Table 1. Characteristics of the NOAA/AVHRR
systems. The NOAA-7 satellite was launched in
June 1981 and taken out of operation 28 January
1985. NOAA-9 was launched in December 1984
and is still operational.

Characteristic Measure

Coverage cycle 9 days

Scan angle range +56°

Ground coverage 2700 km

Orbit inclination 98.9°

Orbital height 833 km

Orbital period 102 min

Ground resolution 1.1 km (nadir);
2.4 km
(maximum off-
angle along
track)

6.9 km (maximum
off-angle across
track)

Descending mode,
1430 hours

Ascending mode,
0230 hours

Equatorial crossing

sponding period in the two subsequent
years (F and I, Fig. 4). The December 1982
visual image correlates with the highest
NDVI and PVAF values seen at point C
(Figs. 2 and 3) and coincides with the only
RVE viral activity detected.

The positive correlation between NDVI
and rainfall is evident in both ecological
zones examined, even though other parame-
ters controlling vegetation production, such
as temperature and evapotranspiration, were
not considered. In addition, the correlation
between NDVI and mosquito populations,
as reflected by our collection data, further
corroborates the relation between NDVI
and rainfall, as mosquito population levels
are known to be highly related to rainfall
patterns.

The ability of the PVAF to detect, with
precision, RVF viral activity in ecological
zones 2 and 3 in our study areas during an
interepizootic period suggests that RVF
epizootics could be detected reliably from
this statistic. The isolation of virus in mos-
quitoes represents the earliest stages in a
RVF epizootic. Detection of viral activity at
this point in the RVF viral life cycle could
allow time for specific control operations
before an epizootic occurs. The PVAF gen-
erates rapid knowledge about potential viral
activity conditions in ecologically equivalent
areas and consolidates NDVT data, effective-
ly reducing the operational decision-making
process as it rélates to control strategies. The
ground studies and remote sensing technol-
ogy discussed here for RVF virus will cer-
tainly have an application to other diseases
that decimate the continent and are ecologi-
cally linked, either directly or through trans-
mission vectors. '
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Signaling for Growth Orientation and Cell
Differentiation by Surface Topography in Uromyces

Harvey C. HocH, R1CHARD C. STAPLES, BRIAN WHITEHEAD,

JERRY COMEAU, EDWARD D. WOLF

The dimensions of the topographical signals for growth orientation and infection
structure formation, a cell differentiation event that includes nuclear division, were
determined for the stomatal penetrating rust fungus Uromyces appendiculatus. The
differentiation signal was found to be a simple ridge on the substrate surface that had a
markedly optimum height of 0.5 micrometer. Such ridges were microfabricated on
silicon wafers by using electron-beam lithography. A similar ridge, in the form of a
stomatal lip, was found associated with the stomatal guard cells of the bean (Phaseolus
vulgaris) leaf. Ridge eclevations greater than 1.0 micrometer or less than 0.25
micrometer did not serve as effective signals. Germ tubes of the fungus were highly
oriented by ridge spacings of 0.5 to 6.7 micrometers. The data indicate that the fungus
is able to distinguish uniquely minute differences in leaf surface topography in order to

infect the host plant.

BROAD RANGE OF EUKARYOTIC

cells sense surface signals (1, 2), but

none display a more precise and
unique recognition phenomenon than that
exhibited for topographical perception by
many of the obligate fungal plant pathogens
(3-5). For example, the bean rust fungus,
Uromyces appendiculatus (Pers.) Unger, ger-
minates from a spore and grows on the leaf
surface as a hypha in a precisely oriented
direction toward a stomate where it ceases
growth and develops a series of specialized
infection structures necessary for leaf coloni-
zation (5, 6). The developmental sequence
involves gene expression (7), mitosis, and
distinct morphological changes (8). The first
of these infection structures, termed an
appressorium, forms directly over the sto-
mate (Fig. 1) through which it must eventu-
ally enter the leaf to develop other infection
structures, for example, vesicles, haustorial
mother cells, and haustoria. Using chemical-
ly inert plastic replicas of the leaf surface,
Wynn (9) showed that the precise position-
ing of the appressorium over the stomate
was solely in response to topographical fea-
tures inherent on the stomatal guard cells. It

was thought that a sequence of topographi-
cal signals was required to trigger this event
(4); however, Staples ¢t al. recently demon-
strated that only a single scratch in the
substrate was necessary (5). The nature, size,
and location of these topographical signals
have until now only been surmised.

