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Abstract

A new method for monitoring phenotypic profiles of pure cultures and complex microbial communities was evaluated. The approach was
to stain microorganisms with a battery of fluorescent dyes prior to flow cytometry analysis (FCM) and to analyse the data using
multivariate methods, including principal component analysis and partial least squares. The FCM method was quantitatively evaluated
using different mixtures of pure cultures as well as microbial communities. The results showed that the method could quantitatively and
reproducibly resolve both populations and communities of microorganisms with 5% abundance in a diverse microbial background. The
feasibility of monitoring complex microbial communities over time during the biodegradation of naphthalene using the FCM method was
demonstrated. The biodegradation of naphthalene occurred to differing extents in microcosms representing three different types of
aromatic-contaminated groundwater and a sample of bio-basin water. The FCM method distinguished each of these four microbial
communities. The phenotypic profiles were compared with genotypic profiles generated by random-amplified polymorphic DNA analysis.
The genotypic profiles of the microbial communities described only the microbial composition, and not their functional change, whereas the
phenotypic profiles seemed to contain information on both the composition and the functional change of the microorganisms. Furthermore,
event analysis of the FCM data showed that microbial communities with initially differing compositions could converge towards a similar
composition if they had a capacity for high levels of degradation, whereas microbial communities with similar initial compositions could
diverge if they differed in biodegrading ability. © 2001 Federation of European Microbiological Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction levels is needed to improve our understanding of the in-

trinsic processes of bioremediation.

The study of microbial community dynamics is rapidly
developing in microbial ecology, but many problems re-
main. For instance, analysing the microbial communities
involved in hydrocarbon biodegradation in situ has been
challenging, partly because probably less than 1% of the
microorganisms present in the environment can be readily
cultured [1]. It has been suggested that the most cost-ef-
fective way of remediating organic pollutants in the envi-
ronment is by natural attenuation [2]. However, more fun-
damental research into community dynamics and
microbial ecology at both the genotypic and phenotypic

* Corresponding author.

In order to characterise microbial communities in the
environment, various methods have been developed that
circumvent the need for isolating components of the com-
munities. Many phenotypic and genotypic methods are
available, each with specific advantages and limitations
including fatty acid methyl ester (FAME) analysis [3-5],
phospholipid fatty acid (PLFA) profiling [6,7], amplified
ribosomal DNA restriction analysis ([8]), denaturing gra-
dient gel electrophoresis ([9,10]), random-amplified poly-
morphic DNA (RAPD), terminal restriction fragment
length polymorphism [11,12] and length heterogeneity
polymerase chain reaction analysis [13,14].

We have previously reported that RAPD is a reproduc-
ible and quantitative tool for analysing changes in micro-
bial community composition during biodegradation/bio-
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transformation of different aromatic compounds [15-18].
However, RAPD does not reflect functional changes per
se, since it is based on the extraction of total DNA, a
property that it shares with the other DNA extraction-
based methodologies for microbial community analysis
listed above.

The significance of methods depending on the physio-
logical state of the microorganisms, such as FAME and
PLFA, may also be limited by the impact of changes in
environmental conditions on the microbial physiology.
The ability to monitor true changes in microbial com-
position is diminished when environmental conditions
fluctuate, as is often the case in natural systems. Conse-
quently, a combination of both genotypic and phenotypic
profiles for characterising microbial communities would be
preferable since information on both compositional and
functional changes would be obtained. A genotypic profile
would give information on compositional change while a
phenotypic profile will measure both compositional and
functional characteristics of a population of microorgan-
isms.

Flow cytometry (FCM) is a powerful and commonly-
used technique for phenotypic studies of both prokaryotic
and eukaryotic cells [19,20]. FCM is particularly suitable
for studies of microorganisms in water and air, and it has
the potential for rapid on-line field measurements. How-
ever, the analysis of soil samples is much more demanding
due to the problem of adherence between soil particles and

Table 1

microorganisms, and the need to include time-consuming
extraction steps [21,22]. Previously, the physiological re-
sponse of Escherichia coli to different cultivation condi-
tions has been studied using two fluorescent dyes for stain-
ing prior to analysis by FCM [23]. However, the results
were not evaluated with multivariate data analysis. Fur-
thermore, Davey et al. [24] have combined multi-staining
with FCM multivariate data analysis for identifying differ-
ent bacteria in a background of other microorganisms.
That report focuses on identity on an event level rather
than a sample level. This study presents a new method for
characterising microbial communities, based on multiply
staining major cell constituents and FCM multivariate
data analysis on a sample level. This method is compared
with genotypic profiling using RAPD during the degrada-
tion of naphthalene in three different types of aromatic-
contaminated groundwater and one type of bio-basin
water.

