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and the three-“fluked” tail of Odaraia (26),
are strictly unique. And a number involve
the structure of the limbs, or the tail, fea-
tures which may be functionally diverse even
among closely related arthropods.

The PAUP analysis provides an additional
measure of morphological separation, by the
calibration of distances on the cladogram in
terms of changes in coded character states.
This shows that Olenoides and Limulus, bona
fide trilobite and chelicerate, respectively,
are the taxa furthest from the origin of the
cladogram. This is hardly surprising as they
are members of the most derived groups in
the analysis, but it does emphasize that the
problematic Cambrian taxa do not show any
remarkable morphological separation. This
leads to the expectation that the addition of
further taxa (either later Paleozoic examples,
or new Cambrian discoveries) would nar-
row rather than widen the morphological
gaps between them.

The arrangement of taxa on the clado-
gram raises the possibility that the living
crustaceans are a paraphyletic group. Analy-
ses of the Recent crustaceans have empha-
sized that “aside from the features of the
head, it is impossible to characterize crusta-
ceans except by noting tendencies toward
certain conditions or states” (19, 21, p. 3).
The cladistic analysis of the Cambrian ar-
thropods shows that the features of the head
are poorly developed and that other criteria
are more useful in identifying groupings.
Thus the characters used to diagnose living
crustaceans may be primitive or convergent-
ly acquired.

The significance of Cambrian problema-
tica in formulating hypotheses of relation-
ship has been largely ignored [the echino-
derms are a notable exception (27)], or they
have been simply set aside as groups of
independent origin, thus obscuring their
importance in phylogenetic analysis. The
somewhat counterintuitive results of this
analysis illustrate how critical the evidence
of well-preserved fossils can be to under-
standing the affinities of living groups (28).
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Detection of Cell-Affecting Agents with a

Silicon Biosensor
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Cellular metabolism is affected by many factors in a cell’s environment. Given a
sufficiently sensitive method for measuring cellular metabolic rates, it should be
possible to detect a wide variety of chemical and physical stimuli. A biosensor has been
constructed in which living cells are confined to a flow chamber in which a
potentiometric sensor continually measures the rate of production of acidic metabo-
lites. Exploratory studies demonstrate several applications of the device in basic science

and technology.

HANGES IN THE BIOLOGICAL,

chemical, and physical environment

of a cell must be reflected in the
concentrations and fluxes of molecules with-
in the cell. The extensive interconnections
among different biochemical processes as-
sure that changes ripple outward from pri-
mary sites of action, and a sufficiently sensi-
tive analytical method might detect a re-
sponse in cellular characteristics not normal-
ly associated with the primary stimulus. The
integrative role of catabolism makes it an
excellent candidate for the indirect detection
of responses.
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We have constructed an instrument,
which we have named a silicon microphysio-
meter, to investigate these phenomena. We
report that ligand-receptor interactions can
produce prompt changes in cellular catabol-
ic rates. In addition, we find that cytotoxic
and cytopathic effects can be detected. The
physiological basis of the device is the acid-
ity of the principal catabolic products in
mammalian cells, lactate and CO,. The acid-
ity of the culture medium bathing a small
sample of cells can be determined with a
light-addressable  potentiometric  sensor
(LAPS) (1), and the rate of acidification is
used as a measure of catabolic rate.

The LAPS device configured as a biosen-
sor is shown in Fig. 1. In the flow chamber
the silicon forms the bottom wall of a fluid
channel that is rectangular in cross section.
The top wall of the fluid channel is formed
by a glass cover slip that is coated on the
channel side with a transparent conductive
layer of indium—tin oxide. Typical channel
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dimensions are ~100 wm high, ~5 mm
wide, and ~20mm long (volume ~10 wl).