During investigations to create artificial
substrates that are reproducibly inductive
for appressorium formation, we discovered
that U. appendiculatus recognizes, to a very
high degree, a topography formed by the
leading edge of a sharply inclined raised
surface. The inductiveness of the elevated
surface edge was directly related to its
height. We further determined that a similar
topography is present on the stomatal guard
cell, and undoubtedly is the signal that the
fungal cell perceives to undergo cell differen-
tiation before invasion of the host.

H. C. Hoch, Department of Plant Pathology, New York
State Agricultural Experiment Station, Cornell Universi-
%, Geneva, NY 14456.

. C. Staples, Boyce Thompson Institute for Plant
Research, Cornell University, Ithaca, NY 14853.
B. Whitchead, J. Comeau, E. D. Wolf, National Re-
search and Resource Facility for Submicron Structures,
Cornell University, Ithaca, NY 14853. :
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Uredospore germlings of U. appendicula-
tus grown (10) on polystyrene replicas (11)
of ion-etched silicon wafer templates (12)
having specxﬁc surface topographies exhibit-
ed maximum cell differentiation (70 to
75%) in response to ridges or plateaus 0.5
pm high (Table 1). Appressoria (cell differ-
entiation of the germling) that formed on
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Flg. 1. Germinated uredo-
spore (Us) of U. appendicu-
- latus on the leaf surface of a
bean (P. vulgaris) leaf. The
germling grew oriented to
the stomate (arrow) where it
underwent cell differentia-
tion and developed a pri-
mary infection structure (an
appressorium) (A), neces-
sary for eventual invasion of
the leaf tissues. Bar scale, 10

um.

Fig. 2. Polystyrcnc rgphcas
con
high by 4.0 u.mw1dc, madc
from precision ion-etched
silicon  wafer  templates,
were highly inductive for in-
fection structure formation
in U. appendiculatus germ-
lings. Bar scale, 10 pm.

these ridges (Fig. 2) were morphologically
and functionally similar to those formed
over a stomate (Fig. 1). The percentage of
cell differentiation observed for germlings
responding to ridges more than 1.0 um or
less than 0.25 wm in height was significantly
less than that for the 0.5-pum-high ridges.
The hyphal diameter of uredospore germ-

Fig. 3. Polystyrene replicas
similar to those in Fig. 2,
but with ridges 5.0 um high
by 4.0 pm wide, were not
inductive for infection struc-
ture development. Instead,
the fungus germlings grew
across ridges, at an angle of
about 90°. Bar scale, 10 um.

Fig. 4. Scanning electron

micrograph of bean leaf sto-
matal guard cells (G) having
prominent erect lips (depict-
ed in inset, from bracketed
area) that serve as the signal
for appressorium formation
in U. appendiculatus. The
fungus eventually enters the
leaf through the stomatal
opening where infection of
the host cell occurs. Bar
scale, 2 wm; inset bar scale,
1 pm.

Table 1. Cell differentiation by U. appendiculatus
in response to topographical ridges of varying
dimensions. Percentage of cell differentiation
(appressorium formation) was determined micro-
scopically 5 hours after initiation of germination
of uredospores on polystyrene replicas made from
silicon templates. The data represent observations
of 100 counts per replica (#) of each treatment.

Ridges Differen-
height x tiation n SD

width (um) (mean %)
0.03 x 2.0 0.00 5 0.00
01 x2.0 5.75 8 5.67
0.25 x 2.0 4.75 8 243
05 x2.0 75.35 8 4.55
1.0 x2.0 8.75 8 3.49
20 x2.0 0.00 8 0.00
50 x2.0 0.00 8 0.00
05 x05 71.20 5 2.95
05 x1.0 69.00 5 3.80
05 x20 72.60 5 5.41
05 x4.0 76.40 5 1.81
0.5 X 100.0* 69.40 5 498
5.0 x 100.0* 0.20 5 0.45

*Polystyrene replicas of 0.5 or 5.0 um by 100 by 100
pm.

lings ranges between 5.0 and 8.0 pm; thus
the optimum signal height for cell different-
ation lies between 1/10 and 1/16 of the cell
size.

