
gas isotopes, can be summarized as fol- 
lows. The glass droplets from the bottom 
of core 7400112 were produced, probably 
by lava fountaining, 3.63 x lo9 years 
ago, a few tens of million years after the 
end of the lava flooding of Mare Seren- 
itatis. Immediately or soon afterward, 
they were exposed to cosmic rays for 
about 38 million years. After this preex- 
posure, the glass layer was completely 
shielded from cosmic rays by a layer 
several meters thick and was reexcavat- 
ed by the impact that created Shorty 
Crater 17 million ,years ago. Since that 
time, the orange and black glasses re- 
mained undisturbed until collection. 
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Crystalline Todorokite Associated with 
Biogenic Debris in Manganese Nodules 

Abstract. Platy intergrowths of crystalline todorokite are associated with biogenic 
debris in the cores of manganese nodules from a site in the PaciJic Ocean. Analyses 
by electron diffraction and transmission electron microscopy demonstrate that this 
material is composed of tunnels of chains of linked Mn06 octahedra. The chemical 
composition, morphology, and stability of the todorokite differ from those of nickel- 
and copper-rich manganese oxides in nodules that have been identified as todorokite 
or buserite in earlier investigations. 

The identities and structures of man- 
ganese oxyhydroxide phases in marine 
manganese nodules have been debated 
extensively for more than three decades 
(1). The phases are cryptocrystalline and 
intergrown on a microscopic scale with 
iron oxyhydroxides, biogenic debris, 
and aluminosilicate grains. The lack of 
suitable homogeneous samples has se- 
verely hampered mineralogical studies 
and structural interpretation. A question 
of particular interest is the identity of the 
host phase and the structural sites of 
copper and nickel in manganese nodules. 
X-ray diffraction patterns of this phase 
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characteristically contain reflections ~t 
approximately 9.6, 4.8, 3.2, and 2.4 A. 
This material, which we call a "10-A 
phase," has been compared to both to- 
dorokite (1, 2), a tektomanganate, and 
buserite, a phyllomanganate (3). 

Recently, Chukhrov et al. (4) present- 
ed electron diffraction data and transmis- 
sion electron micrographs o< crystalline 
todorokite with a0 = 14.6 A from the 
core of a Pacific Basin nodule. Siege1 (5, 
6) identified fibrous todorokite with 
a. = 9.8 A in the cores of manganese 
nodules by scanning electron microsco- 
py and electron diffraction. Recently, 

Turner et al. have shown by means of 
structural imaging with high-resolution 
transmission electron microscopy that 
the structure of this material is the same 
as that of samples of todorokite from 
terrestrial locales (7, 8). The purpose of 
this report is to describe the chemistry, 
morphology, and geological occurrence 
of crystalline todorokite associated with 
biogenic debris in nodules from the north 
equatorial Pacific Ocean. 

The samples were taken from free-fall 
grabs at station 19 of the Manganese 
Nodule Program BOMDROP cruise 
MN75-03. This station is centered at 
approximately 140°W, 1 1°N and includes 
Site S of the present Manganese Nodule 
Project (MANOP). The geology of this 
site has been described in (6, 9). Nodules 
containing cores composed of crystalline 
todorokite are found almost exclusively 
in free-fall grabs located near the base of 
a series of fault scarps where indurated 
carbonate sediment is exposed. Nodules 
in which the crystalline todorokite was 
found are small (average diameter, 1.6 
cm), are spheroidal or polyspheroidal in 
shape, and have smooth surface tex- 
tures. 

A polished cross section of a nodule 
from free-fall grab MN75-03-FFG001 is 
shown in Fig. la. The crystalline oxide 
core is more highly reflective and homo- 
geneous than the mottled and laminated 
zones of the outer layers of the nodule. 
Partial chemical compositions obtained 
from quantitative microprobe analyses 
of the core and outer layers are shown in 
Table 1 (10). The presence of todorokite 
in the nodule cores was initially deter- 
mined by x-ray powder diffraction stud- 
ies. An orthorhombic unit cell with lat- 
tice constants of a0 = 9.82 A, bo = 2.89 
A, and co = 9.59 A was calculated with a 
least-squares refinement of the positions 
of 14 reflections (11). 

