26. C. D. Winker, Gulf Coast Section Soc. of Econ.
Paleontol. Mineral. 5th Annual Research Conference
Austin, TX (1982), p. 109.

27. In depths shallower than about 50 m, we would
expect to see more evidence of wave activity; in
depths >100 m, the coarse bed would be even more
remarkable.

28. We estimated the shear velocity (U.) necessary to
erode and transport a clast 20 by 100 cm in cross
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about 0.25 cm/s) would settle out of 100 m of water
in about 12 hours; the silt and clay would take a few
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39. In the present Gulf of Mexico, typical fair-weather
wave periods are 3 to 6 s; storms produce waves
with periods of 8 to 10 s. Differing paleogeography,
that is, greater fetch, could produce larger waves, as
in the modern Pacific, which has the largest mea-
sured waves.

40. We thank W. Gose, G. Keller, and W. V. Sliter for
sharing unpublished data; J. D. Smith for discus-
sions about waves and sediment-transport calcula-

tions; B. Atwater for reviewing an early version of
this manuscript; and A. D. Donovan and J. Rein-
hardt for sharing information about the Braggs,
Alabama, locality. This research was supported in
part by donors to the Petroleum Research Fund of
the American Chemical Society (to ]J.B.) and NSF
grant EAR-8411202 (to T.A.H. and EGK.).

23 May 1988; accepted 6 July 1988

DNAs of the Two Mating-Type Alleles of Neurospora
crassa Are Highly Dissimilar

N. Louise GLaAss, STEVEN J. VOLLMER,* CHUCK STABEN,
JEFF GROTELUESCHEN, ROBERT L. METZENBERG, CHARLES YANOFSKY

The mating-type alleles A and a of Neurospora crassa control mating in the sexual cycle
and function in establishing heterokaryon incompatibility in the vegetative cycle. The
A and a alleles were cloned, and they were shown to encode both the sexual functions
and vegetative incompatibility. The mating-type clones contain nonhomologous DNA
segments that are flanked by common DNA sequences. Neurospora crassa and all
heterothallic and pseudohomothallic Neurospora species contain a single copy of one
mating-type sequence or the other within each haploid genome. The six known self-
fertile homothallic isolates contain an A homolog, but only one species also contains a
homologous sequences. Homothallism in these species is not due to mating-type
switching, as it is in Saccharomyces cerevisiae.

EUROSPORA CRASSA 1S A HAPLOID

heterothallic filamentous fungus;

its two mating types are designated
A and a (1, 2). Fusion of cells of opposite
mating type initiates a series of developmen-
tal events leading to the formation of a
fruiting body (perithecium) containing
many asci, each with ascospores that bear
the haploid products of meiosis. There is no
visible difference between strains of the two

mating types, and otherwise nearly isogenic
strains will mate provided that they are of

N. L. Glass, J. Grotelueschen, R. L. Metzenberg, De-
partment of Physiological Chemistry, University of Wis-
consin, Madison, WI 53706.

S. J. Vollmer, C. Staben, C. Yanofsky, Department of
Biological Sciences, Stanford University, Stanford, CA
94305.

*Present address: CODON, 213 East Grand Avenue,
South San Francisco, CA 94080.

Fig. 1. Transformation of a™!, ad-3B, cyh-1 (FGSC 4564) (8)
spheroplasts (6) by pSV50 and pSV6:10A. DNA (2.5 pg) of
pSV50 (encoding an altered B-tubulin that confers resistance to
benomyl) (6, 9) or PSV6:10A (encoding both altered B-tubulin
and A mating-type function) were introduced by transforma-
tion. Transformation plates containing 0.5 pg/ml benomyl were
incubated at 30°C for 4 days after plating. Whatman 1 filter
paper was placed on the agar surface, and transformants were
allowed to grow into the filters for 12 hours. The filters were
then transferred to plates containing an a mating-type tester
inoculated 4 days previously with the highly fertile nonconidiat-
ing strain fI¥ a (FGSC 4347). The plates were incubated at 25°C
for 4 days. Transformants carrying pSV6:10A express the A
mating-type function and induce the formation of black perithe-
cia in the fi¥ a lawn. The location of the mating-type A function
was determined by transformation of a™ spheroplasts with
restriction fragments of pSV6:10A. Cosmid pSV6:10A was
digested with various restriction enzymes and the digests were
used in conjunction with the benomyl resistance vector, pSV50,
to cotransform the a™" recipient. Previous studies demonstrated
that approximately 80% of transformed Neurospora spheroplasts
are cotransformed when two separate DNA fragments are used
simultaneously; a selectable marker is necessary in only one of
the fragments (6). Benomyl-resistant transformants that receive
a functionally intact A gene (that is, one not disrupted by
cleavage with a restriction enzyme) initiate perithecium develop-