The width of the ridge did not constitute
a parameter of the signal for cell differentia-
tion (Table 1). This was especially apparent
when the 100 by 100 p.m plateaus, arranged
in a checkerboard pattern, were examined.
Germlings growing either onto or off of the
plateaus differentiated only at the edge of
the plateaus, and only when they were 0.5
pm high. Furthermore, essentially no cell
differentiation (0.20%) occurred on replicas
of 5.0-pm-high plateaus. Taken together,
these data indicate that the signal for cell
differentiation in U. appendiculatus is an
elevation change of approximately 0.5 pm
and that two acute angles must be present.
One angle, such as that associated with the
top or bottom of the 5.0-um plateaus or
ridges, does not signal cell differentiation.
Instead, the germlings simply grow over the
obstacle, usually with poor contact on the
leading edge (Fig. 3).

After we found that the signal for cell
differentiation in U. appendiculatus consists
of a sharp change in the elevation of the
substrate surface by 0.5 wm, we reexamined
the morphology of the bean (Phaseolus vul-
garis) leaf stomatal guard cell to determine if
similar topographies exist. Previous reports
(9), as well as our own observations of bean
leaves conventionally prepared for scanning
electron microscopy (I13), showed a small
rounded lip at the edge of the guard cell that
did not appear particularly prominent. Bean
leaf specimens that were quick frozen and
then freeze-dried (14), however, revealed
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Table 2. Cell differentiation by U. appendiculatus
in response to the distance between ridges 0.5 um
high by 1.4 um wide after 5 hours of growth. The
data represent observations of 100 counts per
replica (#) of each treatment.

Distance Differen-
between tiation ” SD
ridges (wm) (mean %)
62 50.76 9 6.82
30 46.00 9 7.38
15.5 44 46 9 6.52
6.7 30.09 9 8.33
24 25.27 8 11.96
0.5 2.51% 8 7.09

*These counts were attributed to a single replica (value,
20.02%) with a damaged pattern that gave rise to a few
appressoria; otherwise no l;Fprcssc:n'ia formed on the
internal areas of similar profiles.

prominent guard cell lips oriented nearly
perpendicular to the cell surface (Fig. 4,
inset), especially when examined with a
stage tilt of 90° compared to a more conven-
tional tlt angle of 35° to 45°. The lip
frequently appeared to be somewhat ragged
along the outer edge and nonuniform in
height. The mean height of the lip, as
determined from four measurements (15)
for each of 16 separate guard cells, was
0.487 pm (SD, 0.07 mum). This height
corresponds closely to the optimum height
of 0.5 pm that signaled for maximum cell
differentiation on polystyrene replicas of the
silicon wafers (Table 1).

Not only must the fungus germling rec-
ognize the appropriate site (stomate) at
which it must cease growth and develop the
first infection structure, but also it must find
this site without expending unnecessary en-
ergy growing aimlessly over the leaf surface
(5, 16). Thus, growth is oriented toward the
stomatal guard cells in many of the rust
fungi, including the bean rust fungus (9, 17)
(Fig. 5). Using polystyrene replicas of sili-
con wafers containing uniformly but vari-
ously spaced topographical ridges, we found
that U. appendiculatus germlings responded
with oriented growth (Fig. 6). Germlings
grew very straight and perpendicular to
ridges (0.5 wm high by 1.4 pm wide)
spaced 0.5 pm apart (Fig. 6a). Growth was
also perpendicular when the ridges were
spaced 2.4, 6.7, and 15.5 pm apart; howev-
er, the straightness of the germlings dimin-
ished as the spacing between the signals was
increased (Fig. 6b). Signal spacings of more
than 30 pm generally did not induce contin-
ued perpendicular-oriented growth. Eighty-
seven percent (SD, 7.4) of the germlings
having a nonoriented growth pattern exhib-
ited corrected (perpendicular) growth once
they contacted the topographical signal
(Figs. 3 and 6¢). When the spacing of the
signals was very close, growth was highly
oriented, but cell differentiation was low
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Fig. 5. Growth of U. appen-
diculatus ings is fre-
quently directed to a sto-
mate (arrow) by the surface
topography represented as

ressions located above
the anticlinal walls of the
epidermal cells of the bean
leaf. Bar scale, 10 pm.

