a probe) were described previously 
(6). DNA was then isolated from plaque- 
~urified recombinant viruses to verifv the 
presence of Tn5 in the correct position in 
the HSV-1 genome. The initial characteriza- 
tion of three such viral mutants, US2::Tn5, 
US4::TnS. and US5::TnS is described. 

Since accurate mapping of the Tn5 inser- 
tions had already been carried out on the 

Fig. 2. Mapping of Tn5 insertions within the 
Bam HI n fragment of the HSV-1 Us region. 
pFHlOO consists of the 4.9-kb Bam H I  n frag- 
ment cloned into pBR322. The exact locations of 
11 Tn5 insertions within Bam HI n (A) were 
determined by digesting pFH100::TnS isolates 
with Bam H I  and Hind 111. These represent a 
sample of the total number of Tn5 insertions 
isolated within pFHlOO (Fig. 1). Digestion with 
Bam HI indicated whether Tn5 had inserted into 
the pBR322 vector (causing a loss of the 4.4-kb 
Bam HI fragment of pFHlOO), or into Bam HI n 
(causing a loss of the 4.9-kb Barn HI fragment of 
pFH100, as illustrated in the agarose gel in B). 
Bam HI digestion was also useful in the initial 
mapping of the Tn5 insertions, since a single Bam 
HI site maps approximately in the center of the 
transposon (that is, 2.7 kb from the end of Tn5). 
More accurate and unambiguous mapping of the 
Tn5 insertions was obtained by performing Hind 
I11 digests on pFHlOO::Tn5 DNA, since Hind 
I11 sites map exactly 1.2 kb from each end of the 
transposon. (IS50 and Kmr are the inverted inser- 
tion sequences and the kanamycin resistance gene 
present in Tn5, respectively; B, Bam HI site; H, 
Hind I11 site; USl, US2, and US3 are open 
reading frames within the Us region. 
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plasmids, only one restriction enzyme digest 
of the mutant viral DNA was necessary to 
confirm the proper recombination of Tn5 
into the viral genome. If the Tn5 insertions 
in genes US2, US4, and US5 recombined 
correctly into the viral genome, then the 
Hind I11 n fragment (HSV-1 map units 
0.867-0.905) should be replaced by three 
new fragments, because of the presence of 
two Hind 111 sites in Tn5 (Fig. 3A). The 
Hind I11 digests of each of the three viral 
recombinants (Fig. 3B) confirmed the ab- 
sence of the Hind I11 n fragment and the 
presence of three novel Hind I11 fragments 
whose sizes matched those predicted. The 

identity of these novel fragments with Tn5 
was confirmed by hybridization with radio- 
labeled Tn5 restriction fragments (Fig. 3C). 
Thus, the Tn5 insertion mutations that had 
been created in E. mli were transferred to the 
HSV-1 genome at their homologous posi- 
tions, and no additional alterations in the 
viral genome were apparent from these re- 
striction enzyme digests. 

The fact that the three recombinant virus- 
es undergo prpductive infection in vitro 
demonstrates that the US2, US4, and US5 
genes are not essential for HSV-1 replica- 
tion in Vero cells. Studies on the infectivity 
of these viruses (Table 1) show that their 

replication was only slightly impaired at 
both high and low multiplicities, although 
this effect was more pronounced at a low 
multiplicity of infection for US2: :Tn5. This 
mutant also consistently produced smaller 
plaque shes. However, only the US4::TnS 
mutant revealed any defects in the ability to 
replicate in the central nervous system of 
mice (Table 1). It will be necessary to assess 
the abilitv of these viruses to esmblish and 
maintain latent infections in the sensory 
ganglia and to identify missing gene prod- 
ucts encoded by US2, US4, and US5. Of 
these three genes, only US4 has a well- 
defined gene product, which is apparently 
the HSV-1 equivalent of the HSV-2 glyco- 
protein gG (7). The availability of mutations 
in these and other Us genes should greatly 
facilitate the study of the role these functions 
play in the molecular biology of HSV-1 

Table 1.  Growth of HSV-1::Tn5 mutants in Vero cells and the mouse central nervous svstem. 

