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A series of carefully controlled laboratory studies was carried out to  investigate 
oxygen and iron isotope fractionation during the intracellular production of 
magnetite (Fe304) by two different species of magnetotactic bacteria at tem- 
peratures between 4" and 35°C under microaerobic and anaerobic conditions. 
No detectable fractionation of iron isotopes in the bacterial magnetites was 
observed. However, oxygen isotope measurements indicated a temperature- 
dependent fractionation for Fe304 and water that is consistent with that 
observed for Fe,04 produced extracellularly by thermophilic Fe3+-reducing 
bacteria. These results contrast with established fractionation curves estimated 
from either high-temperature experiments or theoretical calculations. With 
the fractionation curve established in this report, oxygen-18 isotope values 
of bacterial Fe304 may be useful in paleoenvironmental studies for deter- 
mining the oxygen-18 isotope values of formation waters and for inferring 
paleotemperatures. 

The biomineralization of Fe30, is lmown to 
occur by either biologically induced mineral- 
ization or biologically controlled mineraliza- 
tion (1). In the former, Fe304 is fonned 
extracellularly, as a result of dissimilatory 
reduction of Fe31 (2). In the latter. the Fe30, 
particles are produced intracellularly by mag- 
netotactic bacteria and some higher organ- 
isms and are well-ordered crystals that exhib- 
it narrow size distributions and species- or 
strain-specific morphologies (1). The Fe30, 
particles in the inagnetotactic bacteria are 
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within the single-domain size range (35 to 
120 nm in length) and are usually arranged in 
a chain motif, providing the cell n i th  a per- 
mailent dipole moment. This arrangement 
causes the cell to align along Eaith's incliiled 
geomagnetic field lines: filnctioning as an 
efficient means of locating and maintaining 
an optimal position in vertical chemical gra- 
dients (3). 

Fe30,-producing magnetotactic bacteria 
produce a number of crystal moiyhologies, 
including cubo-octahedra, elongated hexa- 
and octahedra. and bullet- or arrowhead- 
shaped forins (I) .  The presence of single- 
domain Fe,O, crystals n i th  these apparently 
unique molphologies. te l~ned magiletofossils 
(4), as determined by electron microscopy of 
magnetic material separated from sediineilts 
and soils, has been used to identifq. the pres- 
ence of magnetotactic bacteria (5). These ap- 
pareiltly unique clystal forms of Fe30, have 
been used to distinguish a bacterial (intracel- 
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lular) origin from an inorganic origin (1, 
4-9); although not without controversy. A 
recent study showed that a statistical analysis 
of the sizes and shapes of fine-grained Fe30, 
clystals might prove to be a robust criterion 
for distinguishing between biogenic and non- 
biogeilic Fe,O, (10). The presence of single- 
domain ~ e , b ,  nith some of these ino~yhol- 
ogies has been used as evidence for the 
biornineralization of Fe30, by inagnetotactic 
bacteria occurring as early as 2 billion years 
ago on Earth (8)  and as paifial evidence for 
ancient life ,011 Mars i l l ) .  Stable 0 and Fe \ ,  

isotopic ratios might provide additional crite- 
ria for distinguishing between inorgailically 
and biologically produced Fe30,. 

