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The ability of two different flow cytometers, the Microcyte (Optoflow) and the PAS-III (Partec), to differ-
entiate sporangia of the late-blight pathogen Phytophthora infestans from other potential airborne particles was
compared. With the PAS-III, light scatter and intrinsic fluorescence parameters could be used to differentiate
sporangia from conidia of Alternaria or Botrytis spp., rust urediniospores, and pollen of grasses and plantain.
Differentiation between P. infestans sporangia and powdery mildew conidia was not possible by these two
methods but, when combined with analytical rules evolved by genetic programming methods, could be achieved
after staining with the fluorescent brightener Calcofluor white M2R. The potential application of these
techniques to the prediction of late-blight epiphytotics in the field is discussed.

Current methods for predicting the occurrence of late-blight
of potato (Phytophthora infestans) rely on climatic modeling to
identify conditions conducive to pathogen reproduction and
thus to disease spread (5). Such methods can provide consid-
erable savings to growers, as well as environmental benefits.
For United Kingdom potato production, calendar spraying is
normal practice, with sprays commencing when the crop can-
opy has closed and continuing at 7- to 10-day intervals until
crop desiccation or harvest. Use of forecasting models can
reduce the number of required sprays by allowing a delay in the
first fungicide application and/or an extension of the interval
between subsequent sprays (e.g., references 25 and 28).

However, such methods are not always reliable in all condi-
tions. Evaluation of five forecasting systems at different sites in
England and Wales from 1994 to 1997 indicated that their
predictions differed from one another and that the effective-
ness of all the models varied from year to year. They were at
their least effective in a low-risk year, when they recommended
spraying even though no blight occurred (N. J. Bradshaw,
M. C. Taylor, and N. V. Hardwick, Abstr. Int. Cong. Plant
Pathol., abstr. 3:1.21, 1998). Geographical location may also
affect the performance of forecasting models: differences in
climate, as well as in local blight populations, may mean that
systems which function well in their country of origin may not
perform as well elsewhere (14, 24, 28).

One important factor that is not taken into account by fore-
casting models is the amount of inoculum present in the im-
mediate environment of the crop. Although there is evidence
for a soil-borne inoculum of oospores in other European coun-
tries (15, 39), in the United Kingdom it appears that asexual,
wind-borne sporangia remain the most important source of
late-blight inoculum (J. P. Day, R. C. Shattock, and D. S. Shaw,
unpublished data). Use of volumetric spore traps within potato
fields, with identification and enumeration of sporangia carried
out under the microscope, has yielded variable results. Schlen-
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zig et al. (36) detected inoculum in the air only after the first
diseased plants were visible in the field, and they concluded
that sampling of the air was no more effective than a visual
check of the crop in terms of identifying the start of the epi-
demic. In contrast, Bugiani et al. (6, 7) found that one or two
peaks in sporangia concentration in the air (10 to 20 sporangia
per m®) preceded the first observed symptoms, and they used
these data to confirm the predictions of climatic modeling. It is
evident that the sensitivity of such methods would be greatly
enhanced if an increased rate of sampling could be coupled
with a means of identifying and enumerating the P. infestans
sporangia automatically.

Flow cytometry is a well-proven technique that allows cells,
spores, and other particulates to be analyzed individually (12,
16, 33, 37, 44). Particles are interrogated optically and, for each
particle, measurements of several cellular parameters are re-
corded: these normally include forward light scatter, orthogo-
nal (side) light scatter, and one or more fluorescence param-
eters. Particles may show intrinsic autofluorescence; for
example, the autofluorescence of the photosynthetic pigments
of microalgae and cyanobacteria, combined with light scatter
measurements, facilitates differentiation of different species by
flow cytometry (e.g., references 10, 40, 42, and 43). In other
cases, fluorescent dyes are needed to differentiate different
microbes (12, 34, 42). For example, forward light scatter, wide-
angle light scatter, and DNA fluorescence (stained with two
fluorescent dyes) have been used to differentiate spores of
different species of basidiomycete fungi (1).

Flow cytometry has many advantages with regard to the
detection of single particles, but the expense of traditional
instrumentation, and its large size and comparatively high-
power requirements, pose disadvantages for an in-field system.
The Microcyte flow cytometer (Optoflow AS; Oslo, Norway
[12, 20]) offers a portable system, capable of battery operation
and with relatively small dimensions (330 by 430 by 160 mm).
Sheath fluid is recycled internally, and the optical components
are mounted in a solid aluminum block requiring no user
adjustments.