a™ transformant X 1P a

ment when crossed to a mating-type protoperithecia. Restriction fragments that induced perithecium
development were subcloned into pGem vectors (Promega Biotec, Inc.).
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Fig. 2. Comparison of
the restriction maps of P
the cloned A and a mat- Rll:"
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A or a mating-type activity are restriction fragments from the A-specific or a-specific regions that confer
the capacity to induce perithecium formation when transformed into sterile mutants.

opposite mating type. In addition to their
role in sexual reproduction, the mating-type
alleles determine vegetative incompatibility;
if cells of opposite mating type fuse on
medium inappropriate for mating, the re-
sulting heterokaryotic cells die (3). No mu-
tations or recombinational events convert-
ing one mating type to the other or to a state
of self-fertility have been observed (4). This
contrasts with the situation in Saccharomyces
cerevisiae, in which mating-type switching
makes yeast operationally “self-fertile” or
homothallic (5).

The genus Neurospora includes heterothal-
lic species (mating-type alleles present in
separate ascospores), pseudohomothallic
species (both mating types present in a
single ascospore, but in separate nuclei, thus
giving the appearance of being self-fertile),
and true homothallic species (each haploid
nucleus generates a self-fertile organism)
(1). We describe here the cloning and the
physical characterization of the A and 4
mating loci of N. crassa and the allele distri-
bution in heterothallic and homothallic Neu-
rospora species.

The mating-type alleles of N. crassa pro-
vide no obvious basis for phenotypic selec-
tion in DNA-mediated transformation.
Therefore, we cloned A DNA by exploiting
its proximity to its closest selectable genetic
marker, the temperature-sensitive mutation
un-3. One cosmid from a clonal A mating-
type library (6), pSV6:10A, allowed the un-
3 recipient to grow at the restrictive tem-
perature. The chromosomal origin of the N.
crassa DNA insert in pSV6:10A was located
by restriction fragment length polymor-
phism (RFLP) mapping (7); the polymor-
phism segregated with mating type in all
progeny. The presence of a functional A
allele on pSV6:10A was demonstrated by
its ability to confer A mating behavior by
DNA-mediated transformation of a sterile
recipient [Fungal Genetic Stock Center
(FGSC) 4564] mutated at the mating-type
locus (8) (Fig. 1). A 4.4-kbp fragment from
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pSV6:10A (Fig. 2) contains DNA unique
to A cells and has all the information neces-
sary to transform the a™! sterile mutant to
function as mating type A: namely, to form
perithecia in crosses with a strains.

DNA encoding the wild-type a mating
determinant was detected in a bacteriophage
A1 library that contains randomly sheared
fragments from an a strain (FGSC 3460).
The cosmid pSV6:10A was used to probe
for DNA sequences common to ¢ and A
that flank the DNA that is unique to A.
Phage DNA that hybndlzcd to pSV6:10A
transformed an A recipient (FGSC 2338) to
a mating-type behavior, that is, it acquired
the ability to mate with an A parter. The 4
mating-type sequences responsible for peri-
thecium induction reside on a 4.5-kbp frag-
ment unique to a (Fig. 2). Insertion of the
A-specific fragment or the a-specific frag-
ment into appropriate N. crassa recipients by
transformation confers the ability to mate
with the specificity corresponding to the
inserted DNA. Fragments containing the
functional A and a mating-type regions are
structurally distinct (Fig. 2). The a-specific
and A-specific DNA segments do not hy-
bridize to each other except under very low
stringency (0.6M NaCl, 37°C). Not all of
the A-specific or a-specific sequence is neces-
sary for conferring the ability to form peri-
thecia. Transformation by a 1.7-kbp Pst I-
Sal I fragment from within the 4.4 kbp of
A-specific DNA is sufficient to confer A
mating-type function on a sterile recipient; a
2.0-kbp Eco RV-Bam HI fragment from
within the ¢-specific mating-type region is
sufficient to confer 4 mating-type function
(Fig. 2). Transformation by other restric-
tion fragments from the A and a mating-
type regions into N. crassa sterile mutants
does not induce any detectable mating reac-
tions.

