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Infrared Monitoring of the Adhesion of Catenaria anguillulae
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TuNLID, A., NiveNs, D. E,, Jansson, H.-B., anp WurTe, D. C. 1991. Infrared Monitoring of
the adhesion of Catenaria anguilllae zoospores to solid surfaces. Experimental Mycology 15,
206--214. Electron microscopic studies of nematodes infected with the chytridiomycetous fungus
Catenaria anguillilae indicated that zoospores of the fungus adhered to the cuticle of nematodes
by a layer of extracellular polymers. The chemical composition of the adhesive polymers and their
interaction with a solid surface were examined with Fourier transform infrared spectroscopy, using
an attenuvated total reflectance cell. On-line monitoring of the adhesion of zoospores to a germa-
nium crystal with this technigne showed that the adhesive polymers consisted of a protein(s)
containing amide I and 1 bands. The adsorption of these proteins, measured as the increase in the
amide Il band, had a rapid initial phase of ca. 20 minutes, followed by a slower increase during the
course of incubation. Fluorescein isothiocyanate staining of the attached cells at the end of the
experiment showed that the adhesion of the zoospores occurred before the formation of the cyst

wall.  © 199t Academic Press, Inc.
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Adhesion to the host surface is an impor-
tant step in the infection process of fungal
zoospores and ensures that the pathogen is
not washed away before subsequent germi-
nation and invasion (Bartnicki-Garcia and
Sing, 1987). Adhesion in zoospores is con-
sidered to be an initial phase of the encyst-
ment, swimming zoospores are not adhe-
sive but become so just before a cyst wall is
formed (Sing and Bartnicki-Garcia,
1975a,b). For an individual zoospore, the
duration of time over which adhesion oc-
curs is extremely short and lasts only about
30-60 s for Phytophthora palmivora (Bart-
nicki-Garcia and Sing, [987) and between 1
and 4 minutes for Phytophthora cinnamomi
(Gubler et al., 1989). The adhesive materi-
als of the Phytophthora species as well as of
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Pythium aphanidermatum are rapidly se-
creted from vesicles, located inside the
plasma membrane, immediately after in-
duction of encystment (Sing and Bartnicki-
Garcia, 1975a,b; Gubler and Hardham,
1988; Estrada-Garcia ef al., 1990). Cyto-
chemistry and chemical characterization of
the adhesive polymers from these zoo-
spores have shown that they are glycopro-
teins.

So far, adhesion studies of zoospores
have been performed in systems using in-
tact roots, preparations of plant cells or
protoplasts, or inert surfaces such as glass
and plastics (Sing and Bartnicki-Garcia,
1975a; Bartnicki-Garcia and Sing, 1987;
Longman and Callow, 1987; Hohl and Bal-
siger, 1986; Gubler et al., 1989). The main
limitation of these methods is that they are
destructive and do not allow for real time
monitoring of the molecular interactions
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between the zoospore and the surface. Fou-
rier transform infrared (FTIR)” spectros-
copy in combination with an atlenuated to-
tal reflectance {(ATR) flow cell is a sensitive
and nondestructive technique that has been
used to characterize the adsorption of pro-
teins and other macromolecules to surfaces
(Gendreau, 1986). The IR portion of the
spectrum is rich in information regarding
the vibrational and rotational motions of at-
oms in molecules (Bellamy, 1958; Parker,
1971), Specific IR absorptions can be as-
signed to particular types of covalent
bonds, and modifications of these bonds by
the local electronic environment can be de-
tected in the details of the spectra,

In contrast to conventional IR methods,
FTIR spectroscopy has the speed, sensitiv-
ity, and precision to monitor the interac-
tions between molecules and surfaces, even
in water solutions (Gendreau, 1986). In
combination with an ATR cell, FTIR spec-
troscopy measures the absorption spectra
of compounds located within part of a mi-
crometer of a crystal surface (Griffiths and
deHaseth, 1986). This technique has been
utilized to study the interactlions between
blood proteins and surfaces (Gendreau and
Jacobsen, 1979), growth of mammalian
cells (Hutson ef al., 1988), development of
biofilms on surfaces (Baier, 1980; Nichols
et al., 1985), and the adhesion mechanisms
of bacteria (Nivens er al. 1988).