MOI = 1.0 
Virus Titer Fold reduction 

(PFU/ml)* in yield 

HSV-l(K0S) 1.0 X 10' 
US2::Tn5 2.6 x lo7 3.9 
US4: :Tn5 3.3 x lo7 3.0 
US5::Tn5 3.9 x lo7 2.6 

MOI = 0.01 
Titer 

Titer Fold reduction (LD,)t 
(PFU/ml)* in yield infections. 

The Tn5 mutagenesis method offers a 
number of distinct advantages over other 
HSV-1 insertional mutagenesis procedures. 
The site-specific thymidine kinase gene in- 
sertion/deletion technique (8) involves syn- 
thesis of complicated plasmid constructions 
that must be recombined into the viral 
genome through a series of cotransfection 
experiments. The mini-Mu method (9) re- 
quires a multistep mutagenesis procedure in 
E. d i ,  and then extensive restriction enzyme 
mapping of assorted mini-Mu insertions af- 
ter they have been recombined into the viral 
genome. In contrast, the Tn5 method in- 
volves relatively few steps and requires only 
two restriction enzymes for the mapping of 
Tn5 insertions. These insertions are mapped 
in the plasmid DNA, which allows the 
choice of the mutation to be introduced into 

*Titen represent the yield of virus from a 60-mm dish of Vero cells infected at the indicated multi licitv MOI, 
multiplicitv of mfeaion; PFIJ, pla ue formtng units.) +Titers represent the m d a n  lethal dose (!Dm) b$ virus 
after mtraierebral inoculation into 8~h2 mice, determined by the methods of Kumel n al. (16). Briefly, each of five 
mice was injected intracereb? with vi? doses rangin from 10' to 106 PFU in half-loglo increments. The animals 
were observed daily for si s o  newologc diseax. ~ e a t k  due to viral encephalitis was confirmed by histopathological 
examination and occurre%tween 3 and 5 days for all viruses except for the US4::Tn5 mutant (between 4 and 7 
days). 

G 
O m ,  Y c c  
- k k  s f ; +  
m c n c n  z 3 3  

the viral genome. In this way, individual 
genes can be "targeted" for mutagenesis. In 
addition, recombinant viruses are detected 

(predicted l fragments: : 

. - by in situ hybridization, so that selective 
pressure is avoided. The three mutant virus- 
es described here have retained their inserted 
transposons over repeated passages, indicat- 
ing that the Tn5 mutations appear to be 
quite stable, and, apart from the inactivation 
of a specific gene, the presence of Tn5 
apparently does not interfere with other 
viral replicative functions. 

Modifications of this Tn5 method may 

ui 

fragments: (predicted t5 kb) 

enhance the usefulness of this technique. 
For example, the availability of transfo*ed 
cell lines for use as host range systems will 
make it possible to propagate viruses with 
Tn5 insertions in genes essential for replica- 
tion. Also, studies on the functional do- 
mains of important HSV-1 proteins can be 
initiated bv means of a series of Tn5 inser- 

(predicted fragments: 5.55, 3.4, 1.75 kb) 

Fig. 3. Mapping of Tn5 insertions within the HSV-1 genome. (A) Location of the Tn5 insertions 
US2::Tn5 (I),  US4::Tn5 (2), and US5::Tn5 (3) within the Hind 111 n fragment of the HSV-1 genome 
and the predicted sizes of novel Hind I11 fragments expected in recombinant HSV-l::Tn5 viruses. (B) 
Hind 111 digests of recombinant HSV-1: :Tn5 viruses, revealing the loss of the Hind 111 n fragment and 
the appearance of the three novel Hind I11 fragments predicted in (A) for each virus. (C) Hybridization 
of novel HSV-1::Tn5 Hind 111 fragments to a Tn5 probe. The gel in (B) was transferred to Gene Screen 
Plus (NENIDupont) and hybridized with the 1.0- and 1.1-kb Pst I fragments of Tn5 (3), which were 
made radioactive by nick translation. These fragments are derived primarily from, and therefore show 
the strongest hybridization to, the 3.4-kb Hind 111 fragment of Tn5. 