The Microcyte would present an ideal in-field system, if
directly linked to a high-volume air sampler, but it has limita-
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tions including, for example, the relatively small number of
parameters recorded and the presentation of data as a popu-
lation histogram only rather than in list mode (37), which
records and presents data individually from each particle. In
the experiments reported here, the Microcyte was compared
with the PAS-III particle analyzing system (Partec GmbH,
Miinster, Germany), a larger, benchtop system with dual-wave-
length excitation and up to six optical parameters. The ability
of both instruments to differentiate P. infestans sporangia from
pollens and fungal spores was assessed by using both light
scatter and fluorescence parameters, with a view toward the
detection and enumeration of P. infestans inoculum against a
background of some other common constituents of the air
spora. The most effective discrimination of P. infestans spo-
rangia from the other particles tested was achieved with the
PAS-III and relied upon a combination of the autofluores-
cence of certain particles (especially pollen and rust uredinio-
spores) and the fluorescent brightener Calcofluor white M2R.

MATERIALS AND METHODS

Source and preparation of fungal spores and pollen grains. An Al mating-
type isolate of P. infestans, designated 96.69, was used for all experiments. This
culture had been isolated in 1996 as part of a United Kingdom late-blight survey
(also funded by the Ministry of Agriculture, Fisheries, and Food) carried out at
the University of Wales, Bangor, United Kingdom, and was known to belong to
the most commonly occurring clonal lineage in England and Wales (Day et al.,
unpublished). Cultures were maintained for long-term storage on rye A agar (8)
supplemented with RAN (50 ug of rifamycin, 50 pg of ampicillin, and 100 p.g of
nystatin per ml [Sigma Aldrich Co., Ltd., Poole, United Kingdom]). Large num-
bers of sporangia for experiments were obtained by first culturing them on
unamended rye A agar for ca. 7 days and then using a sporangial suspension
obtained from these plates to inoculate detached potato leaves (cv. Home
Guard, commercial suppliers). These were incubated in plastic salad boxes con-
taining a double layer of paper towel above a damp cloth to maintain humidity.
After 6 to 7 days of incubation at 18°C, with 18 h of illumination daily, leaves
were washed in distilled water to obtain sporangial suspensions.

Cultures of Botrytis cinerea and Alternaria alternata were isolated from senesc-
ing potato tissue from the glass house. Cultures of Penicillium chrysogenum
(NRRL 1951) were obtained from the laboratory culture collection. These cul-
tures were maintained on potato dextrose agar (Lab M; Topley House, Bury,
United Kingdom), and conidia were harvested by washing the plates with dis-
tilled water. Plant materials infected with powdery mildew (Blumeria graminis
var. hordei) and with rust fungi (oat crown rust [Puccinia coronata f. sp. avenae)
and wheat brown rust [Puccinia recondita f. sp. tritici]) were provided by Tim
Carver and Elwyn Jones of the Institute of Grassland and Environmental Re-
search (IGER), Aberystwyth, United Kingdom. Conidia and urediniospores of
mildew and rusts were harvested by agitating leaves in 50 ml of distilled water
containing a single drop of Tween 80. Pollen of Poa annua (annual meadow
grass) was obtained from plants grown in the glass house from seed donated by
Tan Thomas of the Genetic Resources Unit at the IGER. Other grass, plantain,
and pine pollens were obtained from plants on campus at the University of
Wales, Aberystwyth. In each case, harvested cones and/or flowers were allowed
to release pollen overnight.

Suspensions of biological particles were filtered through a single layer of
muslin (average pore size, ca. 0.5 mm) before being placed in the flow cytometer.
Spores or sporangia obtained from leaves were “washed” twice by allowing them
to settle out of suspension and then removing and replacing the top layers of the
suspension. For most analyses, particles were at a concentration of ca. 10° ml™ !,
For some experiments, particles were fixed or killed by the addition of ethanol to
the medium (50% final volume).

Staining of spores. The following dyes were obtained from Molecular Probes
Europe BV: 1,1',3,3,3',3'-hexamethylindodicarbo-cyanine iodide [DiIC,(5)],
3,3'-dipropylthiadicarbo-cyanine iodide [DiSC;(5)], TO-PRO-3 iodide, and a
range of SYTO dyes (SYTO 17, 59, 60, 61, 62, 63, and 64). Nile Blue A was
obtained from Electron Microscopy Sciences, Fort Washington, Pa., and Cal-
cofluor white M2R (Fluorescent Brightener 28; Tinopal UNPA-GX) was from
Sigma Aldrich Co., Ltd. Stock solutions were dissolved in dimethyl sulfoxide
except for Nile Blue and Calcofluor white, which were made up in distilled water.
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After addition of dye, samples were routinely kept in the dark for 15 min at room
temperature before being measured in the flow cytometer.

