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from the B R - I  standard. All Fe isotope data listed in 
Table 1 are precise t o  0.2 per m i l  or less at the 95% 
confidence level and represent the average of two  
complete procedural runs per sample. 

30. The ratio of isotopic rate constants for 54Fe and 56Fe 
(k5,1k5,), referred t o  as the kinetic fractionation fac- 
tor  (kff), was calculated for the three experiments 
listed in Table 1 that have both Fe isotope and 
solution concentration data. This calculation assumes 
a Rayleigh distillation process controlled by a simple 
one-step first-order reaction. The kff was calculated 
according t o  the following equation, provided by 
Krouse and Tabatabai [H. R. Krouse and M. A. Taba- 
tabai, in Sulfur in Agriculture, vol. 27 of Agronomy 
Monograph Series, M. A. Tabatabai, Ed. (American Soci- 
ety of Agronomy, Madison, WI, 1986), pp. 169-2051: 
k5,1k5, = In(1 - F)lln(l - rF), where F is the fraction 
of substrate reacted { I  - ([Fe],,,,,i[Fe],n,t,,,)} and r is 

(5"e15"eAccumul?tedP~~duct)1(56Fe154Fent?l?eacfant)~ Ca'cu- 
lated values of kff are 0.99979 for strain MV-1 with 
chelator and 0.99971 for strain MV-1 without chelator, 
which correspond, respectively, t o  a 0.21 and 0.29 per 
mil instantaneous relative enrichment of 56Fe in the 
Fe30, product. The calculated value is 1.00026 for 

strain MS-1 w i th  chelator, which corresponds t o  a 
0.26 per m i l  instantaneous relative depletion of 
56Fe in the Fe304 product. These values are only 
slightly greater than the maximum 2 u  precision of 
0.2 per m i l  for the Fe isotope compositions report- 
ed in Table 1, and we suggest that  this level of 
apparent fractionation is insignificant and not  con- 
vincingly resolvable wi th our current analytical 
technique. Furthermore, the Fe isotope composi- 
tions of all product-reactant pairs listed in Table 1 
are essentially identical wi th in 95% confidence 
l imits. 
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Optical Measurements of 
lnvasive Forces Exerted by 

Appressoria of a Plant 
Pathogenic Fungus 

Clemens Bechinger,' Karl-Friedrich ~ iebel , '  Martin Schnell,' 
Paul Leiderer,' Holger B. ~ e i s i n g , ~ *  Martin ~astmeyer'* 

Many plant pathogenic fungi, such as the cereal pathogen Colletotrichum 
graminicola, differentiate highly specialized infection structures called appres- 
soria, which send a penetration peg into the underlying plant cell. Appressoria 
have been shown to generate enormous turgor pressure, but direct evidence for 
mechanical infection of plants by fungi is lacking. A microscopic method was 
developed that uses elastic optical waveguides to visualize and measure forces 
locally exerted by single appressoria. By this method, the force exerted by 
appressoria of C, graminicola was found to be about 17 micronewtons. 

Plant pathogens are estimated to cause a re- 
ductioil in yield of allnost 20°h in worldwide 
food and cash crops (I). Ai~loilg these patho- 
gens are filngi that invade plant cells to gain 
access to nutrients. Some fiulgal pathogens, 
such as members of the genera Col1etoti.i- 
C ~ L ~ ~ J I  or ;Wc/giicpoirhe, differentiate highly 
specialized infection stiuctures called appres- 
soria with rigid melanin-pigmented cell 
walls. Appressoria adhere tightly to the leaf 
surface of the host and de~e lop  an elloilnous 
turgor pressure by synthesizing elevated in- 
tracellular coilcentratioils of os~notically ac- 
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t i ~ e  substances. In the causal agent of rice 
blast. 224. giisea, Talbot and co-workers dein- 
onstrated that the osilloticuill is glycerol, 
which accumulates to concentratioils of inore 
than 3 ivl (2). The plant cell is then invaded 
by a specialized pelletratio11 hypha that devel- 
ops beneath the appressoriu~n (3, 4). Previous 
experiments have indicated that illela~lizatioil 
and high turgor pressure are essential for 
pathogenicity in Colletotiich~~nz and ;Wugizii- 
poi.the (3-5). The role of extracellular en- 
zyines in facilitating perforation of the plant 
cell wall is still under debate (4, 6). Direct 
measurement of the force exerted duriilg ini- 
tial penetration, rather than indirect measure- 
ment of turgor pressure, may not only help to 
resol\-e critical aspects of host pathogen in- 
teractions, but could also facilitate the devel- 
opment of new antipenetrailt fi~ngicides. We 
iiltroduce a technique. in~olving light propa- 
gation ill planar .ivaveguides; that allows op- 
tical imaging and thus direct determillatioil of 
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veitical forces exerted by single appressoria. 
Sensing teclu~iq~~es based on guided optical 

