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Use of flow cytometry in the detection of plani pathogenic spores
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ABSTRACT

A Partec PAS-TI flow cytometer was used {o differentiate sporangia of the late-
blight pathogen Phytophthora infestans from other airborne particles. Using the
PAS-IMIL, Tght scatter and intrinsic fluorescence parameters could be used to
differentiate sporangia from conidia of Alternaria or Botrytis, rust urediniospores and
various pollens. Clear differentiation between P. infestans sporangia and Bhumeria
conidia was only possible using data analysis rules evolved using the methods of
genetic programming, following staining with the fluorescent brightener Calcofluor
white. Initial ficld data are presented and the potential application of these techniques
to the prediction of late-blight epiphytotics in the field is discussed.

INTRODUCTION

Current methods for predicting the occurrence of late-blight of potato (Phytophthore infestans) rely
on climatic modelling to identify conditions conducive to pathogen reproduction and thus to disease
spread. Such methods can provide considerable savings to growers, as well as environmental
gw?ﬁn%.nnwaﬁﬁ.&&ﬁdwsgmvaﬁﬁn.iﬁﬁmﬁggzm??nau
canopy has closed and continuing at 7-10 day intervals wntil crop desiceation / harvest. Use of
forecasting models can reduce the number of required sprays by allowing 4 delay in the first
ﬁémgggggcwﬁggﬁgﬁﬁ%uﬁé,
However, such methods are not always reliable in all conditions, A multi-site evaluation of five
&ﬂmﬁ:ﬂ&ﬁﬂﬁwmﬁﬁ_@asmmﬂ%mﬁﬁw%ﬂd&&oa%g%%}a
that the effoctivencss of all the models varied fom year to year. They were least effective in & *low risk’
§.§§§%§§§#E§EEI§@§HQR,_m.aE.

One important factor that is not taken into account by forecasting models is the amount of
inoculum present in the immediate environment of the crop. Use of volumetric spore traps within
polato fields, with identification and enumeration of sporangia carried out under the microseope,
has given variable results. Schlenzig er al. (1998) detected inoculum in the air only after the first
diseased plants were visible in the field, and 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 epidemic. In
contrast, Bugiani ef al. (1998) found that one or two “peaks’ in sporangia concentration in the air
(10-20 sporangia m™) preceded the first observed symptoms, and used these data to confirm the
predictions of climatic modelling, 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. infesrans sporangia automatically.

Flow eytometry is a well-proven technigue that allows cells, spores and other particulates to be
analysed individually (Davey & Kell, 1996; Shapiro, 1995). Parficles are interrogated optically
and, for each particle, measurements of several cellular parameters are recorded: these normally
include forward light scatter, orthogonal (‘side”) light scatter, and one or more fluorescence
parameters, Particles may show inirinsic ‘autofluorescence’ which may facilitates differentiation of
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different species using flow cytometry (Vives-Rego ef af, 2000). In other cases, fluorescent dyes
are needed to differentiate different microbes (Davey & Kell, 1996; Porter er al, 1997). For
example, forward and wide-angle light scatter coupled with DNA-binding fluorescent dyes have
been used to differentiate spores of basidiomycete fungi (Allman, 1992).

Advances in computing and laser technology bave recently led to the development of cheaper
portable devices which can operate from a battery. Such devices offer the possibility of
developing a field-based system, which if linked to a high-volume air sampler, could provide
online measurement of airborne particles. The generic nature of the technology would allow the
devices to be adapted to detect a wide range of plant pathogen propagules and thus provide
advanced warning of impending epiphytotics. Here and in an earlier publication (Day ef al.,
2002) we describe the use of flow cytometry linked to a high volume air sampler to provide
sensitive and specific detection of P. infestans sporangia using a combination of staining with the
fluorescent brightener Calcofluor white and genetic programming for data analysis.