All work on the adhesion mechanisms of
zoospores has so far been performed on
Oomycetes such as Phytophithora spp.
and Pythium spp. and virtually nothing is
known about these phenomena in other
zoosporic fungi, e.g., Chytridiomycetes. in
this study, we have used the FTIR-ATR
technique to examine the adhesion of zoo-
spores of the chytridiomycetous fungus
Catenaria anguilliulae to a solid surface. .

? Abbreviations used: ATR, attenuvaled total reflec-
tance; FFIR, Fouricr transform infrared; DRIFT, dif-
fuse reflectance FTIR; TEM, transmission electron
microscopy; SEM, scanning electron microscopy.
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anguillulae is one of the most common en-

‘doparasitic fungi attacking nematodes (Bar-

ron, 1977). Zoospores of this fungus adhere
and encyst at the nematode cuticle and af-
ter germ tube formation, the nematode is
penetrated and infected.

MATERIAL AND METHODS

Culture of organisms. C. anguillulae So-
rokin (CBS 117.87) was maintained on
YPSS medium (20.0 g soluble starch, 1.0 g
yeast exiract, 1.0 g K,HPO,, 0.5 g MgSO,,
15.0 g agar, 1000 ml distilted water) at 30°C,
To produce zoospores the fungus was
transferred to PYG medium ¢1.25 g pep-
tone, 1.25 g yeast extract, 3.0 g glucose,
15.0 g agar, 1000 ml distilled water, pH 6.8)
and grown for 2-4 days at 30°C, The nem-
atode Panagrellus redivivus (Linn.) T.
Goodey was grown axenically in a soya
peptone-liver extract medium (Nordbring-
Hertz, 1977).

Transmission electron microscopy
(TEM). Zoospores, both motile and en-
cysted, were fixed by adding 4% gluiaral-
dehyde in cacodylate buffer drop-wise to a
final concentration of 3% and left over night
at 4°C. The zoospores were washed three
times in the buffer and treated with 2%
0s0, in cacodylate buffer at 4°C and again
washed three to four times in the buifer.
The specimens were dehydrated in an eth-
anol series and embedded in Epon, sec-
tioned on a Reichert-Jung Supernova ultra-
microtome, and examined in a Jeol Tem-
scan 200CX electron microscope.

Scanning electron microscopy (SEM).
Nematodes with adhering, and encysted,
zoospores were treated with unbuffered 2%
(final concentration) glutaraldehyde added
drop-wise during 33 min and fixed for 20
min at 22°C. The nematodes were washed
three to four times in distilled water, dehy-
drated in an ethanol series, collected on a
Nucleopore filter, and critical-point dried.
The specimens were mounted on aluminum
stubs and coated with Au and observed in a
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Philips SEM 515 scanning electron micro-
scope.

Cell adhesion. Zoospores of C. anguillu-
lae were harvested by f{locding 2- to 4-
day-old culture plates (P¥G medium)} with
distilled, deionized water (dH,0). The
spores were washed twice with filtered
{0.22 pm) dH,O by centrifugation (3000g,
10 min). The zoospores were diluted in
dH,0 to a concentration of 107 cells/ml and
injected with a syringe into an ATR flow
cell. The experimental setup is shown in
Fig. 1. The ATR cell with zoospores was
placed in the FTIR instrument and IR spec-
tra were recorded about every 2.5 min for
30 min, every 6-7 min between 30 and 60
min, every 20 min between | and 3 h, and
every hour between 3 and {2 h of incuba-
tion. At this time, any free or loosely ad-
herent zoospores were removed by exten-
sively rinsing the ATR cell with several vol-
umes of dH,O. Final FTIR spectra were
recorded of the attached zoospores. The
ATR cell was then dismounted and the ad-
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FiG. 1. Schematic diagram of the attenuated toial
reflectance (ATR) cell used in the adhesion experi-
ments. The IR beam on the internal refiection in the
germanium crystal penetrates into the aqueous me-
dinm, and IR absorption spectra can be recorded con-
tinuousty of compounds located in the region of pen-
etration,
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hered spores were examined with epifluo-
rescence microscopy, after staining with
fluorescein isothiocyanate (Babiuk and
Paul, 1970). The ATR experiments were
performed at room temperature (20°C) and
repeated twice,