Flow cytometry. Flow cytometric analyses were performed by using (i) the
Microcyte portable flow cytometer (Optoflow AS) purchased from Aber Instru-
ments, Ltd. (Aberystwyth, Wales, United Kingdom) with a 635-nm laser diode as
light source and avalanche photodiode detectors for forward light scatter (636 =
5 nm) and red fluorescence (650 to 800 nm) or (ii) the Partec PAS-III particle
analyzing system (Partec GmbH), which was equipped with a 488-nm argon-ion
laser, a 633-nm helium-neon laser, a 100-W Hg arc lamp, and photomultiplier
tube detectors for six optical parameters. For most experiments, data were
collected with respect to forward scatter (FSC), side scatter (SSC), and four
fluorescence parameters: FL1 (green; 515 to 560 nm), FL2 (orange; 575 to 605
nm), FL3 (red; >645 nm), and FL4 (red; 665 to 690 nm). For experiments with
Calcofluor white, the PAS-III was operated with the 488-nm argon-ion laser and
the mercury arc lamp as a UV light source. In this configuration, fluorescence
from the UV excitation was recorded (at 450 to 460 nm) instead of SSC.

Both instruments were set to record on a logarithmic intensity scale. The
following reference standards were used: 6.0-wm AlignFlow Plus Flow Cytom-
etry Alignment beads (Molecular Probes Europe BV, Leiden, The Netherlands)
and 10.5-, 41.5-, and 66.0-pm-diameter Uniform Microspheres (Bangs Labora-
tories, Inc., Fishers, Ind.). Data analysis was carried out by techniques of multiple
gating (FCS Express; De Novo Software, Thornhill, Ontario, Canada) and ge-
netic programming. Genetic programming (2, 29-32) is a technique that allows
the evolution of simple, interpretable rules from complex datasets. We have been
applying it to a wide variety of problems in spectroscopy (17, 21, 26, 41, 45) and
elsewhere (18). For the present program we used the program Gmax-bio (Aber
Genomic Computing, Aberystwyth, Wales) with default settings for the popula-
tion size (1,000) and recombination rate (80%) and a mixture of numerical and
logical operators. Hexavariate data (FSC, SSC/UV, FL1, FL2, FL3, and FL4)
were acquired from 9,000 particles (variously Phytophthora sporangia; spores of
Alternaria, Blumeria, crown rust, and brown rust; and pollen of Poa annua). Data
for Phytophthora were encoded with a “1”; data for the remaining particles were
encoded with a “0”. The program evolved rules, and the program that finally
evolved was checked against a test (holdout) set of data that it had not seen (see
reference 27).

RESULTS

Light-scatter detection of P. infestans sporangia with the
Microcyte. FSC histograms obtained from the Microcyte could
be used to differentiate some large populations of particles
from others (e.g., Fig. 1). However, most of the types of pollen
tested in this instrument showed FSC histograms that were
extremely similar to those of P. infestans sporangia. Fungal
conidia normally showed less FSC than the sporangia, but even
here there was some “overlap” between the histograms. Since
the software recorded data only as histograms, it was not pos-
sible to generate two-dimensional plots of FSC against fluo-
rescence for individual particles as a further aid for particle
differentiation.

Peak channel numbers (PCN) for FSC measured in the
Microcyte were plotted against the actual dimensions of the
particles (particle width, particle length, particle volume, and
their logarithms) as measured under the microscope. The size
of particles was measured on three separate occasions, with 30
particles measured each time, and the overall mean was plot-
ted on the graphs. Different datum points on the graphs cor-
respond to experiments on different days; the variation ob-
served between readings for the same particle types on
different days may have been due to slight variations in particle
size and/or metabolic state, as well as to differences in the
performance of the flow cytometer. Particle volume was esti-
mated by using the assumption that particles could be regarded
as cylinders with hemispherical ends. R* values close to 1.0 (see
Fig. 2 legend) indicated that the relationship between FSC and
particle width and/or length or volume was relatively close to
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FIG. 1. Individual light-scatter plots, overlaid, for sporangia of P.
infestans, conidia of Penicillium chrysogenum and Alternaria spp., and
pollen of a Pinus sp. (mean of four samples each) recorded in the
Microcyte. The plot for P. infestans also shows a large number of small
background particles, since these samples were collected from infected
leaves. The CV ([standard deviation X 100]/mean channel number)
was determined only for the range of channel numbers containing the
sporangia or spores of interest.

linear in the case of the latex beads; linear correlation was less
strong for the biological particles. The strongest linear rela-
tionships were found for particle width (Fig. 2) or, to a lesser
extent, volume, while particle length gave the weakest corre-
lation. The presence of 50% ethanol (which fixed or killed the
biological particles) had no significant effect on peak channel
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FIG. 2. Correlation between FSC and log (particle width) for stan-
dard beads (6.0, 10.5, 41.5, and 66.0 wm), P. infestans sporangia, other
fungal spores, and pollen analyzed in the Microcyte. Separate datum
points indicate the peak channel number for samples analyzed on
different days. Linear least-squares best-fit lines were calculated in MS
Excel and are shown with correlation coefficient R* = 1 — (SSE/SST),
where SSE = 2(Y; — Yi)z and SST = (2Y?) - (2Y))’/n.
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FIG. 3. Relationship between FSC and log (particle width) for
standard beads, P. infestans sporangia and zoospores, other fungal
spores, and pollen analyzed in the PAS-III. Separate datum points
indicate the PCN for samples analyzed on different days. Linear least-
squares best-fit lines were calculated in MS Excel (see Fig. 2).