Fe30,-producing magi~etotactic bacteria are 
ubiq~~itous in marine and freshwater environ- 
ments: \\here they geilerally inhabit the mi- 
croaerobic oxic-anoxic interface (1). Because 
of their preference for environmei~ts having 
little or no 0,, inagnetotactic bacteria may have 
been more widespread during Earth's ancient 
past: when an oxidizing aerobic a'nnosphere 
was developing (12). The 0 isotope composi- 
tion [repolted as SIS0 values (13)] of bacteri- 
ally produced metal oxides may reflect chemi- 
cal or biological origins: temperatt~re of forma- 
tion: 8'" values of the follnation waters: and 
whether molecular 0, is incorporated during 
biomineralization (14, 15). Bacterial Mn4- 
inanganates precipitated ex'uacellularly incor- 
porate as much as 50% of the 0 fi.0111 0 2 ,  thus 
serving as potentially i~nportant paleo-oxygen 
lndlcators The bactenal inanganates show d ~ f -  
ferent SLSO ~ a l u e s  froin chemically prod~lced 
Mn4- inanganates, presumably because of d ~ f -  
fereilces m reaction pathways or mechanisms 
(or both) that result in vaiying proportions of 0 
derived fi.0111 0, and H 2 0  being inco~l>orated 
into the mineral (15). Because 0 isotopes of a 
variety of materials have been used to assess 
paleoenvirolunental conditions (16-19). the 
6'" values of single-domain Fe30, pai-ticles 
preseived in Earth's sedirnentaly roclc record 
might provide impol-tant paleoenviroiu~lental 
information. 
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As a result of Fe isotope discrimination 
during microbial processillg of Fe(II1)-rich sub- 
strates, recent evidence indicates that Fe isotope 
variations of several per mil may result frorn the 
activity of Fe3--reducing bacteria (20, 21), and 
it has been suggested that this fractionation 
might be used for discerning past microbial life 
in ancient geological strata and perhaps in the 
martian meteorite ALH84001 (22). Theoretical 
calculations indicate that eq~~ilibriurn Fe isotope 
composition differences behveen coexisting Fe- 
bearing minerals could be greater than this fiac- 
tionation (23). Thus, we investigated the feasi- 
bility of using stable isotopic analyses (SISO 
and SS6Fe) of Fe,O, produced by magnetotac- 
tic bacteiia to determine whether these analyses 
could be used as a criterion to distinguish be- 
tween the chemical and biological oligiils of 
Fe30, and whether the SISO values could seilie 
as important paleotemperature or paleo-oxygen 
indicators. 

We rneasured the 6'" and Sj6Fe values of 
Fe30, produced by the following hvo pure 
cultures of obligately respiiing (nonfe~lnenta- 
tive) inag~~etotactic bacteria grown at 2g0C ac- 
cording to prescribed methods (24): :Ml/lirgizefo- 
syii.ilhri?l i71ilgizetot<rcticliiu strain MS-1 (2.7): an 
obligate microaerophile that req~~ires molecular 
O2 to syilthesize Fe,O, (12), and strain MV-1, 
nrhich grows and synthesizes Fe30, anaerobi- 
cally (26). To deteilnine the possible tempera- 
ture effects on the 6'" value of the Fe30,. we 
also grew cells of strain MV-1 at 4" and 32°C 
and cells of ll% ii1crgnetotuctic~rrlz at 3j°C. The 
bacterial Fe,O, sainples were purified accord- 
ing to tested procedures (27) and then analyzed 
for their SISO value \\,it11 methods described 
elsewhere (25). In addition, using thermal 
ionization mass spectrometry and a double 
isotope spike techniq~~e (29). we measured 
the SS6Fe of the Fe30, and the FeCl, and 
FeSO, salts provided to the bacteria to deter- 
mine whether Fe isotopes are fractionated 
during mineral forniation. 

The SS6Fe values of the Fe30, produced by 
either M ii~irgizetotircficzri~~ or strain MV-1 were 
identical within analytical uncertainty to those 
of the FeC1, salt provided to both bacteria as 

chelated Fe3- q~~inate in the growth medium 
(and to strain hW-1 as FeSO, without a chela- 
tor) (Table 1). Because of mass balance consid- 
erations, the difference in S56Fe behveen the 
accumulated product (that is: Fe30,) and the 
starting material decreases over the course of 
such experiments as the SjhFe of the accumu- 
lated product progressively approaches the 
Sj6Fe of the starting material. 111 our experi- 
ments. the Fe salts were depleted (in mass) by 
amounts ranging from 45% for strain MS-1 to 
87% for shaiil MV-1 (Table 1). By assuining 
that the behavior of Fe isotopes during the 
formation of Fe30, 111 these expeiirnellts can be 
described by a simple Rayleigh distillation pro- 
cess (during which the reactant becomes pro- 
gressively and expollentially enriched in the 
less reactive isotope as the reaction approaches 
100% completion), we calculated that the max- 
imn~lm difference in Sj6Fe behireen the Fe,O, 
product and the Fe-salt reactant was <0.3 per 
rnil in all cases (30). This amount of isotopic 
fractionation is rninor and is essentially negli- 
gible when coinpared to the precision of the 
analytical teclmiq~~e. 