Fourier transform infrared spectroscopy.
The ATR cell was supplied by Harrick Sci-
entific Corp. (Ossining) and consisted of a
germanium crystal, O-ring seals, and a
crystal holder assembly. The assembly is
made of two melal plates which contain an
inlet, an outlet, and a groove. The metal
plates were clamped around the germanium
crystal to form the flow channels and the
O-rings provided the seals. Using this cell,
the germanium crystal surface is held ver-
tically. The ATR cell was placed in the mi-
crobeam chamber of a Nicolet 60SX FTIR
instrument, equipped with a liquid nitrogen
cooled, high sensitivity, mercury:cadmium:
tellurium detector (range 5500-710 ¢cm™Y),
a mid-IR Globar source, and a KBR beam-
splitter (Nicolet Instrument Corp., Madi-
son, WI), '

The internal reflection element in the
ATR cell was germanivm metal (50 x 10 X
2 mm, refractive index, 4.01, Harrick Sci.
Corp.) cut to provide a 45° angle of inci-
dence (0). The depth of penetration (d,) of
the infrared energy into the water solution
of zoospores with respect to the wave-
length of light (\) is approximately d, =
0.0638 * A (Fink and Gendreau, 1984). This
results in a o, for the amide I band (1650
em ') of 385 nm. Each sample scan re-
sulted in a simple-sided interferogram of
4096 data points which provided a resolu-
tion of 4 cm . Interferograms were zero-
filled and apodized by the Haap—Genzel
function prior to the Fourier transforma-
tion, utilizing the Nicolet SX software
{TMON version 2.0). Signals averaging 256
scans per sample required 72 s of total mea-
surement time. All spectra were ratioed toa
background of the dry ATR cell. Transmis-
sion spectra were converted to absorption
specira, and water background spectra of



ADHESION OF Catenaria ZOOSPORES

filtered (0.22 pm} dH,O were subtracted.
Spectra of water vapor were also sub-
tracted when necessary. The sample cham-
ber (outside the ATR cell) and optical
bench were under a constant nitrogen purge
throughout the analysis,

The IR spectra from the ATR experi-
ments were compared with spectra of ly-
ophilized zoospores obtained using the dif-
fuse reflectance FTIR (DRIFT) technique.
Samples of zoospores, harvested from the
PYG medium, were washed with dH,0 and
lyophilized. Weighed amounts of the lyoph-
ilized cells were mixed with potassium bro-
mide at a ratio of 1:10. The DRIFT acces-
sory was from Spectra Tech Inc. (Stam-
ford, CT), and the samples were scanned as
described above. The spectra were infer-
preted based on the Kubelka~Munk analy-
sis (Griffiths and Fuller, 1982).

RESULTS

Examination by SEM indicated that the
adhesion of zoospores of C. anguiliulae to
the cuticle of the nematode P. redivivus
was mediated by a layer of extracellular
polymers (Fig. 2A). A polymer layer out-
side the cell wall was also visualized by
TEM on encysted zoospores but was ab-
sent on nonadhering zoospores (Fig. 2B).

On-line IR monitoring of the adhesion of
Catenaria zoospores to the germanium
crystal surface in the ATR cell showed the
appearance of molecules with amide (1645
em ™Y and amide 1T (1550 cm ™~ ") bands after
only 2.5 minutes of incubation (Fig. 3). The
intensity of these bands increased rather
rapidly during the first 20 minutes of incu-
bation, and then more slowly during the
course of the experiment (Fig. 4).