2. Materials and methods
2.1. Bacterial strains and growth conditions

E. coli DH5o [25] was grown in Luria-Bertani (LB)
medium [26] at 37°C to an optical density (OD) of 0.71

(600 nm) corresponding to 2.41x10% (S.D. 3.6x107;
n=6) cfu ml™! on LB agar plates, Bacillus subtilis

Background contamination profiles of the four types of water included in the mixed population and biomonitoring study

Chemical AS (ug dm—?) XB (ug dm—3) R18 (ug dm™3) R19 (ug dm—3)
HMX? - - 1700 23
RDXP - - 6900 68
1,3,5-TNB° - - 680 -
1,3-DNB¢ - - 220 -
TNT® - - 34000 130
NB - - 1400 -
4A-2,6-DNT® - ~ _ 28
2A-4,6-DNT"? _ _ 2500 11
2,6-DNT! - - 5000 340
2,4-DNT - - 7100 83
2-NTI — - 17000 71
4-NTI — - 14000 36
3-NTI - - 740 2
2-ring PAHX 16 - _ _
3-ring PAHK 85 _ _ _
4-6-ring PAH® 2000 0.05 . _
Heterocyclic aromatics 250 - _ _

4Hexa-methylxylene.
bRandom diatomic xylene.
¢Trinitrobenzene.
dDinitrobenzene.
¢Trinitrotoluene.
fNitrobenzene.
24-Amino-2,6-dinitrotoluene.
h2_Amino-4,6-dinitrotoluene.
Dinitrotoluene.
INitrotoluene.
kPolyaromatic hydrocarbons.
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(ATCC 6633) were grown in LB medium at 30°C to OD
0.79 (1.12x 10 (S.D. 3.6 X 107; n=6) cfu ml~! on LB agar
plates), and Pseudomonas putida CF600 [27] were grown in
LB medium at 30°C to OD 0.73 (2.35x10%® (S.D.
43%x107; n=6) cfu ml™! on LB agar plates). These re-
spective cell densities were referred to as 1X dilution.
All three strains were also diluted 10X and 100X with
FACSFlow® (Becton Dickinson Immunocytometry Sys-
tems, San Jose, CA, USA).

2.2. Microbial communities

Four 250-ml Ehrlenmeyer flasks with Teflon-coated
screwcaps were prepared, containing 20 ml 1 X M9 me-
dium [28], 10 mg naphthalene (approximately twice the
saturation level, to ensure a relatively high naphthalene
concentration), and 20 ml water originating from (i) poly-
cyclic aromatic hydrocarbon (PAH)-contaminated water
(AS), (i1) groundwater from a PAH-contaminated site
(XB) with only traces of PAHs in the water and
(iii) ground water from two different sampling wells at a
site contaminated with nitroaromatics (R18 and R19)
(Table 1). Sampling well R19 is located 100 m upstream
of R18. These microcosms were shaken at 26°C for 9 days,
and quickly opened and closed every day to maintain an
aerobic atmosphere. Triplet samples (0.5 ml) were with-
drawn from each flask for both FCM and RAPD analysis
on four occasions: on days 0, 5, 7 and 9.

The protein concentration was used to estimate the bio-
mass in the microcosms at three points in time. Eighty ul
from each microcosm was withdrawn on day 1 and dupli-
cate samples of 300-480 ul were withdrawn on days 5 and
9.

The samples were diluted with water to a total volume
of 800 ul, mixed with 200 ul of Bio-Rad Protein Assay
Reagent (Bio-Rad Laboratories, Hercules, CA, USA) and
measured spectrophotometrically at 595 nm. Standard
curves were prepared from a dilution series of bovine se-
rum albumin solution.

2.3. Mixing design

Three different bacteria, E. coli, B. subtilis and P. putida,
were mixed according to Table 2. Samples 1-24 were 1 X,
25-48 were 10X, and 49-72 were 100X diluted. Three
different undiluted populations (AS, XB and R18) were
mixed according to the same design (Table 2).