The method for retaining cells in the flow
chamber depends on the adherence proper-
ties of the cells. Adherent cells are simply
grown on the glass cover slip before assem-
bly of the chamber. Most adherent cells
attach securely enough to resist the shear
stresses of medium flow, but nonadherent
cells are swept out of the chamber. Many
methods have been developed to immobilize
nonadherent cells (2), but we require a
convenient technique that is applicable to
the micrometer thickness scale and avoids
the likely physiological perturbations of fil-
tration (shear stress) or attachment to a
surface via lectins or antibodies.

Our immobilization method involves mi-
cromachining the surface of the silicon sen-
sor (Fig. 1 and cover). Cells sediment gravi-
tationally into a 1-mm? array of wells etched
into the surface of the sensor, each approxi-
mately 50 pm square and 50 pm deep with
25-um-thick walls. Several layers of cells can
be trapped by halting the flow of a suspen-
sion of ~10® cells per milliliter above the
wells for ~1 min, then washing untrapped
cells away at flow velocities of 10 to 50
wm per second. At these flow rates cells are
not washed out of the wells. However, at
much higher velocities the cells are removed
from the wells, providing a means of load-

A Controlling
electrode

Medium Medium

Micro-
machined
wells

Teflon spacer with
channel cutout

Cover slip

—>» Culture medium —»

Fig. 1. Schematic view of the flow chamber. (A)
Top view. (B) Vertical section through the center
of the chamber along the flow path. The ohmic
connection to the base of the LAPS is not shown,
nor is the source of illumination (laser light from
above the sensor or optic fiber from below).

244

ing, testing, flushing, and reloading cells for
subsequent tests (3).

With adherent cells, unpatterned silicon
surfaces are used, fabricated as reported by
Hafeman et al. (1), by first growing a thin
(30 nm) thermal SiO, film, followed by a
deposition of 100 nm of Si3N; by low-
pressure chemical vapor deposition. The
first step in the fabrication of the microma-
chined sensor for use with nonadherent cells
is to grow a 1-um-thick SiO; layer by steam
oxidation, followed by photolithographic
patterning to form openings where the cavi-
ties will be located. The cavities are then
anisotropically etched in an SFe-C,ClFs
plasma, as described by Zdeblick et al. (4),
producing cavities with walls at an angle of
>85° from the horizontal. The final steps in
the process are the growth of the thin oxide
and the nitride deposition, as in the unpat-
terned case. The micromachined sensors
thus have a thick oxide layer on the areas
between cavities, effectively deactivating the
sensing capability there. The active sensing
surfaces are only the walls and floor of the
cavities, improving the signal-to-noise per-
formance.

The LAPS device detects the surface po-
tential at illuminated regions of the interface
between the electrolyte and the Siz;N, insula-
tor. The presence of protonatable silanol
and amine groups on this surface ensures
that this potential depends on pH in a
Nernstian fashion (5). In one version of the
apparatus, the chamber is mounted on a
microscope stage and the beam from a 10-
mW HeNe laser is projected through the
epi-illumination system onto the sensor,
which allows flexibility in the position,
shape, and area illuminated. In a second
version no laser or microscope is used;
instead, four separate and fixed sites, each
~1 mm?, are probed from beneath the
sensor by optic fibers connected to infrared
light—emitting diodes. This is less flexible
than the laser version, but is more economi-
cal and allows the simultaneous collection of
data from multiple sites. Given that the
density of a confluent monolayer of eukary-
otic cells is ~10%/cm?, at each illuminated
site information is obtained from ~10° cells
in ~100 nl of medium.