The lack of substantial Fe isotope fraction- 
ation in intracellular Fe30, is consistent with 
the rate-limiting step for Fe30, foilnation being 
the passive binding of Fe ions to the external 
cell surface. In this case. Fe isotopic fraction- 
ation \vould not be likely because the lirnited 

Fig. 1. The S T 8 0  value o f  Fe30, produced by 
the magnetotactic bacteria M .  magnetotacti- 
cum strain MS-I  (triangles) and by strain MV-1 
(squares), in  relation t o  the varying S I 8 0  value 
o f  the H 2 0  that  was added t o  the microbiolog- 
ical media used for growth during replicate 
cultures. Magnetospirillum magnetotacticum 
strain MS-I  is a freshwater bacterium and an 
obligate microaerophile, whereas MV-1 is a 
marine bacterium and was grown anaerobical- 
ly. For each bacterium, the slope of the line is 
close t o  one, indicating that  the 0 in Fe,O, 
directly reflects the 6180 value of the H,O and 
does no t  incorporate molecular 0,. The results 
were compared t o  previous 8180 measure- 
ments o f  hausmannite (Mn30,) that  was pre- 
cipitated inorganically and by bacterial spores 
(1511. 

bound Fe would be totally coilsulned in the 
clystallization process. Other nonisotopic stud- 
ies have also indicated that Fe,O, fornlation in 
pure cultures of ~Vfcrgnerospiiillz1r,7 sp, is lirnited 
by Fe availability (at dissolved Fe concentra- 
tions as low as -20 FM) and that the availabil- 
ity of FeZ1 to the cell may be controlled by 
diffusive transport (31). Although previous 
work has suggested that dissimilatory Fe reduc- 
tion by bacteria results in Fe isotope fraction- 
ation (20, 21), our results show that the absence 
of Fe isotope fractionation does not necessarily 
imply an absence of biological activity during 
Fe30, fomnlation. However, because Fe isotope 
effects associated with microbial and chemical 
processes have received little investigation. in- 
teipretations at this time must be regarded with 
caution. 

Replicates of both bacterial cultures were 
made under vaiying SISO values of the H,O 
used in the gro~ith media to deternline the 
source of O (either H,O or 0,) in Fe30,. 
Because the 0, in ambient air has a S"O value 
of +23.5 per inil that is distinct from that of the 
H,O used in these experiments, we could de- 
teimine whether molecular 0, is illcoiporated 
into rnagnetotactic bacterially produced Fe30, 
by directly comparing the 6'" values of Fe30, 
prod~~ced under anaerobic conditioils by strain 
MV-1 with the S1" values of Fe30, produced 
under microaerobic conditions by iC f  nzilgilefo- 

of  a marine Bacillus bacterium (diamonds) [ f rom 

Table 1. ?i180,s,,, and ?i5Ve,,, values of bacterially produced Fe30, samples. N.D., not determined; N.A., not applicable (determination of l o 3  In cu from these 
experiments is suspect because of a "memory" effect); dashes, no data available; strain MS-I, Magnetospirillurn magnetotacticurn. 

Bacterial Growth 
?iS6Fe of ?i5Ve of [Felt (wM) 

temperature 6"0 of H,O S180 of Fe30, n l o 3  In cu FeC13x+ culture 
n 

("C) 
Fe30,f 

Initial Final 

Strain MV-1 
Strain MV-1 
Strain MV-1 
Strain MV-1 
Strain MV-1 
Strain MS-I 
Strain MS-I 
Strain MS-I 

-6.9 2 0.1 
-7.5 ?? 0.1 

+33.3 1 0 . 6  
N.D. 

- 7.6 + 0.05 
-7.5 = 0.1 

+33.8 2 0.8 
- 7.4 = 0.03 

-4.3 2 0.3 
-6.5 = 0.055 

+32.6 2 0.15 
N.D. 

-6.7 1 0 . 1  
-6.6 

+ 30.3 
-6.4 

+2.6 
+1.0 
N.A. 
- 

+0.9 
+0.9 
N.A. 
+ 1 .o 

-0.97 
-1.00 k 0.33 

N.D. 
- 1.35 

N.D. 
-1.22 ?? 0.5s 

N.D. 
N.D. 