number for any of the biological particle types tested (P <
0.05; single-factor analysis of variance [analyses not shown]). A
relatively larger scatter signal was obtained from the latex
beads than from most biological particles of similar size (cf.
reference 11). P. infestans sporangia and zoospores gave a
larger light-scatter signal, relative to their actual size, than the
other biological particles. In the Microcyte, sporangia ap-
peared to be similar in size to pollen, in spite of being smaller
in their true width.

Light-scatter detection of P. infestans sporangia with the
PAS-III. For most of the particles tested, FSC histograms ob-
tained for P. infestans sporangia in the PAS-III were more
sharply defined than those observed in the Microcyte, i.e., they
showed a lower coefficient of variation (CV). For example, a
CV of ca. 5.0 was usual for live P. infestans sporangia measured
in the PAS-III (ranging from 3.6 to 7.3).

PCN for both FSC and SSC (i.e., orthogonal or “side” scat-
ter) were plotted against particle width, length, and volume
and against their logarithms. R? values of >0.9 were obtained
for FSC plotted against width, log(width), and log(volume) for
the “standard” beads (R was only 0.85 for FSC plotted against
volume), but no such correlations were observed for the bio-
logical particles (e.g., Fig. 3). Viable P. infestans sporangia and
zoospores, Blumeria and Botrytis conidia, and grass pollen
(Agrostis or Poa) showed relatively high FSC, for their size; rust
urediniospores, Alternaria conidia, killed P. infestans sporangia,
and Plantago pollen showed relatively low FSC. The correla-
tion of SSC with particle size was similar to, or better than, that
of FSC (e.g., Fig. 4). The SSC of rust urediniospores was
similar to that of the beads. SSC of viable sporangia, Blumeria
conidia, and Plantago or Poa pollen was slightly higher than
that of the beads, while the SSC of killed sporangia and Agros-
tis pollen was considerably higher. Zoospores and Alternaria or
Botrytis conidia showed relatively low SSC, for their size.
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FIG. 4. Correlation between SSC and log (particle width) for stan-
dard beads, P. infestans sporangia and zoospores, other fungal spores,
and pollen analyzed in the PAS-III. Separate datum points indicate the
PCN for samples analyzed on different days. Linear least-squares best-
fit lines were calculated in MS Excel (see Fig. 2).

The ratio between SSC and FSC for Alternaria conidia and
rust urediniospores was similar to that of the standard beads
(Fig. 5). Other (viable) spores or sporangia showed lower SSC
values relative to FSC, while the SSC/FSC ratio for killed
sporangia and for grass or plantain pollens was relatively high.
It is also clear from Fig. 5 that Blumeria conidia cannot be
differentiated from sporangia of P. infestans by using FSC and
SSC alone.

Intrinsic fluorescence. It was noted with both the Microcyte
and the PAS-III that certain biological particles exhibited red
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FIG. 6. Correlation between orange autofluorescence (575 to 605
nm) and SSC for standard beads, P. infestans sporangia and zoospores,
other fungal spores, and pollen analyzed in the PAS-III. We excluded
6-pm beads since these were fluorescent standards and could not be
shown on the same scale. Agrostis pollen also could not be shown on
the same scale (orange fluorescence [FL] MCN > 3,500). MCN, me-
dian channel number (considered to be more reliable than the peak
channel number for asymmetric or irregular distributions which were
often found for fluorescence intensity). The linear least-squares best-fit
line for beads was calculated in MS Excel (see Fig. 2).

“autofluorescence,” notably pollen, rust urediniospores,
Blumeria conidia (particularly nonviable conidia) and, to a
lesser degree, P. infestans sporangia (particularly those that
had been killed by exposure to 50% ethanol). In the PAS-III,
both the fluorescence signals and the SSC signals are collected
at an angle orthogonal both to the direction of the laser and to
that of the sample fluid flow. Fluorescence signals for each of
the four wavelength “windows” collected were therefore plot-
ted against the SSC for a variety of pollen grains, fungal spores,
and beads to determine which of them exhibited intrinsic flu-
orescence. Good correlation was observed between green flu-
orescence and SSC for both beads and biological particles,
suggesting that the green fluorescence recorded represented
no more than imperfect blocking by the filters. For orange or
red fluorescence, however, rust urediniospores showed higher
fluorescence than expected, as did pollen, killed sporangia of
P. infestans and, to a lesser degree, viable P. infestans sporangia
and Blumeria conidia (e.g., Fig. 6). It appears therefore that
these particles exhibit various levels of orange and red intrinsic
fluorescence, which could be used as a further aid to differen-
tiation.