There are three electrical connections to
the chamber: (i) an platinum ribbon in
contact with the indium—tin oxide control-
ling electrode; (i) an Ag-AgCl reference
electrode in an external well that measures
the potential of solution in the flow chamber
through a salt bridge which forms the cham-
ber’s outlet tube; and (iii) an ohmic connec-
tion to the base of the LAPS chip. A person-
al computer with a custom circuit board
handles the acquisition, analysis, and display
of data.
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Fig. 2. Repetitive measurements of acidification
rates. The figure shows sensor signal versus time
for normal human keratinocytes (29) grown on a
glass cover slip. The sensor flat-band voltage is
linearly related to pH: a decrease of 61 mV is
equivalent to an acidification by 1 pH unit. When
the flow is on, the sensor measures a steady-state
pH near that of the infusing medium. When it is
off, during the periods denoted with bars, the cells
acidify the medium. A linear least-squares fit to
the rate of acidification is taken as a measure of
the metabolic rate of the cells. The resumption of
flow resets the pH for subsequent measurements.
Cellular metabolic rates are determined once for
every on-off cycle, which typically takes 5 to 7
min. The periods with flow off usually last 2 to 3
min, during which time the pH of the medium in
the chamber drops 0.1 to 0.3 pH units. The
acidification rate (+ SE) from the five measure-
ments depicted is —60 = 2 pV/s or 0.06 = 0.002
pH units/min.

The flow of culture medium, typically 10
to 100 wl/min, is provided by a syringe or
peristaltic pump, again under computer con-
trol. Before entering the chamber, the medi-
um passes through a degassing unit made of
thin-walled silicone rubber tubing in a
chamber maintained at about 2/3 atmo-
spheric pressure. This procedure removes
sufficient air from the medium to keep it
from outgassing when it is warmed to 37°C
in the temperature-regulated flow chamber.

Depending on the experiment, valves can
be used to switch between different fluid
streams or add boluses of test compounds
through an injection loop. Normal cell-
culture medium is used, including serum if
desired, except that bicarbonate and buffers
such as Hepes are excluded. Reducing the
buffer capacity of the medium to ~1 mM
increases the pH change of the medium for a
given excretion of acid by the cells. Since the
medium is in a closed system, no drift in pH
occurs because of equilibration with atmo-
spheric COs.

Metabolic rates are measured by deter-
mining acidification rates during periodic
interruptions of the flow of medium
through the flow chamber (Fig. 2). For the
types of mammalian cells discussed in this
paper, a confluent monolayer (equivalent to
about 107 cells per milliliter) commonly
produces acidification rates within a factor
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of 2 of 100 wV/s. At 61 mV per pH and
medium buffer capacity of 1 mM, this corre-
sponds to a calculated net rate of H* pro-
duction of ~1 x 10® per second for a typi-
cal cell. The metabolic sources of these
protons depend on the nutrients in the culture
medium and the metabolic pathways that are
active in the cells. Some insight into this can
be gained with auxiliary biochemical measure-
ments and specific metabolic poisons.

Oxygen consumption was measured in a
separate perfusion apparatus equipped with
a Clark O, electrode. The removal of O,
from the media by a monolayer of the
murine fibroblastic L cell line (6) was mea-
sured in the output stream under conditions
of constant flow. Lactate production was
also measured, with a spectrophotometric
enzymatic assay based on the reduction of
nicotinamide adenine dinucleotide (NAD™).
When culture medium was used as the bath-
ing medium, the rates of O, consumption
(approximating CO, production) and lac-
tate production per cell (= SE, n = 3) were
roughly equal at 3.1 (+0.5) x 107 per
second and 3.3 (= 0.3) x 10’ per second.
Similar results were obtained when the cells
were tested in a balanced salt solution with 5
mM glucose as the only carbon source.
Other cell types tested, for example CHO
(7), were more heavily glycolytic.

The metabolic poison carbonylcyanide
chlorophenylhydrazone (CCCP) is a respi-
ratory uncoupler that stimulates mitochon-
drial oxygen uptake (8). The effect of 20 pM
CCCP on the nonadherent murine macro-
phage-like line P388D; is shown in Fig. 3A.
The stimulation is prompt, faster than the
resolution of the apparatus. It is reversible,
with a recovery time of about 20 min after
the removal of the uncoupler. Dose-re-
sponse experiments show a maximum stim-
ulation of the acidification rate near 2 to 5
uM CCCP. Presumably the mechanism is a
combination of increased CO, production
and the stimulation of glycolysis to maintain
homeostasis.