MATERIALS AND METHODS

Source & preparation of fangal spores and pollen grains. An Al mating type isolate of P
%G&h&éﬁEﬁmionﬂn}uﬁum&mwﬂﬁ%%ﬁggﬁ_ﬁﬁiﬁdgﬁ
inoculate detached potato leaves. After 6-7 days incubation at 18°C, sporangia were washed from
leaves with distilled water. Cultures of Bowviis cinerea, Alternaria alternata and Penicillium
chrysogenum were maintained oo potato dextrose agar and conidia were harvested by washing plates
with distilled water. Conidia of Blumeria graminis var. hordei and rust urediniospores (Puccinia
coronata f. sp. avenae, and, P. recondita £ sp. tritici) were harvested from infected plants by
agitating leaves in 50 ml of distilled water containing a single drop of Tween-80. Grass, plantain and
E%ﬂﬂn&%&g@.mz&nx&_ﬁénﬁiﬂumﬁﬁn%ﬁ?ﬁwﬁﬁ%%
muslin (average pore size ca. 0.5 mm) before being placed in the flow cytometer. For most analyses,
particles were at a concentration of approximately 10° mI”". For some experiments, particles were
fixed/killed by the addition of ethanol to the medium (50% final volume).

Staining of spores. A range of dyes were tested: DilC,(5), DiSCs(5), TO-PRO, and SYTO

(17, 59, 60, 61, 62, 63 and 64), Nile Biue A, FUN-1 and Calcofluor white MZR (Fluorescent ~

uuuuu

Brightener 28; Tinopal UNPA-GX). Stock solutions were dissolved in dimethyl sulphoxide
(DMS0) except for Nile Blue and Calcoffuor white, which were made up in distilled water.
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. The Partec PAS-III Particle Analyzing System (Partec GmbH, Minster, Germany)
was equipped with 488 nm argon-ion laser and 633 nm helium-neon lasers and a 100 W Hg arc lamp,
and photomultiplier tube detectors for six optical parameters. For most experiments data were collected
with respect to forward light scatter (FSC), side scatter (SSC), and four fluorescence (FL) parameters:
FL1 (green; 515-560 nm), FL2 (orange; 575-605 nm), FL3 (red; >645 nm) and FL4 (red; 665-690 nm).
mﬂ%gggﬁggﬁﬁ?Egg&%%aggga
the mercury arc lamp as a UV light source. In this configuration, fluorescence from the UV excitation
was recorded (at 450-460 nm) instead of SSC. Standard reference beads (6.0, 10.5, 41.5 and 66.0 um
diameter; AlignFlow Plus Flow Cytometry) were used for calibration. Data analysis was carried out
using technigues of multiple gating (FCS Express, De Novo Software, Canada) and genetic
programming (Gmax-Bio, Aber Genomic Computing,).
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Air samplng. An XMX/2AL liguid impinger air sampler (Dycor Technologies Ltd., Edmonton,
Canada) was customised to collect particles of 20 to 50 pm and coupled with a liguid impingement
module to allow collection of particles into a small volume of water. A mesh screen over the inlet
served to prevent very large particles from entering the system and particles smaller than 7 pm
would be exhausted from the unit. A cowl and wind vane were added to permit air to be collected
while facing into the prevailing wind. Air samples were collected by high-velocity impingement
into 5 ml of distilled water in 50 ml disposable plastic centrifige tubes with 1 mm nylon mesh,
gg%ﬁnﬁfiaﬁ%%ﬁ%ﬂnﬁ&?ﬁ&ﬁﬁgsﬁg
The flow rate on the XMY is variable and setting 5 (giving a measured flow rate of 600 Lmin™)
was found to be optimal, since some damaged sporangia were observed at higher settings.

RESULTS

Light scatter detection of P. infestens sporangia using the PAS-TIE. Peak channel mumbers
{(PCN) for both FSC (forward scatter) and SSC (orthogonal or “side’ scatter) were piotted against
particle width, particle length and particle volume, and against their logarithms. R? values >0.9
were obtained for FSC plotted against width, log(width) and log(volume) for the ‘standard’ beads
but no such correlations were observed for the biological particles. Viable P. infestans sporangia
and zoospores, Bhsmeria and Borrytis conidia and grass pollen showed relatively high FSC for
their size (relative to calibration beads), whereas rust urediniospores, Alternaria conidia, kifled P,
infestans sporangia and Plantago pollen showed relatively low FSC. Correlation of side scatter
with particle size was generally similar to, or better than, that of FSC (Day ef al, 2002). The ratio
of SS8C/FSC for killed sporangia and for grass / plantain pollens was relatively high compared to
that of the opther fungal particles tested (fig. 1). It is also clear from fig, 1 that Bhoweria conidia
cannot be differentiated from sporangia of F. jnyestars using FSC and SSC alone.
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Figure 1. Correlation between SSC and FSC for standard beads, P. infesians
sporangia and zoospores, other fingal spores and pollen. Logarithmic
least squares best fit line calculated for beads only;, R® calculated in MS
Excel calculated using a transformed regression model.