1 28.2 
3 N.D. 
- N.D. 
1 71.5 
- 28.2 
3 28.4 
- N.D. 
- 28.4 

3.6 
N.D. 
N.D. 
32.4 

5.8 
15.0 
N.D. 
15.6 

'656Fe/54Fe,,, of FeSO, added t o  media in trace amounts is -1.55. TPrecision at the 95% confidence level is 0.2 per m i l  or better. ?;As determined by the ferrozine 
method. SReflects SD between replicate culture experiments. 1Fe source is FeSO, wi thout  chelator. 
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tacticulli. Oxygen isotopic values were similar 
for Fe,O, produced by 1M i~zcrgizetotactic~r~ii 
and strain hln7-1 and indicated that all of the 0 
in the bacterial Fe30, is derived froin H,O with 
fractio~latio~l of - 1 per mil when gro~vn at 
-30°C (Table 1 and Fig. 1). These results are 
sinlilar to previous O isotopic measurements of 
cheillically and biologically produced haus- 
nlannite (A~I~O,),  a hh polymorph of Fe,O, 
that also has cubic spinel smicttlre and shows 
little isotopic fractioaation (15). We think that 
the depletion in '9 of the Fe30, in relation to 
the H,O that was obsewed in both "heavy 
water" experiments reflects a "memoly" effect 
fro111 the Fe,O, that was ullavoidably intro- 
duced to the culture as part of the initial bacte- 
rial inoculunl. This effect was larger in culh~res 
of 2lL ~lii~gnerotcrctic~rllz in ~ l c h  cells removed 
less Fe from solutio~l and prod~~ced less Fe,O, 
than cells of strain hni-1 (Table 1). 

The values of 0 isotope fractio~lation ob- 
served in our experiments are within the 
range of previous estimates of the fraction- 
ation between H 2 0  and Fe,O, (Table 2) and 
are similar to those of Zhang et 01. (14) for 
Fe,O, produced extracellularly by a dissiini- 
latill; Fe3+ -reducing bacterial co~lsoitium 
that is theinlophilic (Table 2 and Fig. 2). 
Previous estimates of the isotopic fraction- 
ation between inorganic Fe,O, and H,O at 
low temperah~res may be suspect. This is due 
to the difficulty in chen~ically synthesizing 
Fe30, at isotopic equilibrium at temperatures 
<500°C. Therefore, the Fe30,-H,O fraction- 
ation curves in this telnperature range have 
previously been largely dependent on extrap- 
olations from experiments made at much 
higher temperatures (32, 33) or on theoretical 
calculatiolls (34). Thus, a range of estimated 

fractionation values exists (Table 2).  
The snlall 0 isotope fractionation that we 

obselved in Fe,O, produced by M. i~rcrgi~ero- 
tcicticiolz and stran1 hlV-1 at 25°C initially 
appeared to be consistellt with 0 isotopic 
fractioaatioa between a bacterially produced 
iL.l11+~ manganate and 0, and H,O, which 
were both incorporated into the nliileral in 
equal amounts without fkactionation ( l j ) .  
The lack of isotopic fractionation in this bac- 
terially produced nlanganate was hypothe- 
sized to be due to rate liinitation of the bi- 
oin~neralization process by the binding of 
h l f T  to the cell surface. However: the 8lXO 
value of Fe,O, became inore enriched in "0 
~vhen cells of strain MV-1 were grown at 4°C 
during a 2-month period, displaying a tem- 
perature-depe~ldent fractiollation (Table 1 
and Fig. 2). Therefore, in the case of Fe30, 
produced by lnag~letotactic bacteria, it is 
possible that the lack of Fe isotopic frac- 
tioilation is kinetically controlled by Fe 
bindiilg to the cell surface. whereas the 
61S0 values inay reflect temperature-de- 
peildent isotopic equilibriulll (kinetic iso- 
tope effects result \vhea bacteria or other 
biological systeins cause the isotopic value 
of the product to deviate from isotopic 
equilibrium; biological systems tend to fa- 
vor the lighter isotope, but as suggested 
here, this is not always the case). 