We have studied the response of normal
human epidermal keratinocytes to epidermal
growth factor (EGF), a substance found to
be mitogenic for these cells (9) and included
in their culture medium at 10 ng/ml. After
EGEF starvation for 24 hours, a rise in meta-
bolic rate is evident within 5 min after the
introduction of 50 ng/ml EGF to keratino-
cytes in the silicon microphysiometer (Fig.
3B). At the peak of the response, in ~15
min, the metabolic rate has nearly doubled;
in another 15 min it has decayed to a
steadily rising baseline. A parallel control
experiment with a sham change of EGF-free
medium (Fig. 3B) displays none of this
biphasic behavior. It does show the same
rising baseline, which probably indicates
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Fig. 3. (A) Response of 180
P388D; cells to repeated ap-
plications of the metabolic
uncoupler CCCP. O, Con-
trol medium; @, 20 pM
CCCP. This concentration
increases rates less than does
the optimum dose of 2 to 5
wM, and the rate maxima at

1401

100

Acidification rate (-uV/s)

the beginnings of applica-
0

40 .
tion and washout of CCCP 100 200 -1 0 1 2
reflect transient concentra- Time (min) Time (hours)

tions closer to that opti-

mum. (B) Response of normal human keratinocytes to EGF. The normal culture medium contains EGF
as well as an undefined component, bovine pituitary extract. Both were withheld from keratinocytes
plated on cover slips for 24 hours before the experiment. The cells were mounted in two microphysio-
meter chambers under the same culture conditions, and at time 0 (arrow) EGF (50 ng/ml) was
introduced into the medium of one chamber; @, 50 ng of EGF per milliliter; O, control (no EGF).

some combination of cell proliferation and
adaptation to the environmental conditions
in the flow chamber. Stimulation of acidifi-
cation rate is observable down to 0.1 ng of
EGF per milliliter. In a control experiment,
the stimulation was abolished by a monoclo-
nal antibody to EGF that is known to block
receptor binding. These experiments dem-
onstrate the ability of the biosensor to detect
a cellular response to ligand-receptor bind-
ing on a time scale of minutes.

This effect of EGF on keratinocytes close-
ly parallels that previously reported for
mouse and human fibroblasts, where stimu-
lation with EGF has been shown to lead to a
rapid increase in glycolytic rate (10). The
enhancement has been attributed to in-
creased 6-phosphofructo-1-kinase activity as
a result of increased concentrations of fruc-
tose-2,6-bisphosphate, a potent stimulator
of the enzyme (10, 11). Fructose-2,6-bis-
phosphate has also been shown (12) to affect
the stimulation of glycolysis in fibroblasts by
serum, insulin, and phorbol esters. Modula-
tion of glycolytic rates in response to hor-
monal activation has been reported in other
cell types (12), including muscle and liver
cells, thus lending support to the measure-
ment of metabolic activity as a means of
detecting hormonal stimulation.

The cytotoxic effects of chemotherapeutic
drugs on tumor cell lines are commonly
determined by assays that detect prolifera-
tion. We have performed cytotoxicity assays
in the silicon microphysiometer using a pre-
viously characterized cellular system (13).
MES-SA is a human uterine sarcoma line
that is sensitive to doxorubicin and vincris-
tine. The Dx5 line, derived by selection with
doxorubicin from MES-SA, is resistant to
these drugs by virtue of enhanced activity of
the P-glycoprotein transporter, which con-
fers multidrug resistance (14).