Intrinsic fluerescence. Certain biological particles exhibited red ‘autofluorescence’, notably pollen,
rust urediniogpores, Blumeria conidia (particularly non-viable conidia), and, to a lesser degree, P.

infestans sporangia. 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
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for each of the four wavelength ‘windows® collected were plotted against SSC o determine which
exhibited intrinsic fluorescence, Pollan, rust uredininspores, killed sporangia of P. infestons, and, 1o 2
lesser degree, viable P. inglestans sporangia and Blumeria conidia showed varying degrees of crange
and read FL (Fig. 2), which could be used as a further aid to differentiation.
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Fignre 2. Corrclation between orange antofluorescence (575-605 nm) and side
scatter (S8C). Agrostis pollon also could not be shown on the same
scale (Orange FL MCN > 3500). MCN = median channel number.
Linear least squares best fit line For beads is shown,

Differentiation of P ifestons from other fongal spores using Dighi scaller amd
stofluorescence. Llsing a combination of FSC, S8C and measurements of aulnfluorescence, P
infestons sporangia could readily be differentiated from all of the tested biological particles except for
Blumeria conidia. Multiple gating was wed 10 exclude particles that did not conform to the same
FSC, 8SC and FL parameters as the sporangia. For most of the spores (4liernaria, Bomis, nsis)
and pollens (Agrasiis, Plmiago and Poa) tested, <3% false positives were observed, though for
Bhemeria conidia, the number of false positives was extremely variable, ranging from %5 to 61% on
diffcrent cxaperimental days. Use of all six parameters for gating (Le. inclusion of the two red FL
paramcters) did not consistently decrease the number of false positives, whilst always decreasmg the
number of true positives (i.¢. the number of sporangia actually identified as sporangia).

Evalaation of fluorescent dyes. ia and zovspores of P imestans stained readily with
muclear dyes (TO-PRO-3% SYTO® dyes), with the lipid-staining dye Nile Blue, with the
membranz energization dyes DISCa(5) and DilyC(5) and with the fungal-specific stain FUN-1.
These dyes were stained spotes of Penicillium, Alternaria and Botryiis rather poorly, though they
were lesg effective in differentizting sporangis from the various pollens tested. Differentiation of
sporangia from pollen (but not from fungal spores) was more effective with 5YTO-17 or TO-PRO-
3, or with low concentrations {100 aM) of ISCs(5). The multiple gating analysis was repeated for
sporangia and other sporea/pollens steined with these dyes, at concentrations of 1 pM or 10 pM.
However, the oumber of false positives for pollens, Blameric and rusts was either similar to or
grester than the mumber that had been obtained in the absence of fuorescent dye. Thus, detection
of . infestans sporangia was not usefully improved by any of these red dyes.

The fluorescent brightener Calcoflucr white stamed sporangia and pollen effectively at a range
of concentrations (10 uM, 100 pM and 1 mM), though sporangia were most effectively stained
at lmM. Staining of other fungel spores, including RBhimeria, was much less effective
Multiple gating using FSC, UV and green and arange FL parameters indicated that Caleoflnor
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was effective for distinguishing sporangia from any of the other fungal spores tested (includi
Bilnmeria), and also from Poa pollen (Table 1. -

Table.1, Percontage particles falling within gates defined for P infestang sporangia
when stained with different concentrations of Caleofluor. Logieal pating
was used, where R1 and R2 were polygons drawn from plots of FSC va
green FL and [TV vs orange FL respectively.
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.. Use of Genetic Programming (GP) in Data Analysis. OF (Koza ef ol . 1999} is 4 technigue that
; ,m_" . allows the mé._,_ﬁun of simple, interpretable rules fom complex datas=s, ..ﬂnw_a_ﬁ heen “w&_._._.ﬁ
i GPs to a wide gumﬁargmnﬁﬂggﬂ%ﬁﬁi_ﬁw Tohmson er of , 2000). GPs
i proved to —wm.n still more effective means of particle discrimination and sllowed detection of 95%
oo amgﬁomﬂuﬁﬁms&aum_unﬂ&gdwﬁnnwﬁﬁﬂg_#ﬁﬁggﬁa.ﬁﬂ.:&gﬁﬁn
i evolved contained a variety of non-linear operators, and ther this type m.nﬂmﬂ..ﬂn_u is in contrast to
¢ the usual 2D or 3D displays where the s=paration of individual perticles into classes vin visual or
{  computational clustering methods relies on them being linearly separable. This “top rule’ can be
3 v* <ast cither as a small computer program or as the following equation:
£ -