Differentiation of P. infestans from other fungal spores using
light scatter and autofluorescence. By using a combination of
FSC, SSC, and measurements of autofluorescence, P. infestans
sporangia could readily be differentiated, in the PAS-III, from
all of the tested biological particles except for Blumeria
conidia. Multiple gating was used to exclude particles that did
not conform to the same FSC, SSC, and fluorescence param-
eters as the sporangia. Data were first gated by using polygonal
regions drawn from plots of FSC versus SSC drawn separately
for each spore or pollen type to exclude “background” particles
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TABLE 1. Effectiveness of multiple gating, using FSC, SSC, and two or four FL parameters measured in the PAS-III, for differentiation of P.
infestans sporangia from other fungal spores and from pollen grains in the absence of fluorescent dye

% Particles falling within gates defined for P. infestans sporangia®

Source

Gated with R1 and R2 and R3”?

Gated with R1 and R2¢

6

Alternaria sp. X
0, 10, 17, 41

0
Blumeria sp. 2
Botrytis sp. 0
Crown rust 0
Brown rust 0
0
3
1
3

N WO =O

>

Agrostis sp.

Plantago sp.

Poa sp.

P. infestans sporangia

2,2

9, 50, 51, 53, 57, 71, 71, 74, 74, 81, 84, 84

8, 40, 61

, 1,5
1, 66, 68, 69, 75, 79, 80, 81, 81, 85, 87, 88

“ Figures separated by commas indicate experiments on different days.

® R1, R2, and R3 were polygonal regions drawn from two-dimensional density plots of FSC versus SSC, green fluorescence versus red (> 645 nm) fluorescence and
orange fluorescence versus red (665 to 690 nm) fluorescence, respectively, derived from data for sporangial suspensions. In the case of the other spores and pollens,
data were first gated by using polygonal regions drawn from plots of FSC versus SSC for the individual data sets, in order to remove “background” particles.

¢R1 and R2 were polygonal regions drawn from two-dimensional density plots of FSC versus SSC and green fluorescence versus orange fluorescence, respectively,
derived from data for sporangial suspensions. Data for other spores and pollens were first gated to remove background as described above.

(particularly important for sporangia isolated from leaves and for
pollens). Additional regions were drawn from data plots obtained
from P. infestans sporangia, to include only particles whose FSC,
SSC, and fluorescence intensity matched that of the sporangia.
Gating with all four fluorescence parameters was compared to
gating with only two fluorescence parameters (Table 1).

The percentage of false positives (Table 1) was the percent-
age of particles in suspensions of pollen grains or other fungal
spores which fell within the regions defined for P. infestans
sporangia analyzed on the same day. For most of the spores
(Alternaria, Botrytis, and rusts) and pollens (Agrostis, Plantago,
and Poa) tested, there were fewer than 3% (or, rarely, 6%)
false positives; however, for suspensions of Blumeria conidia,
the number of false positives was extremely variable, ranging
from 2% to as high as 61% on different experimental days. Use
of all six parameters for gating (i.e., inclusion of the two red
fluorescence parameters) was not considered to improve de-
tection since it (i) did not consistently decrease the number of
false positives (compared with the number observed when gat-
ing with FSC, SSC, green fluorescence, and orange fluores-
cence only) and (ii) always decreased the number of true pos-
itives (i.e., the number of particles in the sporangial
suspensions identified as sporangia).

Evaluation of red fluorescent dyes. Sporangia and zoospores
of P. infestans stained readily with nuclear dyes (TO-PRO-3,
SYTO dyes), with the lipid-staining dye Nile Blue, and with the
membrane energization dyes DiSC5(5) and Dil,C(5). These
dyes were less effective at staining spores of Penicillium, Alter-
naria, and Botrytis spp. and could therefore be used as an aid to
differentiate these spores from P. infestans sporangia, either
with the Microcyte or the PAS-III. However, these dyes were
less effective at differentiating sporangia from the species of
pollen tested.

For DiSC;(5) and Nile Blue, 1 pM was found to be an
effective concentration to stain sporangia adequately, while 10
pM SYTO-17 was required to give consistent staining; the
same concentrations were also effective for most of the other
particles tested. TO-PRO-3 was less effective (for all particles
except Poa pollen), even at 10 pM. The clearest differentiation
between sporangia and fungal spores was achieved with

DiSC;5(5), but only at the higher concentration (10 wM); this
dye could not be used to differentiate sporangia from Poa
pollen, however. Differentiation of sporangia from pollen (but
not from fungal spores) was more effective with SYTO-17 or
TO-PRO-3 or with low concentrations (100 nM) of DiSC5(5).