Zhang et 01. (14) observed a telnperature 
depe~ldence of isotopic fractionatio~l in Fe,O, 
produced by a thennopl~ilic Fe3+-reducing 
consortium. which is consistent with the re- 
sults of this study as shown by the tight 
coi~elation (cornbined coefficient of determi- 
nation 1.' = 0.97) for the data of this study 
and of the study by Zhang et crl. (14) (Fig. 2). 

Fig. 2. Oxygen isotope fractionation (1000 In a )  
between H 2 0  and Fe304 produced intracellularly 
by magnetotactic bacteria (solid circles) and ex- 
tracellularly by a thermophilic dissimilatory Fe- 
reducing bacterial consortium (solid diamonds) 
(74) as a function of temperature. The fraction- 
at ion between bacterial Fe304 and H 2 0  (1000 In 
a )  is plotted versus 106/T2 (solid line). The results 
o f  both studies form a t ight  correlation (combined 
r 2  = 0 97), indicating that  temperature is the 
primary control of the variation in 6180 values of 
bacterial Fe304 samples. The regression for this line 
is 1000 In o, = 7.9(105/T2)-7.64. For comparison, we 
have presented the S180 results for Fe304 precipi- 
tated inorganically at temperatures of 112" and 
175°C in steam pipes (open triangles) [from (36)] 
and at g0C in the teeth of chiton, a marine mollusk 
(open square) [from (35)]. When plotted together, 
these results suggest a different temperature-depen- 
dent control of 1000 In a than the bacterial Fe304 
samples suggest. (Inset) The bacterial plot (sol~d 
line) in comparison t o  previous estimates of 1000 In 
a for Fe304 and H 2 0  based on extrapola- 
tions from high-temperature experiments [short- 
dashed curve (32); long-dashed curve (33)] and mod- 
el calculations [dotted-dashed curve (34)]. The 
curves shown are close approximates and are pre- 
sented only for comparative purposes. 

The conlbined results suggest that the tein- 
perattlre at \vhlch Fe30, switches from being 
isotopically depleted in ''0 with respect to 
H,O to being isotopically enriched (the cross- 
over temperature) for biogenic Fe30, and 
H,O occurs at -45°C. Bacterially produced 
Fe,O, sanlples hold muc11 pro~llise as paleo- 
teinperature indicators at temperatures 
5 100°C. 

Other than the results of this study and a 
sh~dy by Zhang et crl. (14). the only other 
published (to the best of our lu~o\vledge) O 
isotopic nleasurenlents of Fe,O, that was 
fonned at relatively low telnperahlres and u11- 
der lu~own conditions are of Fe30, formed in 
the teeth of chiton (35). a marine mollusk, and 
of Fe,O, that had apparently fornled inorgani- 
cally at temperah~res of 176" and 121°C in 
stearn pipes (36) (Fig. 2). The Fe,O, saillples 
fronl the steam pipes are for~lled by Fe oxida- 
tion (36), and the final steps in Fe30, for~llation 
in chiton teeth reportedly involve the oxidation 
of Fez+ (37). Although the reasons for Fe30, 
fornlatioil by the nlag~letotactic bacteria and 
Fe3+-reduciag bacteria are different, Fe3+ re- 
duction has been detected ill .Id nzcrgizetotc~cti- 
~ ~ 1 1 1 1  (38-40). and it has been proposed that 
Fe3+ reduction is the final step of Fe,O, for- 
inatloll by magnetotactic bacteria (37, 40). 
Thus. the conunon feah~re of Fe3+ reductloll by 
illagnetotactic bacteria and dissirnilatoiy Fe3+ - 
reducing bacteria that produce Fe,O, exhacel- 
lularly might explain mechanistically the simi- 
larity in the telllperahlre dependence of O iso- 
tope results in the Fe,O, they produce and the 
coilwast behveen the iilorgailically produced 
Fe30, and that produced biologically by chi- 
tons (Fig. 2). However. if this temperahire de- 
pendeilce were controlled ltinetically: then ki- 
netic effects should display a time dependence 
that was not observed [the 28°C experimellts 
lasted < 1 week, ~vllereas the 4°C experiment 
wit11 strain hlV-1 lasted for 2 months (Table 
I)].  Therefore. it is possible that both bacterial 
systeins approached isotopic eq~~ilibrium. 
which would explain their sinlilarity in temper- 
ahre dependence (Fig. 2). Other possible fac- 
tors that might explain the differences behveen 
the bacterial data and previous nleasurenlellts 
or estimates presented in Fig. 2 are as follo~vs: 

Table 2.  Mineral-H,O 0 isotope fractionation ex- 
pected for Fe and Mn oxides at 25'C. 