lvaves have been well knonn for illally years. 
Tlle Otto and Kretsc1rnlaiu1-Raetl~er surface 
plasilloil coilfiguratioils are well docuineilted as 
reliable methods for examining dielectric con- 
stants of thin films (7, 8). It is the sensitivity of 
such electroinaglletic wayes to iniilute modifi- 
cations in the sainple en\~iromnent that mal<es 
optical naves usefi~l for sensor applications. 
The essence of the tech~l iq~~e is the priilciple of 
total iilternal reflection, .ivhich occurs when 
light is reflected from a surface above the crit- 
ical angle 0,. For an interface beh~een two 
different layers. sin O, = 11Jrz ,: where 11, and 
1i2 are the optical constants of the hvo layers. 
This phenoinenon is also crucial for light prop- 
agation in planar waveguides coillposed of a 
layer lvith high refractive index (core) sand- 
wiched beh~een material with lower refractive 
index (cladding). As a result of the interfaces, 
which laterally confiile the electroinagi~etic 
field, only well-defined inodes similar to those 
in a Fabry-Perot interferometer can propagate 
within a waveguide. The inodes are character- 
ized by a resonance condition, 

cos 0 ,  = iii7ildlc (111 = l 3  2. 3>  , , .) 

(1) 
where ii is the waveguide thickness, lc is the 
wave vector inside the core, 0, is the angle 
of iilcideilce at the cladding material. and 171 is 
the iuode index. 

Accordingly, if laterally resolved measure- 
illeilts of @, are perfoimed. Eq. 1 can be used 
to study the topography of a wa~eguide with a 
precision ill the nanon~eter range. If the surface 
of the waveguide is defoimed, for example, by 
the iilflueilce of ~el-tical external forces, one 
obtains an iinage of the coil-espondiilg indenta- 
tion. When the elastic coilstailts of the 
.ivaveguide are known, the local force iilduciilg 
the defor~llatioil call be calculated. 

To deteinliile the local thiclu~ess of optical 
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waveguides, we used the prism-coupling tech- 
nique (9, lo), long known as a reliable method 
for the characterization of multilayer structures. 
The planar waveguide was optically matched to 
the base of a prism illuminated from below with 
a parallel laser beam. At well-defined angles of 
incidence, where the evanescent field leaking 
into the waveguide matches its propagation 
constant, this mode is resonantly excited at the 
expense of the reflected light intensity R(O), 
which then shows a sharp dip as a function of O 
(11). Regions of the sample having the correct 
optical thickness to support an optical wave- 
guide mode at a chosen angle of incidence 
will appear dark in reflection, while other 
areas will appear bright (Fig. 1, A and B) (12, 
13). We sought to apply this experimental 
system to single living cells. 

The corn pathogen C. graminicola was al- 
lowed to differentiate appressoria on optical 
waveguides. Because h g a l  development had 
to be monitored during the experiments, we 
constructed a miniaturized apparatus for the 
excitation of waveguides (Fig. 1C). The exper- 
imental setup consists of two arms holding the 
optical components for illuminating and imag- 
ing the base of the glass prism, which canies 
the waveguide. The angle between the two 
arms can be adjusted to obtain the condition 
where the guided wave resonance is observed. 
The beam diameter of a laser diode (3 mW, A = 
670 nm) is increased to -5 mm by a beam 
expander, strikes a mirror, and is guided to the 
prism through a polarizer (P) by two positive 
lenses (Fig. 1 C, lenses L1 and L2). The mirror 
is mounted on a motorized rotation stage con- 
trolled by a computer. This allows illumination 
of the same location of the prism base at de- 
fined angles of incidence when the mirror is 
rotated. The reflected light is projected with a 
microscope objective (lens L3; Zeiss Achromat 
LDN, 20X/0.35) and an eyepiece (lens U; 
12.5X) onto a charge-coupled device (CCD) 
camera chip and stored on a computer. The 
setup is attached to the stage of an upright 
microscope (Axioplan, Zeiss) equipped with 
epi-illuminated optics and a long-dis&ce wa- 
ter-immersion lens (lens L5; Zeiss Achroplan 
20X/0.5w). The image of the surface of the 
waveguide is focused onto a second CCD cam- 
era, which is connected to an image processing 
system. 

