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freshwater stingrays does not occur along

the Pacific coast of South America (Fig. 1b).
Adiverse cross-section of the South Amer-

ican river fauna, including dolphins, fishes,

crabs and snails, appear to be derived from

marine ancestors. If these taxa originated

contemporaneously with freshwater sting-

rays, the Miocene marine transgressions of

South Americawill have had aprofound effect

on the diversification and structuring of

neotropical communities.

Nathan R. Lovejoy*,

Eldredge Berminghamt, Andrew P. Martin}

*Section of Ecology and Systematics,

Corson Hall, Cornell University,

Ithaca, New York 14853-2701, USA

tSmithsonian Tropical Research Institute,

Naos Marine Laboratory,

PO Box 2072, Balboa, Republic of Panama

tDepartment of EPOB, CB 334,

University of Colorado,

Boulder, Colorado 80309, USA

e-mail: am@stripe.colorado.edu

1. Roberts, T. R. Bull. Mus. Comp. Zool. 143, 117-147 (1972).

2. Hoorn, C. et al. Geology 23, 237-240 (1995).

3. Lundberg, J. G. et al. in Phylogeny and Classification of
Neotropical Fishes (eds Malabarba, L. R., Reis, R. E., Vari, R. P,
Lucena, C. A. S. & Lucena, Z. M. S.) (Museu de Ciéncias e
Tecnologia, Porto Alegre, Brazil, in the press).

4. Nuttall, C. P. Bull. Br. Mus. Nat. Hist. 45, 165-371 (1990).

5. Hoorn, C. Palaeogeogr. Palaeoclimatol. Palaeoecol. 105, 267-309
(1993).

6. Croizat, L. Space, Time, Form: The Biological Synthesis
(Published by the author, Caracas, Venezuela, 1962).

7. Brooks, D. R., Thorson, T. B. & Mayes, M. A. in Advances in
Cladistics (eds Funk, V. A. & Brooks, D. R.) 147-175 (New York
Botanical Garden, 1981).

8. Grabert, H. Natur Mus. 113, 61-71 (1983).

9. Kroonenberg, S. B., Bakker, J. G. M. & van der Wiel, A. M. Geol.
Mijnb. 69, 279-290 (1990).

10.Swofford, D. L. PAUP: Phylogenetic Analysis Using Parsimony,
version 3.1 (lllinois Natural History Survey, Champaign, 1993).

11.Lovejoy, N. R. Zool. J. Linn. Soc. 117, 207-257 (1996).

12.Lundberg, J. G. in Phylogeny and Classification of Neotropical
Fishes (eds Malabarba, L. R., Reis, R. E., Vari, R. P, Lucena,
C.A.S. &Lucena Z. M. S.) (Museu de Ciéncias e Tecnologia,
Porto Alegre, Brazil, in the press).

Piotease he Ips yeast
find mating pa rtners

The choice of mating partner by the yeast
Saccharomyces cerevisiae involves the detec-
tion of mating pheromones produced by
other yeast cells. A cell that is capable of
mating deduces the position of its nearest
mating partner from the spatial gradient of
pheromone. While studying this process,
we realized that, in the presence of many
potential mating partners, the gradient
might not point in the direction of the
nearest partner. Here we show that degra-
dation of some of the mating pheromone
by protease enzymes helps to align the gra-
dient in the direction of the nearest partner,
which increases mating efficiency.

Haploid yeast cells of the two mating
types, a and a, signal to each other by the
secretion of cell-type-specific pheromones
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(a-factor and a-factor, respectively), which
are detected by cells of the opposite mating
type, triggering a series of events that lead to
mating. In particular, the cell response
includes directed growth towards the mating
partner, the position of which is estimated
from the direction of maximum pheromone
concentration'=. Because yeast cells do not
move, an appropriate choice of growth direc-
tion is essential for efficient mating.

Cells of mating type a secrete a protease
that hydrolyses a-factor*®. Mutants defi-
cient in this ‘barrier activity’ (barl
mutants®”) are highly sensitive to phero-
mones’, so the protease was thought to be
involved in the recovery of yeast cells from
the pheromone-induced cell-cycle arrest
that is part of the pre-mating response. But
barl mutants also mate less efficiently with
a-cells in a mass mating mixture®. A role for
the protease in mating-partner detection
has also been suggested”.

To understand how the protease may
increase mating efficiency, consider an a-
cell surrounded by several a-cells, which
secrete a-factor (Fig. 1a,b). These cells are
part of a larger population of a- and a-cells.
The steady-state profile of pheromone con-
centration between cells, [P(r)], where r
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Fgure 1 Protease secr etion impr oves detection of the
nearest mating partner . a,b, An a-cell is surr ounded
by a-cells, which secr ete a-factor mating
pheromones. The steady-state pher omone concen -
tration r anges from high (r ed) to low (dark blue). The
a-cell grows up the pher omone g radient. @, In the
absence of pr otease, the pher omone g radient is
determined b y many a-cells, leading to a failur e to
locate the near est mating partner: the ang le betw een
the dir ection to the near est mating cell and the dir ec-
tion of the pher omone g radient (and thus the dir ec-
tion of g rowth),  is not zer o. b, Widely diffused
protease h ydrolyses the a-factor, limiting the r ange of
pheromone diffusion and impr oving the detection of
the near est mating partner . ¢, Average detection
accuracy <cos >, and the a verage magnitude of the
pheromone g radient, <& [P&, as functions of the
inverse scr eening length, 1/ /. We placed 1 0,000 cells
randomly in athr ee-dimensional cube and calculated
the pher omone g radient at the centr e. The scr eening
length, /, was normalized b y the mean distance
between cells; the a verage strength of the g radient
was normalized b y its maximum (obtained for zer o
screening, with 4+ ); 6 is the ang le betw een the
direction of the g radient and the dir ection to the cell
nearest the centr e. Detection accur acy incr eases
rapidly for /<1 Minimum accur acy occur s at [4+
which corr esponds to an err or of 14 507 Inset, effect
of the bar protease on the detection of the near  est
mating partner . Blue columns show per centage of
cells exposed to a pher omone g radient with normal -
ized values of mor e than 1%. Gr een columns show
the pr obability that this g radient will point to within 20 *
of the near est a-cell. Strain names ar e arbitr ary: bar*
indicates cells that do not secr ete protease; bar®,
protease-secr eting cells with 1/ /4 4; and bar** , cells
that secr ete a higher le vel of pr otease, with 1/ /4 10.

represents a position in three-dimensional
space, is given by solving the diffusion
equation ! [P(r)]/! t4 D??[P(r)]4 0, where
D s the diffusion coefficient.

It is useful to consider an analogy with
an electrostatic system, as the electrostatic
potential satisfies the above equation. The
a-cells can be thought of as electrostatic
point charges, the pheromone concentra-
tion as an electrostatic potential, and the
pheromone gradient as an electric field. The
pheromone profile is given by:

[P()14/ N.f (r1 1), f (434 1/&4
where f (r1 r) is the contribution of the
ith cell, located at r;, to the concentration.
Because 1/r is a slowly decaying function
of the radial distance, r, the pheromone
concentration at any point is determined
by the contribution of many a-cells. In
general, therefore, the pheromone gradient
at the location of an a-cell will not point in
the direction of the nearest mating part-
ner, but at an angle, u, from it (Fig. 1a).

But what is the role of the protease?
Consider first-order degradation:

L[P()]/! t4 D??[P(r)]1 K[B][P(x)]4 O
where [B] is th: concentratior of the bar
protease, and k is a kinetic rate onstant. In
terms of the ele ;trostatic analojy, the new
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