A central question about the mating sys-
tem of N. crassa is whether a strain of a given
mating type contains unexpressed genetic
information of the opposite mating type.

Mating behavior in S. cerevisiae is deter-
mined by the gene present at the expressed
mating-type locus (either a or o). Swn:chmg
of mating types occurs by a mechanism in
which information from a “silent” copy of
the opposite mating type is moved from
elsewhere in the genome into the mating-
type locus (10). In N. crassa, however, the
mating type is stable because information
for the opposite mating type is physically
absent from a haploid genome (Fig. 3). In
addition, the A or 4 mating-type sequences
are present only as a single copy; probes
made from the internal A and a mating-type
regions hybridize only to bands that corre-
spond to internal restriction fragments of
the mating-type region. The region of non-
homology between A and a extends from a
1.0-kbp Eco RI-Sal I fragment to a 0.6-kbp
Eco RV—Pst I fragment, a span of 4.4 kbp
(Fig. 2). Although close sequence similarity
of A and a genomes is reestablished on
either side of the nonhybridizing A and a4
mating-type regions, restriction site differ-
ences do exist in the homologous regions
flanking these sequences, even between iso-
lates of the same mating type.

A A-specific probe B a-specific probe

Hind Il Pstl

Eco RV Hind il Pstl Eco RV

A a SALgEA e AL S

A a A a
i e G
‘W;
4
E

kbp =

Fig. 3. (A) DNA blot of 74-OR23-IVA (FGSC
2489) and ORS-a (FGSC 2490) genomic DNA
(13) cut with Eco RV, Hind III, and Pst I endo-
nucleases, subjected to agarose gel electrophore-
sis, then blotted to Biol0l Genescreen, and
probed with the 1.6-kbp Hind ITI-Sal I fragment
from the A-specific mating-type region (Fig. 2).
The 1.6-kbp Hind III-Sal I fragment had been
isolated from an agarose gel and labeled with 32P
(14). The blots were washed in 0.1 saline sodi-
um citrate (SSC) and 0.1% SDS at 60°C, and the
autoradiogram was exposed at —70°C overnight
with an intensifying screen. (B) DNA blot from
(A) probed with a 2-kbp Eco RV-Bam HI frag-
ment from the a-specific mating-type region (Fig.
2). The radioactive probe was stripped from the
blot in (A) by washing at 42°C in 0.4N NaOH.
The a-specific Eco RV-Bam HI fragment was
isolated and labeled with *2P by random priming
(15). Blots were hybridized overnight in 5x SSC,
50% formamide, and 0.25% dry milk and then
washed in 2X SSC and 0.1% SDS at 42°C. The
autoradiogram was exposed as before at —70°C.
Blots washed in 0.1XSSC and 0.1% SDS at 65°C
yielded identical results.
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The majority of perithecia that develop
from crosses of either A or a mating-type
transformants to protoperithecial lawns are
devoid of asci and ascospores, that is, they
are barren. Approximately 1 to 5% of the
perithecia are fertile, and the ascospores they

Fig. 4. Genomic DNA
(13) from heterothallic
and pseudohomothallic
species of Neurospora was
digested with PstI-
Bam HI  endonucleases
and subjected to agarose
gel electrophoresis.
DNA fragments were
transferred to Biol0Ol
Genescreen and probed
with a nick-translated
(14) Hind I1I-Sal I frag- P
ment from the A-specific o
mating-type region. The 6.6
blot was hybridized,
washed, and exposed as
described in Fig. 3A.
The hybridizing 3.0-kbp
band is the Pstl- 3.0
Bam HI fragment of the
A-specific region (see
Fig. 2). The blot was
(ﬂpcd and reprobed
a 2.0-kbp Fco RV-
Bam HI fragment from
the N. crassa a-specific re-
gion. Hybridization was
detected only in the a