2.4. Staining for FCM

Each sample was centrifuged for 5 min at 13000Xg.
The wet pellet was resuspended and stained with (i) 5 ul
nile red (NR) dissolved in acetone (200 pg ml™!), (i) 5 ul
fluorescein-5-isothiocyanate (FITC) dissolved in dimethyl-
formamide (200 ug mil™!), (iii)) 5 pl rhodamine 123
(Rho123) dissolved in methanol (200 pg ml™!), (iv) 5 ul

Table 2
Permutations used in the mixed bacterial strain and mixed bacterial
population studies

Sample No.? Set® Acd Bed Cfhd
1, 25, 49 WS 980 10 10
2, 26, 50 WS 10 980 10
3,27, 51 WS 10 10 980
4, 28, 52 WS 495 495 10
5,29, 53 WS 495 10 495
6, 30, 54 WS 10 495 495
7, 31, 55 WS 657 172 172
8, 32, 56 WS 172 657 172
9, 33, 57 WS 172 172 657
10, 34, 58 WS 333 333 333
11, 35, 59 WS 333 333 333
12, 36, 60 WS 333 333 333
13, 37, 61 TS 100 400 500
14, 38, 62 TS 300 100 600
15, 39, 63 TS 300 600 100
16, 40, 64 TS 50 150 800
17, 41, 65 TS 800 150 50
18, 42, 66 TS 100 250 650
19, 43, 67 TS 700 200 100
20, 44, 68 TS 150 800 50
21, 45, 69 TS 400 350 250
22, 46, 70 TS 200 500 300
23, 47, 71 TS 275 325 400
24, 48, 72 TS 600 50 350

aSample No. 1-24: 1X dilution, 25-48: 10X dilution, 49-72: 100X di-
lution.

dWS: work set, TS: test set.

°A: E. coli for mixed strain and R18 for mixed population experiments.
dVolume of each bacterial solution (ul).

°B: B. subtilis for mixed strain and XB for mixed population experi-
ments.

'C: P. putida for mixed strain and AS for mixed population experi-
ments.

propidium iodide (PI) dissolved in methanol (200 ug ml~!)
and (v) 5 pl ethidium bromide (EtBr) dissolved in H,O
(300 pl ml™!). The dyes have the following emission
peaks: NR, 636 nm; FITC, 525 nm; Rhol23, 580 nm;
PI 623 nm, and EtBr, 595 nm [20]. NR binds lipids,
FITC is a protein-specific dye, both PI and EtBr specifi-
cally bind nucleic acids, and Rho123 stains metabolically
active bacteria since it is accumulated intracellularly when
the cytoplasmic membrane is polarised. The multi-stained
microorganism-containing pellet was incubated at room
temperature, in darkness for 30 min, resuspended and
washed with 1 ml CellWASH (Becton Dickinson Immu-
nocytometry Systems, San Jose, CA, USA), then centri-
fuged for 5 min at 13000X g. The washed pellet was re-
suspended in 0.5 ml FACSFlow® prior to analyses by
FCM.

2.5. FCM protocol

The flow was set to 35 ul min~! for all FCM runs. A
total of 30000 events were collected in all runs.

The instrument used for the FCM analyses was a
FACSSort (Becton Dickinson Immunocytometry Systems,
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San Jose, CA, USA) equipped with an Argon laser (488
nm), and the data collecting software was SyQuest (Sy-
Quest Technology, Fremont, CA, USA).

2.6. DNA extraction

Samples of DNA were extracted, in triplicate, at four
time points from all four microcosms using a modified
bead-beater method [29]. Three hundred pl phosphate
buffer (100 mM NaH,POy,, pH 8), 300 ul sodium dodecyl
sulfate (SDS) solution (100 mM NaCl, 500 mM Tris (pH
8), 10% (w/v) SDS), 300 ul chloroform:isoamylalcohol
(24:1), and 1 g zirconia/silica beads (0.1 mm) (Biospec
Products, Bartlesville, OK, USA) were added to each
500-ul sample. The mix was vigorously shaken in a cell
disrupter (FastPrep® FP120, BIO 101/Savant, Vista, CA,
USA) at 4.0 m s™! for 20 s. The aqueous phase was sep-
arated from the particles and CHCI; by centrifugation at
10000 X g for 10 s. The nucleic acid-containing aqueous
phase was extracted with an equal volume of phe-
nol:CHCl; :isoamylalcohol (25:24:1) followed by extrac-
tion with 2-butanol to reduce the volume to 100 ul. The
remaining aqueous phase was purified using a Microspin
S-400 HR column (Pharmacia Biotech, Uppsala, Sweden)
according to the manufacturer’s instructions. The ex-
tracted and purified nucleic acids were stored at —20°C
prior to use.