Mineral Reference 1000 In n 

Magnetite* 
Magnetitet 
Magnetite 
Magnetite 
Magnetite 
Magnetite 
HematiteICoethite 
Hausrnannite;: 

'Bacterial, intracellular. 
5' t o  70°C. 

This study +1.3 
(74) +1.3 
(34) -3.0 
(32) -4.7 
(36) +3.7 
(33) -11.3 
(44) +6.1 
(75) - 0 

~Bac te r~a l ,  extracellular. 'At 
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(i) 0 isotope exchange between Fe,O, and H 2 0  
is extremely slow at low temperatures, and the 
inorganic Fe,O, salnples may simply represent 
disequilibrium or partial isotopic eq~~ilibrium; 
(ii) because Fe,O, contains Fe2+ and Fe3+ and 
because different reaction pathways for Fe,O, 
folnlation may result in variations in ciystal 
shuchlre in which Fez+ and Fe3- occupy dif- 
ferent proportions of octahedral and tebahedral 
sites within the mineral, this variation in turn 
influences the bond energies for Fe2- and Fe3+ 
and. conseq~~ently, the isotopic fractionation be- 
tween Fe,O, and H20 (41); and (iii) bacteria 
exert a unique kinetic (that is, "vital") effect on 
the S1'O values of Fe,O,, resulting in ''0 
enrichment (Fig. 2), and thus show a unique 
temperature-dependent fractionation. For com- 
palison, vital effects in biotically precipitated 
carbonates can result in shifts in both the slope 
and intercept on a plot of 1000 In oc versus 
106iT2 ( a  ,,,,,,e,~,,.,zo. fractionation factor = 

(slSO,,,i,,,,.,, + 1000)~(slSOH,O + 1000); T. 
tenlperature in kelvin) and in-some cases can 
result in S1'O values that are higher than the 
equilibriunl values (42). All of these possibili- 
ties need to be considered in future 0 isotope 
studies of Fe,O,. 

Our results for magnetotactic bacteria, 
combined with results for thermophilic Fe- 
reducing bacteria (Fig. 2): provide a consis- 
tent correlation of 1000 In J-I.I-O) V ~ S S L I S  

T between 4" and 70°C. Fultl~elfiore, the 
results are different from the established es- 
timates of inorganic Fe,O,-H20 fractionation 
that have been developed over the years with 
a variety of high-temperature experimental 
data (700" to 800°C), theoretical calculations. 
and empirical considerations (32-34). How- 
ever. the established inorganic Fe30,-H20 
fractionations may have substantial uncer- 
tainties in the low-temperature range of our 
experiillents. Although we cannot prove equi- 
librium in the manner of a partial isotopic 
exchange experiment: we have produced pure 
Fe30, phases and have demonstrated a repro- 
ducible and reasonable temperature effect on 
0 isotope fractionation. The consistency of 
our data with the data for thermophilic Fe- 
reducing bacteria indicates that we have es- 
tablished a reliable "bacterial fractionation 
curve" [lo00 In a (,,, o,.H,o, = 7.9(10'.T2) 
-7.641 that can be used in interpreting the 
0 isotope systeinatics of bacterial Fe,O, 
samples. Therefore, if Fe30, crystals can 
be identified (by statistical analysis of their 
size and shape, for example) as having been 
produced by magnetotactic bacteria, then 0 
isotopic analyses of these Fe30, particles 
could yield paleoenvironmental informa- 
tion. A mineral-pair 1SO1160 thermometer 
(for example, calcite-magnetite) or inde- 
pendent knowledge of the S1% value of the 
waters that hosted the illagiletotactic bacte- 
ria would permit the calculation of temper- 
atures of formation. 
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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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