T gl Ty = Xz

Sevre = 1 i i 5 5y = 20 =0
Yoo = FRC(48E & Spm)
gy = W55 = Smm) 1

xem = FLEGSTS - 60fma) P = TS
Xy = FIA s 645my)

Kege = FLAHGS = G vr)

Detection of P. infestans in samples of adr spora spiked with sporangii. Samples collecied in
aqueous suspension using the XMX air sampler (on the UWA campus) on various dates during early
2001 were spiked using sporangia at 501000 ml”, Samples were counted i the PAS-II and the
resulting data were analysed vither using multiple gating or the equation derived from the GP. Good
oﬁlﬂgiﬁgwﬂéc_&pﬁ&gnﬂﬂﬁv_ﬁaﬂ for sporangial mumbers when samples
were analysed using four-parameter muktipie gating and aven better with the GP equation,
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Detection of P. infestons sporangia %ﬁ&ﬁ;?%ﬁgﬁ#ﬁg}m
%Eﬂ-%ﬁ—&cﬂﬁu?ﬁﬂ!ﬁuﬁﬁﬁﬂﬁigg%
fiekls and that these could be trapped using the XMX sampler. Ten minute sampling periods were
Eﬁﬁ?i&?ﬂr%%ﬂh?ﬁi&ﬁ?giggﬁiﬂﬁn
w@&«ﬁwﬁﬂﬁwnﬁ?w_ﬁawmawr.@nwug_. Eﬁﬁ.ma.uiﬁﬁﬁﬂﬂfﬂnﬁﬂq
iﬁﬂgagﬁﬁgﬁuaﬁiﬁggfgﬁﬁwn%ﬁﬁ CIOP Were
eollected on a weskly ggﬁmﬁ%ﬂ&iﬁdﬁﬁfﬁaﬁnﬁw}m.a?ﬂigﬁaﬁh
%%g.ﬁﬁ:ﬁii%%%qéw%ﬁﬁ.ﬁhsﬂw

Sgﬁﬂigﬁﬂiﬁﬂgigiﬁgwgg arore’ above
Pm&.Euﬂvfﬁ%%iﬂm&mﬁuﬁﬂﬁsﬁtﬁiwgsﬂﬂﬂi%ﬁm@mu
EE&EEEEE&F?GF&E:HE@&P%%Enréﬁﬁuﬁqgwn
%Bgﬁuﬁﬁnnﬁﬁgagﬁnﬂm&giﬁiﬂggiﬂﬂ
estimste that initial infiection probably occumed two weeks earticr,
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i . Estimated pumbers of P. infestans sporangia m™ of air, sampled above a

ol mh_ss erop planted at Penglals, Aberystwyth, in 2001 (mean of 3

samples per day). Vertical bars &Eﬁ, Hmﬁ. EE_..FE_ fm Uﬂmﬂﬁ.u

Multiple Range Test of data from microscopic analysis ?_.ﬁw___ genetic

programming (GP), and nultiple gating using either four ((34) or six

(G6) parameters. Significant differences in numbers of sporangia over

the six sampling weeks were only indicaied for dala obuained by
microscope (P<0.001) and GP (P<0.05).

Examination nw?%ﬂgﬁgiwkm%ﬁjnﬁﬁgﬁﬁgﬁﬁﬂﬁ
gggﬁ%wﬂ&a?ﬁﬂ.?u&—nﬂpﬁnaﬂ.ﬁugggﬁ
taken o the sume day was large, but Enﬁaﬁiﬁﬂﬁﬁﬁmﬁd&ﬁu@ﬁm?zfﬂ!
Eﬁiﬂgﬁngﬁgﬁﬁgﬁﬂﬁ&%g%a?
g%?ﬁi?%uﬁnﬂﬂﬁﬂﬁﬁi%&a?
microscope data e the data analysed by GP. It is also spparent that the shapes of the graph are
E.EE%EE?%EEE?BHE&.E%&EE
%EE%EEEEEE«EEEEEHE,%
E%E&Eﬁmﬂd%?&ﬂmﬂﬂaﬁﬁw%ﬁﬁmﬁi% in the
%ﬁmﬁﬁﬂﬁ%&:&ﬁagﬁmg%%gﬁ%fﬁm.
over 60 i from an infixted crop (Gregory & Hirst, 1957), Bugiani ef al EE&.E spikes’ of
around 20 sporangie m” priorto recording of disease occumence, with 85 sporangia m” measured it
%%nmﬁmgggzggggﬂﬁmgﬁﬁﬂmﬂﬁiﬂﬂ%
estimated (ap to 500 m°). Some attempts were made to differentiate pollen from differcnt specics,
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4 DISCUSSION