Scanning electron micrographs (5, 6) 
show that these cores are composed al- 
most entirely of molds of biogenic debris 
(Fig. lb). Well-preserved molds of dis- 
coasters and coccoliths are common, 
and impressions of Radiolaria also oc- 
cur. Element mapping by energy-disper- 
sive analysis of emitted x-rays (5, 6) 
showed that the material is almost entire- 
ly manganese oxide; very little of the 
biogenic SiOz or CaC03 remains. Nee- 
dles of manganese oxide and platy inter- 
growths with pseudohexagonal symme- 
try are shown in Fig. lc. Transmission 
electron micrographs (12) show that the 
bulk of the material within these nodule 
cores is composed of plates with fine- 
scale hexagonal trillings (Fig. Id). Se- 
lected-area electron diffraction patterns 
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obtained from this material (Fig. le) are 
similar to those obtained from samples of 
terrestrial todorokite (2, 4). The high 
degree of ordering of the trigonal twin- 
ning contributes to the strong hexagonal 
reflections of the pattern produced by 
the superposition of three reciprocal lat- 
tices rotated 120" relative to one another. 
A high-resolution structural image of the 
todorokite in the nodule cores is shown 
in Fig. If. In this photograph almost all 
the todorokite fibers are oriented per- 
pendicular to the electron beam direc- 
tion. Widths of double through septuple 
chains of Mn06 octahedra can be ob- 
served. Triple chains predominate (Fig. 
If), leading to the characteristic a. spac- 
ing of about 9.6 A. 

We observed several physical and 
chemical characteristics of the marine 
todorokite that may be significant in un- 
derstanding the paragenesis of this min- 
eral. The chemical composition and 
physical properties of the todorokite in 
the nodule nuclei differ from those .of a 
10-A phase in the nickel- and copper-rich 
outer layers of the nodule. In Table 1 the 
composition of the todorokite core is 

Table 1. Partial electron microprobe analyses 
of todorokite cores and other manganese ox- 
ide layers (oxide weight percentages). 

phase in nodules dehydrates in a vacuum 
or air to birnessite or vernadite (1,4, 13). 
We have observed that, although this 
transformation occurs for the 10-A phase 
in the outer layers, the todorokite in the 
nodule nuclei is stable in a vacuum and 
under an electron beam. Samples stored 
in a desiccator for several years did not 
dehydrate. The enhanced stability of the 
todorokite in the core relative to that of 
the 10-A phase in the outer layers may be 
related to the higher concentrations of 
the large cations barium and potassium 
in the sites within the tunnels of the 
todorokite structure. High concentra- 
tions of these cations stabilize manga- 
nese oxides with tunnel structures such 
as hollandite and romanechite relative to 
phases with other structure types (15). 
Chukhrov et. al. (4) and Turner and 
Buseck (8) have observed todorokite in- 
tergrowths with a variety of tunnel di- 
mensions. Intergrowths from different 
chemical environments may have differ- 
ent predominant tunnel sizes. The pres- 
ence of locally high concentrations of 
potassium or barium in seawater may 
favor the formation of tunnels with 

Oxide Todoro- 10-b; 
kite* phaset 

Mn02 74.0 66.2 
NiO 0.2 3.8 
CuO 1.5 2.8 
CaO 0.6 1.7 
Mgo 3.0 4.9 
Al2O3 + Si02 2.8 8.5 
BaO 1.3 0.2 

*Mean of 23 analyses from todorokite in area 3 of 
Fig. la. Mean of 20 analyses from layers con- 
taining a 10-1 phase in areas I and 2 in Fig. la. 

compared to that of layers of a manga- 
nese oxide that is similar in appearance 
and composition to the 10-A phase de- 
scribed in (1, 13, 14). Relative to the 
other 10-A phase, the todorokite con- 
tains higher concentrations of manga- 
nese, barium, and potassium; lower con- 
centrations of iron and copper; and much 
smaller amounts of nickel. 

We were unable to identify todorokite 
in the outer layers of the nodule. Many 
workers have reported that the 10-A 

Fig. 1. (a) Polished cross section of a nodule (MN75-03-001-23B) with a core of crystalline todorokite (area 3). (b) Mold of coccolith shield and 
surrounding material composed of intergrowths of todorokite needles in the nodule core. (c) Close-up of todorokite needles and platy 
intergrowths. (d) Transmission electron micr~graph~of a plate of twinned todorokite. (e) Selected-area diffraction pattern of a plate of twinned 
todorokite. The arrow marks the maximum at 4.8 A-' .  The streaking along the a* direction indicates disorder at distances greater than 4.8 A 
along Z (0 High-resolution transmission electron micrograph of marine todorokite from the area indicated in (d). Chains of different widths are 
marked; triple chains are the most common unit. 
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smaller dimensions relative to larger, 
less stable tunnels or sheet structures. 
Further examination of marine and ter- 
restrial todorokite by high-resolution im- 
aging and concurrent chemical micro- 
analysis is necessary to determine if a 
relationship exists between chemical 
composition and tunnel dimensions. 
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Recombination During Gene Transfer into Mouse Cells 
Can Restore the Function of Deleted Genes 

Abstract. Two plasmids containing nonoverlapping deletions of the herpes simplex 
virus thymidine kinase gene were introduced into thymidine kinase-de$cient mouse 
L cells by DNA-mediated gene transfer. Thymidine kinase-producing transformants 
were generated by a mixture of the two plasmids at a frequency sign$cantly greater 
than that generated by either plasmid alone. Southern blot analyses demonstrated 
that functional thymidine kinase genes were generated by homologous recombina- 
tion between the two deletion mutants. 