(Table 2). Cell differentiation on the closest
(0.5 pm apart) spacing patterns occurred
only when the cell grew onto or off of the
patterned area. The germlings thus respond-
ed to the entire area as they did to the
plateaus.

What topographical features on the leaf
surface orient the germling to the stomatal
guard cells? Examination of bean leaves on
which U. appendiculatus was germinated re-
vealed that surface depressions located at the
anticlinal walls of the epidermal cells could
serve as such signals (Fig. 5). Since these
depressions are spaced 15 to 30 um apart,
germling orientation is not as strong as that
observed with the closest spacings of the
polystyrene replicas. Wandering germling
growth is, however, frequently corrected
once the cell grows over the depression, no
matter what the spacing. Height or depth of
the signal for growth orientation is not as
critical as it is for cell differentiation since
orientation occurred on ridges ranging in
height from 0.1 to 5.0 wm. Similar growth
orientation of uredospore germlings of Puc-
cinia graminis, a closely related rust fungus,
occurs on leaves of wheat. The germlings
grow across the longitudinally oriented epi-
dermal cells in order to have a better chance
of contacting stomata, which are arranged in
rows (4, 5).

Signaling for both cell differentiation and
growth orientation was equally efficient for
grooves as for ridges. The important param-
eters were height or depth of the topograph-
ical feature and its separation from neigh-
boring signals. The mechanisms by which
the fungus perceives these signals are not
clearly understood. It has been postulated,
however, that a temporary depolymerization
or break in the continuity of the cytoskele-
ton in the region of the cell overlying the
signal is involved in mediation for cell differ-
entiation in U. appendiculatus (18). Similar
involvements of the cytoskeleton in signal
mediation have been reported for other or-
ganisms (2). Recent evidence that different-
ation is inhibited when microtubules, but
not actin microfilaments, are depolymerized
in the tip region of the germ tube (19)
supports this hypothesis. Alternatively,
treatments known to promote microtubule
stabilization have been shown to enhance
cell differentiation in P. graminis (20). Sig-

Fig. 6. Growth of U. appendiculatus on polysty-
rene replicas with ridges 0.5 um high by 2.0 pm
wide, by 0.5 um (a), 15.0 pm (b), and 30.0 pm
(c) apart, respectively. Closely spaced ridges di-
rected hyphal growth perpendicular to the ridges
and did not signal for cell differentiation except at
the edge (arrow) of the ridged pattern (a). As the
ridges are spaced farther apart, growth becomes
less oriented, but cell differentiation is signaled
(arrows) (b and c). Bar scale, 60 pm.

nal reception may be initiated through the
extracellular matrix (21) or through the plas-
malemma by changes in membrane poten-
tials, and these possibilities are currently
being explored. Growth orientation, on the
other hand, is likely governed through some
different type of mechanism in which the
cluster of apical vesicles (Spitzenkirper) (22)
that is responsible for cell growth is main-
tained in a tight and precise position in the
cell apex.

Precision-made, highly reproducible sur-
faces such as those described here can now
be used to elucidate further the mechanisms
involved in signal reception from both the
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cytological and biochemical standpoints in
this plant pathogen. Other races of U. ap-
pendiculatus, or other rust fungi that pene-
trate the stomate, could be examined to
determine the specificity of the size parame-
ters of the signal. Additional parameters,
such as the acuteness of the two angles of the
signal as well as a more precise determina-
tion for the optimum signal height for cell
differentiation, could also be studied. Infor-
mation from the discovery of the specific
size parameter and the confirmation of the
involvement of the stomatal lip in signaling
for the appressorium will contribute to the
search for P. vulgaris phenotypes having
stomatal lips of a size that are not inductive
for cell differentiation in U. appendiculatus.
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