The optical waveguides consist of a high- 
viscosity polydimethylsiloxane (PDMS) layer 
(14) sandwiched between two thin films of 
aluminum (Al). Of several metals tried, we 
found Al to provide the best chemical stability 
at the high-humidity conditions to which the 
waveguide was exposed. We first deposited a 
13-nm-thick Al layer by thermal evaporation 
onto a glass slide to allow efficient coupling of 
the incident laser beam into the waveguide. 
Then the PDMS film was spin-cast onto the 
metalized substrate, resulting uniform, highly 
transparent films typically 1 pm thick. After 

Fig. 1. (A and B) The A 
flexible waveguide con- 
sists of a silicone layer 
(PDMS) sandwiched be- 4 
tween two Al layers (A). 
The waveguide is pre- ? 
pared on a glass slide op- 
tically matched to a 
glass prism, which is 
necessary to couple light 
into the waveguide; d is 
the thickness of the 
waveguide. When the 
angle of incidence O 
meets the resonance 
condition of the wave- 
guide, a propagating 
waveguide mode is ex- 
cited, leading to a strong 
dip in the intensity of 
the reflected light (B). 
The angle of resonance 
strongly depends on the 
local thickness of the 
waveguide. Therefore, if B 
the reflected light is im- 
aged onto a camera chip 
at a fixed O (dashed 
lines), only those parts 
of the waveguide with 
the proper thickness (1) appear black; parts that are thinner (2) or thicker (3) appear bright. (C) 
Schematic of the experimental setup to visualize and measure locally applied forces. LD, laser diode; BE, 
beam expander. 

- t4 ax- 

Fig. 2. (A) A microfabricated silicon test structure (periodically arranged protruding squares 20 
p m  on a side and 5 p n  apart) is used t o  deform a planar waveguide of PDMS optically matched 
to  a glass prism. (B) When the test structure is lightly pressed against the waveguide, the 
protruding parts deform it locally. For a fixed angle of incidence, this leads t o  a high-contrast 
video image of the reflected light. The slight deviation from the geometrical shape of the 
test structure is due to  the ti lted position of the waveguide with respect t o  the optical axis. 
(C) Three-dimensional reconstruction of the waveguide surface obtained from 200 video 
images taken at different angles of incidence. The colors correspond t o  the local deforma- 
tion of the waveguide. These measurements show that the vertical accuracy of the method is 
in the nanometer range, whereas the lateral resolution is in  the range of 1 t o  2 Fm. Scale bar. 
20 pm. 

www.sciencemag.org SCIENCE VOL 285 17 SEPTEMBER 1999 



R E P O R T S  

spin-casting, the films were exposed to a 
150-W xenon ultraviolet lamp for 2 hours. This 
formed a weakly cross-linked PDMS layer, 
which was stable enough to support a second 
evaporated A1 layer 50 nm thick. This second 
metal layer was necessary to ensure optical 
insulation of the waveguide from the environ- 
ment. The procedure resulted in a waveguide 
with low mechanical resistance, permitting lo- 
cal deformation by minute vertical forces. 

The optical response of an elastic 
waveguide upon imprinting with a rnicromanu- 
factured .silicon test structure with periodically 
arranged square protrusions is shown in Fig. 2. 
Before the test pattern was pressed onto the 
flexible waveguide, the angle of incidence was 
adjusted to O = OR, leading to a uniform, 
low-intensity reflected light image. At points 
where the stamp is in direct contact with the 
waveguide, the reduced thickness leads to a 
change in the reflected intensity, R. In contrast, 
in regions where no direct contact is made, no 
change in R was observed. The deformation of 
the waveguide is reversible; the reflected light 
image becomes uniform again immediately af- 
ter the stamp is removed (15). We recorded 
images of the same location for different angles 
of incidence by the computer-controlled opera- 
tion of the mirror (Fig. 1). In a period of 60 s, 
we adjusted the mirror to 200 different values 
of O within a range of about 3" and stored the 