After about 2 h of incubation, at least two
new IR bands at frequencies fower than the
amide IT bands appeared in the IR spectra
at 1450 and 1400 cm™' (Fig. 5). These
bands, as well as the amide I and I bands,
were also present in the IR spectra re-
corded after 12 h of incubation. No peaks
were seen in the carbohydrate region of the
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IR spectra (1150 cm ™ !). Subtracting of se-
quential scan sets during the course of the
experiment did not reveal any qualitative
changes in the IR spectra during the incu-
bation. Washing the ATR flow cell with wa-
ter did not change the IR spectra, as shown
by subtracting the IR spectra before and
after the wash (Fig. 6).

Examination of the crystal surface by
epifluorescens microscopy at the end of the
experiment showed the presence of at-
tached zoospores. The number of attached
zoospores was estimated to about 10°
cellsfem?. Notably, the attached zoospores
were not encysted.

The FTIR spectra of lyophilized zoo-
spores recorded using the DRIFT tech-
nique were considerably different from the
FTIR-ATR spectra (Fig. 7). Except from
the amide bands, the DRIFT spectrum con-
tained prominent IR bands at 1748, 1240,
1100, and 1032 cm ™.

DISCUSSION

The results presented here constitute the
first report on the mechanisms involved in
the adhesion of zoospores of the chytridio-
mycete C. anguillulae. On-line monitoring
of the FTIR spectra of zoospores from this
fungus adsorbing onto a germanium crystal
surface in the ATR flow cell showed that
they adhered to solid surfaces using poly-
mers containing amide I and II bands.
These bands are in the region of C=0
stretching (amide I), and N-H in-plane
bending and C-N stretching (amide II),
which is characteristic for proteins
(Gendreau, 1986). The frequencies ob-
served at 1450 and 1400 cm ™' are probably
related to the structure of the side chains
(CH, and carboxyl) of the proteins
(Gendreau, 1986}, That these protein bands
were due to the IR absorption of an adhe-
sive from the zoospores was indicated by
the fact that the spectra did not change after
washing away free cells and extracellular
material from the ATR cell, and by demon-
strating that the remaining cells were at-
tached zoospores.



cuticle of the nematode P. redivivies. Germ tube penetrating in the cuticle (arrow). Micrograph re-
corded after about 1 h of interaction. Bar: | pm. (B} Transmission eleciron micrograph of C. anguil-
lulae zoospores (Z; no extracellular polymers visible) and encysted zoospores (EZ; with a polymer
layer). N, nucleus; L, lipid body; P, polymer layer; F, withdrawn flagellum; CW, cell walt. Bar: § pm.
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FiG. 3. Three-dimensional plot of FTIR spectra col-
lected every 2.5 min plotled as a function of time of
adhesion of C. anguillulae onto a germanium crystal
surface in an ATR cell. The major IR bands are at 1645
em™ ' (amide I} and 1550 cm ™" (amide ID.

The depth of penetration of the IR beam
with the used ATR cell was about 0.4 pm,
which can be compared with the thickness
of 0.2 pm of the extracellular polymer layer
present on the encysted zoopores, as visu-
alized by TEM. The FTIR spectra recorded
using the ATR cefl might therefore include
both extracellular and intracellular compo-
nents. However, the major differences be-
tween the IR spectra from the ATR cell and
the DRIFT accessory indicate that the ATR
technique mainly record IR absorption of
extracellular components. The depth of
penetration of the DRIFT technique is sev-
eral millimeters (Griffiths and Fuiler, 1982).
The prominent band at 1748 cm™' in the
DRIFT specttum can be assigned to C=0
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FiG. 4. The intensity of the amide Il bands as a
function of incubation time of C. anguilinlae in the
ATR cell. Data from two different experiments are
presented,
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Fia. 5. Three-dimensional plot of FTIR specira col-
lected every 2 h plotted as a function of time of adhe-
sion of C. anguillulae onto a germanium crystal sur-
face in an ATR cell, The major IR bands are at 1645
cm ! (amide I} and £550 cm ™! (amide [).
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stretching in esters of glycerides (Kates,
1986). Encysted zoospores of C. anguillu-
lae contain big lipid bodies (Ifig. 23) and
analysis of lipids in both zoospores and en-
cysted cells has shown that they have a high
content of acylated neutral lipids (5-10%,
Tunlid unpublished data). The correspond-
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Fig. 6. 'The FTIR spectra of C. anguithdae attached
Lo a germanium crystal surface for 12 b (top), for 13 b,
including | h of extensive washing of the ATR cell with
water (mmiddle), and these lwo spectra sublracted (bot-
tom),
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Fi1G. 7. Reflectance IR spectra {DRIFT) of lyophi-
lized zoospores of C. anguillulae.
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ing IR band from intracellular fatty acid es-
ters was absent in the FTIR ATR spectra.