Experiments with the silicon microphys-
iometer reproduce these results with rela-
tively few cells and no extended cell growth.
At therapeutic doses of doxorubicin (1 pM),
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Fig. 4. Cytotoxicity of two chemotherapeutic
drugs to sensitive and resistant tumor cell lines.
Acidification rates are presented as percent of
control rate before the drug was added to the
culture medium that perfused the cells on the
silicon microphysiometer at time 0 (arrow). Com-
pared to the MES-SA cells (@), the Dx5 cells (O)
are resistant to 1 wM doxorubicin (A) and 100
wM vincristine (B).

the differential cytotoxicity in the two lines
is maintained. Decreased acidification rates
are evident at 15 hours for MES-SA, but not
by 50 hours for Dx5 (Fig. 4A). At high
(100 wM) doses of the drugs, similar but
more rapid results occur: cytotoxicity of
doxorubicin is manifest by 0.5 hours for
MES-SA and 2.5 hours for Dx5. The results
for 100 wM vincristine are 5 hours and 10
hours, respectively (Fig. 4B).

The complexity of the interactions in-
volved in toxic effects makes the replacement
of in vivo toxicological testing with in vitro
methods extremely difficult. Nevertheless,
there is measurable progress toward finding
an in vitro replacement for the Draize (15)
(rabbit eye) test for ocular irritancy. One
strategy is to test the inhibitory effect of
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Table 1. Comparison of the in vivo ocular irritancy (28) and MRDs, (volume fraction of irritant
sufficient to reduce keratinocyte acidification rate by 50%). The irritancy testing protocol was to expose
the cells to irritant for 5 min, wash the irritant away, and immediately determine the metabolic rate.
Half-log serial dilutions of an irritant in culture medium were administered successively to a sample of

cells, starting with the

most dilute sample. The

. Irritant
MRDys, was determined

In vivo irritancy —logo(MRDsg)

by interpolating a plot of

 Interpe Dimethyl sulfoxide
acidification rate versus

Propylene glycol

log,y  (concentration).  Methanol
Reproducibility of the  Ethanol
MRDy, data was within ~ Acetone
a factor of 2 (within 0.3  y-Butanol

for the logarithm) over a
period of months with
different batches of cells.

Na dodecyl sulfate
Benzalkonium Cl

Mild 0.1
Mild 0.5
Moderate to mild 0.7
Moderate to mild 0.8
Moderate to mild 09
Moderate 1.7
Severe to moderate 3.9
Severe 4.1

compounds on the acidification of culture
medium bathing cells in microtiter-plate
wells (16). The incubation lasts up to 7 days
and is primarily an assay for proliferation
and cell death. Using the silicon microphy-
siometer, we have studied metabolic effects
of irritants on a time scale of minutes, which
is closer to the typical human exposure time.

For a panel of eight previously studied
ocular irritants, we have determined the
concentration of irritant sufficient to depress
the metabolic rates of human keratinocytes
by 50% after a 5-min exposure, the MRDsy.
A high correlation between the ranking of
these concentrations and the in vivo severity
of the irritants is shown in Table 1. There is
additional information in the tests. The du-
ration (as well as severity) of toxic effects is
important, and we have investigated the
kinetics of recovery from exposure to irri-
tant. For example, complete recovery from a
single dose of dimethyl sulfoxide at the
MRDs, was seen within 1 to 2 hours, but
ethanol proved lethal within the same peri-
od. The concentration dependence of the
response can also be complicated: some
irritants  increased acidification rates at
slightly subinhibitory concentrations. Fur-
ther analysis of such eftects may lead to more
insight into mechanisms of toxicity.