tions within a given gene to generate a series 
of truncated gene products for analysis. Fi- 
nally, a marker such as the p-galactosidase 
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gene could be inserted into Tn5, which 
would aid in the detection of recombinant 
viruses and could be used as a probe for 
tracing the extent of viral infection in the 
host. Thus, it appears that the Tn5 muta- 
genesis procedure described here will be 
applicable for analyzing large numbers of 
genes in HSV-1, and in other animal viruses 
with large complex genomes. 
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Distribution of Cones in Human and Monkey Retina: 
Individual Variability and Radial Asymmetry 

The distribution of photoreceptors is known for only one complete human retina and 
for the cardinal meridians only in the macaque monkey retina. Cones can be mapped in 
computer-reconstructed whole mounts of human and monkey retina. A 2.9-fold range 
in maximum cone density in the foveas of young adult human eyes may contribute to 
individual differences in acuity. Cone distribution is radially asymmetrical about the 
fovea in both species, as previously described for the distribution of retinal ganglion 
cells and for lines of visual isosensitivity. Cone density was greater in the nasal than in 
the temporal peripheral retina, and this nasotemporal asymmetry was more pro- 
nounced in monkey than in human retina. 

T HE TOPOGRAPHIC DISTRIBUTION, is used widely as a model of the human 
size, and packing geometry of photo- visual system, it is important to compare 
receptors contribute to the function- macaque and human retinas by similar 

al grain of the primate retina. Most of what methods. There is considerable information 
is known about these variables in the human on behaviorally measured visual develop- 
retina comes from the classic study of aster- 
berg ( I ) ,  but sampling gaps in that study 
have left our understanding of photorecep- 
tor topography incomplete. In the fovea, the 
region responsible for acute vision, only a 
small strip of the temporal horizontal merid- 
ian was examined. A large portion of the 
inferior peripheral retina was not available 
for analysis. Furthermore, because only one 
retina was studied, variability in either the 
overall pattern or absolute values of the 
photoreceptor map remains unknown. Sev- 
eral estimates exist for the maximum density 
of cones in the young adult fovea (2,3), but 
each of these histological studies also includ- 
ed only one eye. 

Because the Old World macaque monkey 

Flg. 1.  Optical sections through cone inner seg- 
ments at the center of the fovea in human retinas 
with (A) high peak density ( H l )  and (B) low 
peak density (H2). Micrographs are the same 
dimensions as the counting field. Bar, 10 km. 
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ment (4) in Macaca nemestvina, but little 
information about retinal anatomy. Topo- 
graphic data are available for the retina of 
M. mulatta and M. fmcinclaris, but most of 
the data are confined to the fovea (3, 5 )  or 
the horizontal and vertical meridians (HM 
and VM) (6, 7). As far as we know, no 
complete topographic description is avail- 
able for any macaque retina. 

We have developed tissue and computa- 
tional techniques (8, 9) to facilitate the 
collection and analysis of topographic data 
from four human and two M ,  nemeshl'na 
retinas. Our data represent the first photo- 
receptor maps for the human retina since 
asterberg's study and the first ever for the 
monkey retina. We describe the distribution 
of cones in these two species, extending the 
previously described topography and pro- 
viding new evidence for radial asymmetry 
and individual variability. 

Four human retinas (H1  to H4) were 
obtained from eve bank donors under 45 
years of age without history of eye disease. 
Eyes were fixed in phosphate-buffered 4% 
paraformaldehyde and 0.5% glutaraldehyde 
within 3 hours of death. Eyes were inspect- 
ed under the dissecting microscope to ex- 
clude ocular disease and postmortem retinal 
folds. Two M. nemestrina eyes (Ml  and 
M2), obtained from the Regional Primate 
Research Center, were enucleated under 
deep barbiturate anesthesia. The eyes were 
injected intravitreally with phosphate-buff- 
ered 4% paraformaldehyde and immersed in 
the same fixative within 10 minutes after 
being removed (10). 

Eyes were trisected into a belt containing 
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