Previous studies have shown that the ki-
netics of protein adsorption to surfaces in
ATR experiments can be determined by
plotting the intensily of the amide bands,
which are not sensitive to conformation or
structural changes, against the time of in-
cubation (Gendreau, 1986). The amide 11
band is such a band and the corresponding
plot from our experiments showed that the
adsorption of proteins from the zoospores
had an initial rapid phase of about 20 min-
utes, followed by a slower increase during
the course of incubation. This suggests that
the adhesion phase of individual zoospores
of C. anguillulae is very short, as has also
been reported for Phytophthora zoospores
{Bartnicki-Garcia and Sing, 1986; Gubler e/
al., 1989). The following slower increase in
the intensily of the amide 11 band indicates
that the zoospores were adhering to the
crystal during the whole incubation period,
which can be expected since the encyst-
ment was not synchronized in these exper-
iments. Microscopy of the attached cells
showed that they, contrary to the zoo-
spores adhered to the nematode culicle,
had flagella and remained as zoospores,
Thus, the adhesion of zoospores of C. an-
guillulae 1o the germanium crystal seems to
occur before the cyst wall is formed. Simi-
larily, in P. palmivora adhesion occurs be-
fore or during the initiation of cyst wall mi-
crofibril synthesis (Sing and Bartnicki-
Garcia, 1975a,b).

TUNLID ET AL.

The reasons why the zoospores adhering
to the germanium crystal were not encysted
are not known. Experiments have shown
that the encystment of C. anguillulae can
be induced by the lectin concanavalin A in
a mechanism similar to that which has been
reported for P, cinnamomi (Jansson, un-
published data) (Hardham and Suzaki,
1986). This observation indicates that the
encysiment process of C. anguillulae is
triggered by the interactions between pro-
teins on the surface of the zoospores and
the cuticle of the nematode. The question,
thercfore, arises as to whether the adhesion
mechanism of the Catenaria zoospores ob-
served in the ATR cell is similar to that of
those adhering to the nematode cuticle. Re-
sults from studies using zoospores of P.
palmivora and P. cinnamomi indicate that
the adhesion mechanisms expressed during
the early stages are noaspecific and similar
on both inert and living surfaces (Sing and
Bartnicki-Garcia, 1975a; Gubler ef al.,
1989). However, experiments of the adhe-
sion mechanisms of P. aphanidermatum to
plant roots (Longman and Callow, 1987), as
well as of several nematophagous fungi to
nematode surfaces (Nordbring-Hertz, 1988;
Jansson and Nordbring-Hertz, 1988), have
indicated that the adhesion of these fungi to
their host cells is a complex process involv-
ing both specific lectin-receptor interac-
tions and other mechanisms.

FTIR spectra of living cells are enor-
mously complex and it is very difficult to
assign the absorption bands to specific mol-
ecules (Nichols et al., 1985; Hutson et al.,
[988). Subtractions of spectra obtained
from isolated polymers and the Fourier
self-deconvolution technique can be very
valuable tools in such studies (Gendreau,
1986). However, rather than trying to as-
sign the bands to specific molecules, FFIR
spectroscopy of whole cells should be fo-
cused on detecting reproducible spectral
changes occurring during specific celfular
or physiological processes. We think that
the FTIR-ATR technique as demonstrated
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in this paper can be a very valuable tool for
monitoring the molecular interactions be-
tween microorganisms and surfaces and for
studying how these processcs are affected
by the surface structure and the surround-
ing environment,
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