With the microphysiometer, a biological
rather than a chemical agent can be used to
interfere with cellular function. Vesicular
stomatitis virus (VSV) is a cattle pathogen
that can infect the murine fibroblastic L cell
line. When grown aseptically in the silicon
microphysiometer, L cells show a steady
increase in acidification rates caused by pro-
liferation. Exposure to VSV (17) has a
prompt and a delayed effect. Within 2 hours
of infection at multiplicities of infection
(MOI) of greater than one virion per cell,
the increase in acidification rate is dimin-
ished or abolished. Then, after a lag that
depends on the MOI, a sharp decrease in
acidification rate occurs at the onset of
visually observable cytopathic eftects (15,
12, and 8 hours for MOIs of 0.1, 1, and 10,
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Fig. 5. Ribavirin inhibits the cytopathic effects of
VSV infection on L cells. Here we have presented
the data as the rate of change of acidification rate
(control — infected) with respect to time, which
produces positive peaks during periods of rapid
decrease of the acidification rates of infected cells.
At time 0, cells on cover slips in two microphysio-
meter chambers were exposed to VSV at MOI =
10. The medium contained either 200 wM riba-
virin (solid line) or no drug (dotted line).Unin-
fected cells in two additional chambers served as
controls, with and without ribavirin. Under these
conditions, the effects of ribavirin alone on acidifi-
cation rates were small.

respectively). There is no evidence of dra-
matic increases in metabolic rates because of
the mobilization of the cells’ metabolic sys-
tems for the production of virions.

The cytopathic effects of VSV infection
that we detect can be inhibited by the broad-
spectrum antiviral agent ribavirin (18) (Fig.
5). In the absence of ribavirin, the precipi-
tous decrease in cellular metabolism oc-
curred about 8 hours after infection (at
MOI = 10), but 200 pM drug delayed the
onset until 13 hours. A dose of 20 pM
ribavirin gave results indistinguishable from
the 0 wM control. At a lower MOI (= 1) the
onset of cytopathic effects was not observed
in the presence of 200 wM ribavirin by 20
hours.

Complementary measures of cellular cata-
bolic activity include the rates of consump-
tion of glucose and O,, as well as the rates of
production of lactate, CO,, and heat. Of
these, the best developed methods relevant
to the present work are oximetry with the
Clark O, electrode (19) and microcalo-
rimetry (20). The flux of mertabolites can

also be determined by nuclear magnetic
resonance spectroscopy (21). Differentiating
features of the silicon microphysiometer in-
clude spatial resolution (~1 mm) and the
small number of cells required (~10%). The
fluidics system is adapted both to rapid
(seconds) composition changes in the medi-
um and to long-term culture (we have kept
cells alive in the chamber under continual
analysis for as long as 90 hours). Both
adherent and nonadherent cells can be ana-
lyzed with minimal perturbations. A limita-
tion is the requirement for low-buftered
medium (low bicarbonate content) to
achieve maximum sensitivity.

Previous applications of silicon technolo-
gy to cell biology have included the growth
of neurons on chemically patterned (silan-
ized) substrates (22) and the connection of
neurons in vitro to silicon-based microelec-
trodes (23). The metabolic applications we
have presented have exploited only a small
portion of what is achievable with silicon
biosensor technology. For example, state-of-
the-art silicon technology routinely is used
to fabricate structures with feature sizes in
the 1-pm range, including deep trenches
(24). Fluidics components such as valves and
micropumps have also been made on silicon
wafers (25). The combination of all these
elements permits us to envision devices in-
volving many parallel channels, in which a
few cells are exposed to compounds under
study and where the fluidics are integrated
with the metabolic sensors. Whether it ulti-
mately will be practical to analyze single cells
will depend more on improvements in sen-
sor sensitivity than on micromechanical
issues.

We anticipate that this silicon microphys-
iometer will be particularly useful for screen-
ing for new therapeutic drugs, and also for
toxicology. In both areas one seeks cellular
clues, sometimes subtle, weak, or transient,
indicating that a chemical substance affects
the biochemical state of cells. Once these
clues are found, the more traditional phar-
macological, chemical, and toxicological
techniques can then be used. Potential appli-
cations for the technique in cancer pharma-
cology include the identification of new
cytotoxic compounds, drug-sensitivity test-
ing of tumor cells, and studies of variations
in drug sequence and scheduling in combi-
nation chemotherapy. Investigators can use
cells in the microphysiometer to detect bio-
chemicals (by analogy to the work of Kar-
ube (26), Rechnitz (27), and others), virus-
es, and products released by one cell that
affect a second cell.
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One Enzyme Makes a Fungal Pathogen, But Not a
Saprophyte, Virulent on a New Host Plant