‘48 A broadly linear relationship between log particle size and log FAC vwas observed for the
42 ‘standard’ beads. This is in apreement with other experiments using cither beads or
4§ physiologically-similar cells (Davey & Kell, 1996; Sharpless et al, 1977)). As well as particle
4 size, FSC is also influenced by refractive index (relative to the surmounding medivm}), by the

presence in cells, or on their surface, of compounds that may absorb light at the illumination
wavelength used, or by highly textured surface or internal struciures which may also act 10
decrease the intensity of FSC (Sharpless of al, 1977). These latter features have a greator
influence on SSC than FSC, with SSC being less dependent upon particle size; typically,

- highest-intensity SSC signals are obuained from particles with the highest degree of
- cytoplasmic gramularity (Davey & Kell, 1996). As well as the (fairly small) differences in FSC
. and SSC, differentiation of pollen and uredinivspores from sporangia was Facilitated by the
. intrinsic orange and red fluorescence of the former. Using a combination of FSC, SSC and FL
- paramelers, sporangia could be distinguished from other fingal spores {except Blumeria) ard
= pollen by multiple gating,

4. The ability of fluorescent dyes to enhance particle differentiation, in particular, to allow
4 differentistion of P, frfestams sporangia from Blmeria conidia, was assessed for a varicty of
40 &Hﬁﬂ:_Ea.ntﬁ:#ﬁ::&w_nzﬁzwﬁﬁ;ﬁﬁni&ﬁﬂﬁaﬁmtsﬁsgﬁg
h....m.., differently, since Blumeria is a true fimgus with chitin | ghican cell walls, while P infestans is an

i oomycete classified in the Kingdom Clromista, with celluloss cell walls. However for all the ‘red’
4 dyestested it appeared thai the thickness or pigmentation of the wall influenced the effectivencss
4 of sining more than did wall composition. The pattern of staining for Blianerics and pollen wes
4 similar io that for P, infestors sporangia. Moreover, the ‘red” dyes tended to mask differences in
4 intrinsic Auorescence, and $0 tended to make differentiation of sporangia from pollen and Bhameria
A5 less effective than for unstained particies.

4 Sporangia stained with Calcofluor could readily be differentiated using muldtiple gating from any of
4 the other fungal spores tested, including Rhumeria, with <124 falie positives Differentintion of
4  sporangia frum pollen grains using Caleofluor was less clear, since pollen stained in a similar
{0 manner o the sporangia. However, use of GPs allowed differentiation of sporangia from paller, or
{ . fomany of the other particles testcd, again with <1% false pusitives at the level of the individusl
4 particle. Use of GP to analyse flow eytometry data could theoretically permit detection of a single
| sporangium within a complex sample. In practice, liowever, the detection threshold must be set
4 higher in order to eliminate false positives. For example, if an *early warning® system were set o
 wiggera warning for blight at, say, five sporangia per cubic mere of air, this would mean in theory
Enﬁ.ﬂgﬁgﬁvsmaa—!mﬁmﬂuu_ﬂnﬂuﬂﬁzqnﬁd%guaau
© {assuming <1% false positives for pollen).

- Using GP, a clear increase in sporangial mumbers was first apparent by 20th fuly, almost 2 weeks
~ befors symptoms were noticed in the crop. The system therefore appears promising, as a means
- of early blight detection, We recognise that more frequent sampling (including different years
~ and at different sites) would be necassary for complete validetion of the system. Differences in
- weather conditions are likely to affect the numbers of sporangia detected on different days.
. Indeed, even samples taken within minutes of each other demenstrated s high degrea of variation
o in numbers of sporangia detecied, suggesiing that aithome spores travel in *cloude’, or, in the
. <ase of samples taken at the height of the epidemic, were [iberated from the crop in irregular
- bursts, perhaps following gusts of wind. Sampling would certainly need to be camried out on &
. daily basis, with several samples {aken per day.
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