The multiple gating analysis was repeated for sporangia, and
other spores or pollens stained with these dyes, at concentra-
tions of 1 or 10 wM. The number of false positives was reduced
to <0.1% in all cases for Alternaria with any of the four dyes at
either concentration. However, for each of the four red dyes
tested the number of false positives for Blumeria and rusts was
either similar to or greater than the number that had been
obtained in the absence of fluorescent dye. In the case of
pollen, also, the number of false positives was either similar to
or much higher than the numbers observed in the absence of
dye. Detection of P. infestans sporangia against a background
of spores and pollen was not, therefore, improved by any of the
red dyes tested.

Staining and fluorescence detection of P. infestans sporangia
and other spores or pollens in the PAS-III with Calcofluor
white. The fluorescent brightener Calcofluor white, used in the
PAS-IIT with a UV lamp and a 488-nm laser, was effective at
staining sporangia and Poa pollen at 10 uM, 100 uM, and 1
mM (Fig. 7). Staining of other fungal spores, including Blume-
ria, was much less effective, even at the highest concentration.
UV fluorescence of Poa pollen and sporangia was similar in
the presence of Calcofluor at 10 or 100 wM, but sporangia
stained more effectively than pollen with 1 mM Calcofluor.
Multiple gating with FSC, UV, and green and orange fluores-
cence parameters indicated that 10 or 100 pM Calcofluor was
effective for distinguishing sporangia from any of the other
fungal spores tested (including Blumeria) and also from Poa
pollen (Table 2). Comparison of multiple gating with different
parameters indicated that red fluorescence did not provide any
further aid to differentiation by this method, since red fluores-
cence tended to be more variable than the other measured
parameters, making it more difficult to select the regions for
gating (data for red fluorescence were included in the genetic
programming analysis, however). Since SSC results were not
collected when the PAS-III was set up to record UV, the initial
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FIG. 7. Increase in UV fluorescence (450 to 460 nm) for sporangia,
other fungal spores, and Poa pollen analyzed in the PAS-III after
staining with increasing concentrations of Calcofluor white. MCN,
median channel number (considered to be more reliable than the PCN
for asymmetric or irregular distributions which were often found for
fluorescence intensity). Separate datum points indicate the median
channel number for samples analyzed on different days.

gating step to remove “background” particles from the fungal
spore and pollen suspensions was carried out with regions
drawn from plots of FSC versus green fluorescence. The same
initial gating step was also used for data used for genetic
programming.

Genetic programming proved to be an even more effective
means of particle discrimination and allowed detection of 95%
of the true positives with a false-positive rate of <1% on the
holdout set. We note that the “top” rule that was evolved
contained a variety of nonlinear operators and that this type of
approach is in contrast to the usual two- or three-dimensional
displays where the separation of individual particles into
classes via visual or computational clustering methods relies on
them being linearly separable. This top rule can be cast as a
small computer program as follows:
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x1 = FL4 (665 to 690 nm)

x2 = FL2 (575 to 605 nm)
x3 = UV (455 = 5 nm)
x2 =x3 —x2
x1 = Minimum(x1, x2)
x1 = Sqr(Abs(x1))
x2 = FL3 (>645 nm)
x3 = FL3 (>645 nm)
x2 =x2-x3
x3 = FSC (483 to 493 nm)
x4 = UV (455 = 5 nm)
x3 =x3-x4
x2=x3 —x2

If x1 # 0, then x1 = x2/x1, else x1 = 1

Score = x1
PRBBLITY = 1/(1 + Exp(—(—4.118731 + SCORE -
3.591183E-05)))

A program of this nature, having inputs and outputs, can also
be cast as an equation:

((rpsc X xyv) — x%m)

Score = \/|min(xpL4, (ruv — Xp12))]

if \/|min(xFL4, (xuy — X)) # 0
Score = 1 if \|min(xpLs, oy — Xp12))| = 0
where:

xpsc = FSC (488 = 5 nm)
xyy = UV (455 = 5 nm)

Xp12 = FL2 (575 to 605 nm)

TABLE 2. Effectiveness of Calcofluor white M2R for differentiation of P. infestans sporangia from other fungal spores and pollen grains®

% Particles falling within gates® defined for P. infestans sporangia when stained with Calcofluor white M2R at:

Source
0 uM 10 pM 100 uM 1 mM

Alternaria sp. 0 0 0 0
Blumeria sp. 5, 47, 65 0,0,0 0,1,2 0
Brown rust 0,0 0 0,0 NT
Crown rust 0,2 0 0,0 NT
Poa annua pollen 0,0, 1 0,0,3 0,0,1 0,4,5
P. infestans sporangia 62, 67, 78, 87, 90, 92, 92, 93 69, 71, 77, 89, 89, 91, 92 77,79, 81, 84, 85, 85, 91 36, 55, 67, 72

“ Data were analyzed by using multiple gating based on four parameters measured in the PAS-III: FSC, UV, and green and orange fluorescence. Figures separated
by commas indicate experiments conducted on different days. NT, not tested.