W. SCHAFER,* D. STRANEY,T L. CiurreTTI, H. D. VAN ETTEN, T

O. C. YODER

Certain genes of Nectria haematococca, a fungal pathogen of pea (Pisum sativum),
encode pisatin demethylase (pda), a cytochrome P-450 monoxygenase that detoxifies
the phytoalexin pisatin. Because pda is required by N. haematococca for pathogenicity
on pea, pisatin helps defend pea against N. haematococca. The possibility that pisatin is a
general defense factor—that is, that pda can confer pathogenicity to fungi not normally
pathogenic on pea—was investigated. Genes encoding pda were transformed into and
highly expressed in Cochliobolus heterostrophus, a fungal pathogen of maize but not of
pea, and in Aspergillus nidulans, a saprophytic fungus, neither of which produces a
significant amount of pda. Transformants contained at least as much pda as did wild-
type N. haematococca. Recombinant C. heterostrophus was normally virulent on maize,
but it also caused symptoms on pea, whereas recombinant A. nidulans did not affect
pea. Thus, phytoalexins can function in nonspecific resistance of plants to microbes;
saprophytes appear to lack genes for basic pathogenicity.

NE HYPOTHESIS CONCERNING
the cause of plant disease is that the
successful pathogen can prevent or
disarm plant defenses. Among the best
known plant responses to a stress such as
microbial attack is the synthesis of antimi-
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crobial secondary metabolites called phyto-
alexins. Fungal detoxification of a plant’s
phytoalexins has been suggested as a general
mechanism for circumventing phytoalexin-
mediated plant defense (7).

The filamentous ascomycete Nectria hae-
matococca Berk. and Br. mating population
VI (anamorph: Fusarium solani) is a patho-
gen of pea and uses the detoxification strate-
gy, since it can degrade the pea phytoalexin
pisatin to a less toxic compound (7). This
detoxifying activity is due to a substrate-
inducible cytochrome P-450 monoxygenase
called pisatin demethylase (pda). Data,
based on analyses of progenies in which Pda

is segregating, confirm that pda is necessary
for pathogenicity (1). Moreover, when a
cloned gene (PDA-TY) encoding pda (2) is
transformed into a nonpathogenic Pda™
strain of N. haematococca, the recombinant
strain can attack pea (3). These results indi-
cate that pda is required by N. haematococca
for pathogenicity on pea and that pisatin
itself is a plant defense factor.

We designed experiments to assess the
role of pisatin in defense of pea against fungi
not normally pathogenic to pea. Genes en-
coding pda (2, 4-8) were transformed (7-
10) into Cochliobolus heterostrophus, a patho-
gen of maize but not pea, and Aspergillus
nidulans, a saprophyte, by means of vectors
(4-8) and strains (11-14) designed for this
purpose. To achieve overexpression of pda,
we chose transformants with high copy
numbers of the transforming plasmid in
their genomes (15-17). A C. heterostrophus
transformant (strain C2-P) and an A. nidu-
lans transformant (strain UCD1-P), which
carried 18 and 12 copies of the transforming
plasmid (16, 18, 19), respectively, were used
for further experiments. Control C. hetero-
strophus transformant C2-V and A. nidulans
transformant UCD1-V each contained com-
parable numbers of the respective vectors
alone (15-17).

Rates of pisatin demethylation by trans-
formants C2-P and UCD1-P were equal to
or greater than those of the highly virulent,
rapidly demethylating N. haematococca wild-
type strain N77-2-3 (Figs. 1 and 2). Strains
C2, C2-V, UCD1, and UCDI1-V had back-
ground pda levels 0 to 7% of those of
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