reflected light images on the computer. From 
such image sequences, we obtained R(O) 
curves for each pixel of the CCD camera chip 
(resolution 768 by 576 pixels) and calculated 
the angle of resonance for each pixel by a fitting 
algorithm via Eq. 1. This revealed the three- 
dimensional surface topography of the de- 
formed waveguide (Fig. 2C). From such mea- 
surements, we determined that the vertical ac- 
curacy of the method is in the nanometer range, 
whereas the lateral resolution, owing to the 
propagating nature of waveguides in the hori- 
zontal direction, is in the range of 1 to 2 pm. 

We used this method to visualize and mea- 
sure the force that a single cell can exert on an 
artificial surface (16). The two falcate conidia 
of C. graminicola (Fig. 3A) had been allowed 
to germinate and form dark, melanin-pigment- 
ed appressoria on the surface of the waveguide. 
The structures formed are indistinguishable 
from infection structures differentiated on the 
surface of a plant (Fig. 3B). In the correspond- 
ing reflected light image (Fig. 3C), two bright 
foci clearly correlate spatially with the locations 
of the two appressoria in Fig. 3A. Obviously, 
the thickness of the waveguide is changed at 
these sites, indicating exertion of vertical exter- 
nal force. From angle-resolved measurements, 
the cross section of a typical imprinted region 
under an appressorium-representing the shape 
of the penetration hypha forced into the 

B 
Extracellular matrix 

waveguidecan be obtained (Fig. 3D). The 
typical vertical deformation observed in our 
experiments is -10 nm, whereas the diameter 
of the penetration hypha at the appressorial base 
is -2 pm. The area of the waveguide surround- 
ing the penetration hypha is raised (Fig. 3D, 
inset), attesting to the tight adhesion of the 
appressorial base to the surface of the 
waveguide. As the waveguide is flexible, de- 
tachment of the appressorium due to insuffi- 
cient adhesion would result in immediate ex- 
tinction of the optical signal. This never oc- 
curred, indicating that the appressoria adhere 
tightly to the waveguides and that maximal 
forces were measured. 

To quantify the forces that cause imprint- 
ing of the waveguide (Fig. 3D), we measured 
the elasticity of the waveguide by calibrating 
its optical response with defined external 
pressures. A thin tapered glass capillary with 
a diameter of 5 pm and known spring con- 
stant was mounted onto a micromanipulator 
that could be vertically adjusted with a pre- 
cision of several micrometers. With this de- 
vice, we exerted defined forces up to 35 pN 
on the same waveguides that were used to 
analyze the appressoria. We measured the depth 
of the indentation by the procedure described 
above and obtained a linear response of the 
waveguide over the whole range, correspond- 
ing to deformations up to 20 nm (Fig. 4A). The 
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Fig. 3. (A) Light microscopic image of two conidia from C. graminicola forming appressoria on the 
aluminum surface of a waveguide. Scale bar, 10 pm. (B) Schematic drawing of a cross section 
through a conidium, a germ tube, and an appressorium infecting a plant cell (not to  scale). The 
appressorium forms an extracellular matrix, which, together with adhesive beneath the appresso- 
rium, enables it t o  adhere t o  the plant surface. A melanin layer in the appressorial wall and 
synthesis of intracellular osmotically active material cause a buildup of turgor pressure necessary 
to  penetrate the plant cell with the penetration hypha. (C) Reflected light image of the same area 
of the waveguide shown in (A). Two bright foci (arrows) clearly correlate spatially with the location 
of the two appressoria, indicating vertical external pressure. (D) Angle-resolved measurements 
reveal the waveguide topography (inset, lower right). A plot of the cross section of a typical 
imprinting region under an appressorium represents the shape of the penetration hypha forced into 
the waveguide. The typical vertical deformation is -10 nm. The diameter of the penetration hypha 
at the appressorial base is -2 Fm. 

1 . .  . . . . . . .  I 
0 100 200 300 400 500 600 

Time (min) 

Fig. 4. (A) Calibration of the elastic response of 
the waveguide, using a glass capillary of known 
spring constant to  exert defined forces. A linear 
response is obtained with forces up to  about 20 
FN. The right axis shows the angle of reso- 
nance, which corresponds to  a local change in 
the thickness of the waveguide. Forces exerted 
by appressoria (shaded area) are in the range of 
17 p N  and are therefore in the linear range. (B) 
Temporal development of force exertion by 
two different appressoria (circles and triangles) 
during formation of the penetration hypha. 
Force exertion typically starts 100 min after 
appressoria formation and reaches a steady 
level after 300 min. 