® The logical gating used was R1 and R2, where R1 and R2 were polygonal regions drawn from two-dimensional density plots of FSC versus green fluorescence and
UV versus orange fluorescence, respectively, derived from data for sporangial suspensions. In the case of the other spores and pollens, data were first gated by using
polygonal regions drawn from FSC versus green fluorescence plots for the individual data sets, in order to remove background particles.
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xr13 = FL3 (>645 nm)
xrr4 = FL4 (665 to 690 nm)

1
Output = 1 + (118731 = Score x 3.591183 X 10-9)

DISCUSSION

Different results were obtained for the FSC of biological
particles when analyzed in the Microcyte compared with the
PAS-III. This is to be expected since the precise range of
angles at which “forward” scatter is collected differs between
different instruments. In addition, the FSC in the Microcyte
was recorded from the red diode laser (635 nm), whereas that
of the PAS-III was recorded from the blue 488-nm laser. In
both instruments, however, a more or less linear relationship
between log (particle size) and FSC (also logarithmic) was
observed for the “standard” beads. This is in agreement with
other experiments with either beads or physiologically similar
cells (e.g., references 11 and 38). However, a lower degree of
correlation between particle size and FSC was observed for
biological particles analyzed in the Microcyte, and in the
Partec PAS-IIT (where a smaller range of sizes of particles was
used) there was no correlation between size and FSC.

In addition to being influenced by particle size, the FSC is
also influenced by the refractive index (relative to the sur-
rounding medium), by the presence in cells, or on their surface,
of compounds that may absorb light at the illumination wave-
length used, or by highly textured surface or internal structures
which may also act to decrease the intensity of FSC (37). These
latter features have a greater influence on SSC than FSC, with
SSC being less dependent upon particle size; typically, the
highest-intensity SSC signals are obtained from particles with
the highest degree of cytoplasmic granularity (12). Thus, in the
present study, the greatly increased SSC and decreased FSC of
killed sporangia compared with living sporangia (analyzed in
the PAS-III) could be attributed in the former case to in-
creased cytoplasmic granularity and in the latter case to dam-
age to the cell membranes. Such damage would allow the
surrounding medium to permeate the cells, reducing the dif-
ference in refractive index between the cell contents and the
medium and so reducing the FSC (35).

It is perhaps fruitless to attempt to explain in detail the
differences in FSC and SSC of the other biological particles,
since their complex structures cannot be dealt with analytically
by standard light-scattering theories. Clearly, the beads showed
greater FSC, for their size, than most of the biological parti-
cles; this could be readily attributed to their higher refractive
index (11). Possibly the relatively high FSC and SSC of spo-
rangia, pollen grains, and Blumeria conidia might be related to
the fact that they each possessed relatively unpigmented walls;
perhaps the pigmentation in the walls of the other fungal
conidia and rust spores served to absorb some of the incident
light. For this study, the relevance of the observed differences
in FSC and SSC lies not in determining their cause but rather
in their usefulness for differentiating different spores and pol-
len types. This was possible to a limited extent among the
particles tested, but sporangia could not be differentiated from
Blumeria conidia by this method. As well as the (fairly small)
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differences in FSC and SSC, differentiation of pollen and ure-
diniospores from sporangia was facilitated by the intrinsic or-
ange and red fluorescence of the former. By using a combina-
tion of FSC, SSC, and fluorescence parameters, measured in
the PAS-III, sporangia could be distinguished from other fun-
gal spores (except Blumeria) and from the tested pollen types
with fewer than 6% false positives. This was possible by using
the multiple gating technique, which relies upon the ability to
present data from up to six parameters as dot plots. This was
not possible with data from the Microcyte, which recorded only
two parameters, with data presented as histograms rather than
as list-mode files. The Microcyte was effective at detecting
populations of particles, but the PAS-III allowed individual
particles to be assigned as false or true positives. Despite the
advantages of portability offered by the Microcyte, it was con-
cluded that only the PAS-III was sensitive enough to be useful
for the aims of this present study, where small numbers of P.
infestans sporangia must be detected against the varied back-
ground of the air spora.