In prokaryotic systems, the integra- 
tion of exogenously added DNA into the 
genome of recipient cells occurs primari- 
ly through homologous recombination 
(1). In eukaryotic cells, integration has 
been studied most extensively in yeast, 
where it occurs both at sites of homology 
and at sites not linked to the cellular 
homolog ( 2 4 ) .  In some cases, genes are 
integrated by double crossover events to 
replace the cellular gene (4). 

Previous experiments in which DNA 
was introduced into mammalian cells 
and embryos demonstrated that exoge- 
nous DNA integrated at many sites in the 
genome (5-9), so that the integrations 
appeared random. An apparent absence 
of homologous recombination might be 
explained by several hypotheses. 

I )  In experiments in which calcium 

phosphate was coprecipitated with 
DNA, large complexes of the input DNA 
(termed pekelasomes or transgenomes) 
were found in the recipient cell (5, 8, 9). 
Since most transfer experiments include 
whole cell DNA either as a carrier or 
donor, integration at sites homologous to 
the DNA in the transgenome could occur 
at many sites and appear random. 

2) In many systems, including the 
widely used thymidine kinase (TK) gene 
of herpes simplex virus (HSV), no DNA 
in the recipient cell was homologous to 
the selected exogenous gene. Therefore, 
even if homologous recombination were 
possible, it would not have been detect- 
ed. 

3) The mammalian genome is 750 
times larger than the Escherichia coli 
genome (lo), so that even if a homolo- 

gous gene were the most common inte- 
gration site, the sum of integration 
events at sites of partial or no homology 
might be greater. 

Sister chromatid exchange, meiotic re- 
combination, immunoglobulin gene rear- 
rangements (1 1-13), and the demonstra- 
tion of recombination between SV40 
molecules (14) suggest that the machin- 
ery necessary for homologous recombi- 
nation is present in mammalian cells. 
Recombination between independent 
molecules has been detected during gene 
transfer (15), but previous experiments 
did not distinguish between random and 
homologous recombination. We now de- 
scribe experiments designed to deter- 
mine whether homologous recombina- 
tion could occur between two plasmids 
containing nonoverlapping deletions in 
the T K  gene during DNA-mediated gene 
transfer. 

Two deletion mutants of the HSV TK 
gene were cloned into the plasmid 
pBR322 (see Fig. 1C). The functionally 
wild-type plasmid, pTK- 109 (referred to 
herein as - 109), contains a 1.7 kilobase 
pair (kbp) fragment of HSV DNA that 
includes an intact structural T K  gene and 
its 5'  control region. One deletion mu- 
tant, vTK+25 (herein referred to as 
+25), h a s  a 5' deletion extending to 25 
base pairs (bp) beyond the cap site. It 
has an intact structural gene but lacks all 
important 5'  control sites (16). The sec- 
ond deletion mutant, pTKA23 (referred 
to as A23) was prepared by digestion of 
- 109 with the restriction endonuclease 
Kpn I ,  which cuts the plasmid once 
within the TK structural gene (Fig. 1C). 
The DNA was digested with S1 nuclease 
to remove the 4-base single-stranded 
ends and then ligated. This procedure 
generated a small deletion within the TK 
structi~ral gene and left the 5' control 
region intact (Fig. 1C). Both +25 and 
A23 are deletion mutants of the function- 
al parental gene, - 109, with +25 missing 
the 5'  sequences that regulate transcrip- 
tion and A23 having a small deletion 
within the TK structural gene. 

Each of the plasmids alone and a mix- 
ture of +25 and A23 were precipitated 
onto cells of the TK-deficient mouse L 
cell line, Ltk-, in the absence of carrier 
DNA. The number of thymidine kinase- 
producing (TK') colonies generated by 
each plasmid or mixture is given in Table 
1. The 5'  deletion mutant +25 generated 
colonies at a frequency 90-fold less than 
that of the wild type, and A23 generated 
no colonies in any experiments. The 
mixture of +25 and A23 generated colo- 
nies at a frequency ninefold lower than 
that of the wild-type control and tenfold 
higher than that of +25 alone. 
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