1898 17 SEPTEMBER 1999 VOL285 SCIENCE www.sciencernag.org 



REPORTS 

slope of the straight line shows the spring con- 
stant of the waveguide to be 1.63 X lo3 Nlm. 
From this value we calculated the force exerted 
by C. graminicola during the formation of the 
penetration hypha underneath the appresso- 
rium. Force exertion typically began 100 to 120 
min after the formation of mature-that is, mel- 
anized-appressoria (determined by visual in- 
spection with the light microscope) and reached 
a steady level after -300 min (Fig. 4B). Th~s  
level did not change for several hours. In 18 
appressoria from four fresh preparations of 
conidia cultured onto four different wave- 
guides, we measured a force of 16.8 FN (SD 
23.2 kN, range 8 to 25 wN). 

Earlier studies used various techniques to 
measure the turgor pressure within an appres- 
sorium (1 7, 18). Given that the force is applied 
to an average diameter of 2 bm of the surface 
(Fig. 3D), which is in good agreement with the 
size of the penetration hyphae of C. gramini- 
cola as shown by transmission electron micro- 
graphs (19), the pressure within the appresso- 
rium would be 5.35 MPa. By comparison, 
Money (20) calculated that the pressure of 8.0 
MPa found in appressoria of M. grisea corre- 
sponds to a force of 8 bN, assuming that the 
surface of the penetration peg in this fungus is 
-1 bm2. These forces should be sufficient to 
breach the cuticle and epidermal cell wall of 
mono- and dicotylous plants (18). 

In addition to allowing precise determina- 
tion of vertical forces exerted by single appres- 
soria on an underlying surface, the waveguides 
have a relaxation time of less than 1 s and so 
may be used to monitor dynamic processes. 
Data obtained in this way may help to analyze 
the effect of antipenetrants, for example, chem- 
ical agents that interfere with melanin biosyn- 
thesis or the biogenesis of fungal cell walls. The 
elasticity of the waveguide can easily be varied 
by using different types of elastomers (24, 
allowing measurements of forces down to the 
nanonewton range. 
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Formation of Cycloidal Features 
on Europa 

Gregory V. Hoppa,? B. Randall Tufts, Richard Greenberg, 
Paul E. Geissler 

Cycloidal patterns are widely distributed on the surface o f  Jupiter's moon 
Europa. Tensile cracks may have developed such a pattern in  response t o  diurnal 
variations in  tidal stress in  Europa's outer ice shell. When the tensile strength 
of the ice is reached, a crack may occur. Propagating cracks would move across 
an ever-changing stress field, following a curving path t o  a place and t ime where 
the tensile stress was insufficient t o  continue the propagation. A few hours 
later, when the stress at  the end of the crack again exceeded the strength, 
propagation would continue in  a new direction. Thus, one arcuate segment o f  
the cycloidal chain would be produced during each day on Europa. For this model 
t o  work, the tensile strength o f  Europa's ice crust must be less than 40 kilo- 
pascals, and there must be a thick fluid Layer below the ice t o  allow sufficient 
tidal amplitude. 

Stress due to tidal deformation may drive 
global tectonics and the formation of linear 
features on Europa (1-6). However, the for- 
mation of the long chains of arcuate linea- 
ments (or cycloids) on Europa has eluded 
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explanation. These features have several ar- 
cuate segments, each - 100 krn in length. The 
Voyager spacecraft observed an abundance 
of cycloidal ridges (called "flexi" in the no- 
menclature of the International Astronomical 
Union) at high southern latitudes (1, 7, 8), at 
which location the spacecraft's observing ge- 
ometry and the photometric conditions fa- 
vored visibility (Fig. 1). 

The Galileo spacecraft has observed cycloi- 
dal features of different morphologic types. The 

Fig. 1. Cycloidal ridges near Europa's south pole as viewed by the Voyager spacecraft (58'5, . - 
14. PDMS ~ 3 0 . 0 0 0  was obtained <om sigma. 166"~ ). - 
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