The ability of fluorescent dyes to enhance particle differen-
tiation, in particular, to allow differentiation of P. infestans
sporangia from Blumeria conidia, was assessed for a variety of
different “red” dyes. Blumeria conidia are similar in size and
shape to blight sporangia, although narrower and of more
consistent dimensions and, like the sporangia, have a relatively
unpigmented wall. Even so, it was thought likely that fluores-
cent dyes would stain these two spore types differently, since
Blumeria is a true fungus (kingdom Fungi), whereas P. infestans
is an alga-like oomycete or “pseudofungus” classified in the
kingdom Chromista (9). As ascomycete fungi, Blumeria, Peni-
cillium, Botrytis, and Alternaria spp. all have chitin and glucan
as spore wall polymers, while the walls of Phytophthora spp.
sporangia are composed of cellulose and B-1,3-B8-1,6-glucan (3,
4). However, for all the red dyes tested, it appeared that the
thickness or pigmentation of the wall influenced the effective-
ness of staining more than did the wall composition. Thus, the
heavily pigmented conidia of Alternaria and Penicillium spp.
were extremely resistant to all of the dyes tested. The less-
pigmented conidia of Botrytis were slightly less resistant but
still required more dye than did P. infestans sporangia or zoo-
spores. The pattern of staining for Blumeria and pollen was
similar to that for P. infestans sporangia. Moreover, the red
dyes tended to mask differences in intrinsic fluorescence and so
tended to make differentiation of sporangia from pollen and
Blumeria less effective than could be achieved for unstained
particles.

Calcofluor white M2R, one of a family of dyes known as
fluorescent brighteners, proved more effective at differentiat-
ing sporangia from any of the other particles tested and had
the additional advantage of being nontoxic and relatively in-
expensive (13). Fluorescent brighteners have already been
used in flow cytometric analyses of both fungi and bacteria (13,
23) and have been used to visualize sporangia of Phytophthora
cactorum in the soil (19). In the present study, sporangia
stained with Calcofluor white could be readily differentiated by
using multiple gating from any of the other fungal spores
tested, including Blumeria, with <1% false positives. Differen-
tiation of sporangia from pollen grains with Calcofluor was
more difficult since pollen stained in a similar manner to the
sporangia but, even so, the use of genetic programming al-
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lowed differentiation of sporangia from pollen or from any of
the other particles tested, again with <1% false positives at the
level of the individual particle. We have used the same tech-
niques successfully (staining with 10 M Calcofluor white) to
differentiate P. infestans sporangia from other pollen types
including birch, sycamore, sweet vernal grass (Anthoxanthum
odoratum), cocksfoot (Dactylis glomerata), and rough meadow
grass (Poa trivialis), also with <1% false positives in each case
(unpublished data). The usefulness of Calcofluor white
stemmed from two factors. First, it effectively stained spo-
rangia but did not stain the other fungal spores with the same
intensity. Second, in contrast to the red stains, it did not mask
the orange or red autofluorescence, which allowed the differ-
entiation of sporangia from pollen. In addition, the nontoxic,
stable nature of Calcofluor white makes it ideal for a system
that is intended for use in field conditions.

In theory, use of genetic programming with data from the
PAS-IIT would enable detection of only a single sporangium in
a supplied sample. In practice, however, the detection thresh-
old would need to be set higher than this in order to eliminate
false positives. For example, if the system were set to trigger a
warning for blight at, say, five sporangia per cubic meter of air,
this would mean in theory that there could be up to 500 pollen
grains present per cubic meter without triggering a warning
(assuming <1% false positives for pollen). Preliminary exper-
iments with a high volume air sampler (XMX/2AL Aerosol
Concentrator/Liquid Sample Collector; Dycor Technologies,
Ltd., Edmonton, Alberta, Canada) in infected potato fields at
an ADAS trial site at Llanilar (Ceredigion, Wales, United
Kingdom) in August and September 2000 (unpublished data)
indicated that pollen and P. infestans sporangia were found at
similar concentrations (ca. 19 to 30 per m> of air). Alternaria
spp. conidia were detected at much lower frequency (<2 per
m?® of air); identification of conidia of Botrytis, Blumeria, and
Penicillium spp. was not attempted.

Published studies (22) suggest that the mean number of
pollen grains over an arable field may be as high as 600 per m?
in June, falling to in the order of 100 per m® in July and fewer
than 50 per m® in August and September. Furthermore, “Al-
ternaria type” conidia may on occasion be as numerous as 1,000
spores per m> of air (22). In the same study it was found that
P. infestans sporangia reached a maximum in August of over 60
sporangia per m® (measured in the midst of a potato crop) but,
clearly, in order to predict the disease it would be necessary to
detect much lower concentrations than this.

The abundance of pollen (especially grass pollen) in the air
in the earliest months of the “blight season” (June to July, or
even May in blight-favorable years) will pose a major challenge
for the detection of P. infestans sporangia by the methods
described here. The first sporangia of the season must be
detected against a background population of pollen that is
likely to be greater by 2 orders of magnitude. The system
evolved so far could be made to include further rules from an
overall analysis of the patterns of particles so that it would not
attach significance to 1% false positives. In addition, we will
need to optimize the threshold at which a blight warning would
be triggered, balancing the conflicting factors of the sensitivity
of detection and the robustness of the system with respect to
avoiding false positives. Consequently, we are currently devel-
oping the system further and are conducting trials for detection
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of P. infestans sporangia in field conditions against the natu-
rally occurring background.
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