N. crassa A
N. crassa a

<
s
5
3
2

Heterothallic species

produce are viable. The integration pattern
in the fertile progeny we have examined is
explicable as a gene replacement of the a™!
allele with a segment from the transforming
A cosmid. Although the efficiency of gene
replacement is low, all of the information

A-specific probe
Pseudohomothallic
species

N. sitophila A
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N. tetrasperma A
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Fig. 5. (A) Genomic DNA (13) from homothallic species of Neurospora was digested with the restriction
enzymes Pst I and Bam HI, and DNA blots were prepared and probed as in Fig. 3A. The probe was a
t from the A-specific mating-type region. (B) The
radioactive probe was stripped from the blot in (A), and the membrane was rehybridized with a 2.0-kbp

nick-translated (14) 1.6-kbp Hind ITI-Sal I

B  a-specific probe

N. galapagosensis

var. dominicana

N. galapagosensis

var. Isia Santa Cruz
N. lineclata

N. terricola

. N. africana
| N.dodgei

Eco RV-Bam HI fragment from the mating-type a-specific region as in Fig. 3B.
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required for the completion of the sexual
cycle apparently is contained in the A and a
mating-type clones.

The heterokaryon-incompatibility func-
tion associated with the mating-type alleles
is expressed in the vegetative stage; if cells of
the opposite mating type fuse, the resulting
heterokaryotic cells are inhibited in their
growth. Attempts to resolve the heterokary-
on-incompatibility function from the fertil-
ity function of the mating-type locus by
recombination have failed (4), and mutants
selected for heterokaryon compatibility are
almost always sterile [a single exccpuonal
mutant, a®3, was isolated that is hetero-
karyon-compatible and fully fertile (8)]. Re-
version of sterile mutants to fertility is ac-
companied by the restoration of incompati-
bility. Introduction of the 1.7-kbp A mat-
ing-type Pst I-Sal I fragment (Fig. 2) into
spheroplasts from an ¢ mating-type strain
(qa-2;ar0-9a) reduces transformation effi-
ciencies 100-fold as compared to the results
with an A mating-type recipient (ga-2;aro-
9A). Similarly, transformation by the 2.0-
kbp Eco RV-Bam HI 4 mating-type frag-
ment reduces transformation frequency of
the A mating-type recipient compared to
the transformation frequency when the re-
cipient is 4 mating type. An unlinked
suppressor of mating-type vegetative incom-
patibility, tol (11), restores the high transfor-
mation frequency of a fragments in A.
Therefore, the 1.7-kbp A and 2.0-kbp «
mating-type fragments that induce perithe-
cium formation also contain the heterokary-
on-incompatibility function associated with
the mating-type locus. Most of the transfor-
mants that grow when either the A or a
mating-type sequences are used to transform
spheroplasts of the opposite mating type
contain disrupted copies of the ectopic mat-
ing-type sequences. However, a minority of
transformants that contain intact ectopic
mating-type sequences mate as both A and a
and exhibit the growth-inhibited phenotype
associated with mixed mating-type hetero-
karyons. When placed on mating media,
these transformants produce perithecia, al-
though ascospores are not formed.

The genus Neurospora includes species that
have various mating strategies. Like N.
crassa, three heterothallic species, N. discreta,
N. sitophila, and N. intermedia, have two
distinct mating types (1). A pseudohomo-
thallic species, N. tetrasperma, usually harbors
both mating types within a single ascospore,
but in separate haploid nuclei. Such mixed
mating- -type heterokaryons are easily re-
solved into two self-sterile strains of oppo-
site mating type. DNA from each mating
type of N. sitophila, N. intermedia, N. discreta,
and N. tetrasperma was probed at high strin-
gency with cloned A and ¢ DNAs of N.
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crassa. A single DNA fragment in the A
mating-type strains of N. discreta, N. interme-
dia, N. sitophila, and N. tetrasperma hybrid-
ized to the A probe from N. crassa (Fig. 4).
Hybridization of the N. crassa a-specific
probe to A and a genomic fragments could
be detected only in the a genomes of the
related heterothallic and pseudohomothallic
species. Our data show that the two mating-
type sequences are conserved among Neu-
rospora heterothallic and pseudohomothallic
species, although there is some variability of
restriction sites within and around the mat-
ing type—specific regions. As in N. crassa,
there is only a single copy of a mating-type
sequence in any haploid, homokaryotic
strain of the related heterothallic and pseu-
dohomothallic species, and no unexpressed
copy of the opposite mating type.

Six homothallic strains, denominated as
five species, have been placed in the genus
Neurospora (1, 12). Haploid ascospore iso-
lates from any of these species are capable of
completing the sexual cycle. In the homo-
thallic yeasts, mating occurs by the rapid
switching of the a or « cassette to the active
locus by a transposition event (10). To
determine whether such a switching mecha-
nism could also be responsible for homo-
thallism in the genus Neurospora, we isolated
DNA from the six homothallic strains and
probed restriction digests at high and low
stringency with the cloned nonhomologous
segments of the A and a mating-type regions
of N. crassa. Five homothallic strains con-
tained fragments that hybridize only with
the A-specific N. crassa mating-type probe
(Fig. 5A); no hybridization to a-specific
sequences was detected (Fig. 5B). In all of
these homothallic species the size of the
fragment that hybridizes to the A-specific
probe of N. crassa is identical. Thus, in five
of the six homothallic strains all the events
involved in sexual development can occur
with the genetic information associated with
only the A mating type of heterothallic
species; the products of the a and A genes
are not both required for sexual develop-
ment. The genome of the sixth homothallic
strain, N. terricola, contains a segment that
hybridizes to the A-specific probe and a
second segment that hybridizes to the a-
specific probe (Fig. 5, A and B). However,
unlike the situation in yeast, there is only
one copy of each mating type—specific se-
quence. This suggests that homothallism
may function by two different mechanisms
in the genus Neurospora, neither of which
involves mating-type interconversion. In ad-
dition, our findings suggest that expression
of A may be sufficient to activate the genes
or gene products necessary for perithecium
formation and meiosis in at least some ho-
mothallic strains.
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HIV-1-Infected T Cells Show a Selective Signaling
Defect After Perturbation of CD3/Antigen Receptor

GERALD P. LINETTE, ROBERT J. HARTZMAN, JEFFREY A. LEDBETTER,

CarL H. JUNE*

The binding of antigen or monoclonal antibody to the T cell receptor for antigen or the
closely associated CD3 complex causes increases in the concentration of intracellular
ionized calcium and subsequent cell proliferation. By measuring second messenger
production in primary cultures of human immunodeficiency virus (HIV-1)—infected T
cells stimulated with monoclonal antibodies specific for either CD3 or CD2, a specific
impairment of membrane signaling was revealed. The HIV-1—infected T cells were
unable to mobilize Ca®* after stimulation with anti-CD3, whereas CD2-induced
calcium mobilization remained intact. Furthermore, the HIV-1—infected cells prolifer-
ated poorly after CD3 stimulation, although the cells retained normal DNA synthesis
in response to interleukin-2 stimulation. These results show that the signals initiated
by CD2 and CD3 can be regulated independently within the same T cell; uncoupling of
signal transduction after antigen-specific stimulation provides a biochemical mecha-
nism to explain, in part, the profound immunodeficiency of patients with HIV-1

infection.

HE MOST CONSPICUOUS ABNOR-

mality associated with HIV-1 infec-

tion is a quantitative deficiency of
the CD4 helper/inducer T cell (7). The CD4
cell is a major source of lymphokines and is
important for most immunologic functions,
including interactions with nonlymphoid
cells. Among the immunologic defects asso-
ciated with HIV-1 infections are cutaneous
anergy and decreased T cell proliferative
responses after stimulation by soluble anti-
gens such as tetanus toxoid (7). This T cell
defect appears to be qualitative in that im-
munologic unresponsiveness in HIV-1-ser-
opositive patients can occur despite normal
numbers of circulating CD4 T lymphocytes
(2). We have investigated early transmem-

brane signaling events in an effort to further
understand the basis for the impaired re-
sponse of HIV-1—infected T cells to antigen.

In T lymphocytes, the binding of mono-
clonal antibody (mAb) to the CD3 complex
mimics activation via the antigen receptor,
resulting in the production of inositol 1,4,5-
trisphosphate (IP3), increased intracellular
ionized Ca®* concentration ([Ca?*];), and
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