2.7. RAPD procedure and analysis

The DNA extracted from each sample (1 pl of the ex-
tract, equivalent to approximately 10 ng) was amplified by
PCR, using the RAPD protocol of [15] with the exception
of 25 instead of 35 temperature cycles. Thus, there were
three RAPD analyses for each sampling occasion for each
of the four microcosms, giving a total of 48 RAPD reac-
tions or genetic profiles. The method used to analyse the
RAPD products generated has also been described previ-
ously [15]. Essentially, the fragments in each sample were
separated on a polyacrylamide gel (6%), then scanned with
a laser detector and the computerised image was trans-
formed to a data matrix consisting of 48 rows (samples)
and 471 columns (variables).

2.8. Processing the FCM data

Histogram data (horizontally aligned) from each run
was saved as a text-file in WinMDI 2.8 [30], imported
into SIMCA-P 8.0 (Umetrics AB, Umea, Sweden) and
vertically transposed to be suitable for the final compiling
of the data into data matrices in Microsoft® Excel 97 SR-
2. Each of the five FCM channels describes each sample
with 1024 histogram data variables, implying that each
sample was described by a total of 5120 variables. The
first and last two or three variables from each channel
were excluded from further analysis since they described

the number of events located outside the recorded channel
range. The remaining data from each sample were normal-
ised to restore equivalence in the number of events among
the samples.

Dot plot data from samples 1, 2 and 3 in the mixed
strain experiment were saved as text-files in WinMDI 2.8
[30], compiled into a data matrix in Microsoft® Excel 97
SR-2 and then imported into SIMCA-P 8.0 (Umetrics AB,
Umed, Sweden). The same procedure was performed for
FCM analyses of the AS, XB and R18 microcosms for
both days 1 and 9. Each event was described by five var-
iables namely, FSC, SSC, FL1, FL2 and FL3. FSC is most
dependent on size, and SSC on granularity, whereas FL1-
3 represent data from three windows that detect fluores-
cent signals in three different wavelength intervals: FLI,
512-545 nm; FL2, 564-606 nm, and FL3, > 650 nm. Five
hundred events from each sample/FCM run were analysed
with respect to similarities and differences at the event
level.

2.9. Multivariate data analysis

Principal component analysis (PCA) [31] was used to
identify dyes that contributed with unique information.
The distance between projected samples in a PCA score-
plot is correlated to the sample similarity. Clustered sam-
ples disclose similarity, while samples projected distantly
disclose dissimilarity, i.e. containing unique information
compared to each other. The microbial communities in
the microcosms were described by 5099 and 471 variables
at each time point originating from the microorganisms’
FCM and RAPD profiles, respectively. All RAPD and
FCM variables were mean-centred and remained unscaled
prior to analysis. PCA was performed on the FCM and
RAPD data separately to monitor variations in the micro-
bial communities over time in the microcosms.

Projection to latent structures by means of partial least
squares analysis (PLS) [32] was used to evaluate the quan-
titative properties of the FCM method in the mixed strain
and mixed population experiments. PLS models were cal-
culated for the first 12 samples (the work set; WS) of the
mixed strain experiment and further tested with the next
12 samples (the test set; TS). This procedure was repeated
for the 10X and 100X dilutions, and for the mixed pop-
ulation experiment. These PLS calculations consisted of
FCM data fitted to the actual microbial proportions in
the mixtures. Observed (true) proportions were compared
with predicted contents. Root mean square error of pre-
diction (RMSEP) [33] values were calculated from this
comparison for the 12 samples in the TS.

PLS-discriminant analysis (PLS-DA) was used to inves-
tigate which variables differed between FCM runs. In
PLS-DA, 500 events from each sample were classified by
introducing dummy variables (i.e. 0 or 1) to which the
FCM data were fitted. The most significant coefficients
for each microcosm were reported.
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To evaluate the (dis-)similarities of events originating
from the different microcosms compared between days 1
and 9, eight separate PCA models were calculated based
on 500 events from each microcosm on days 1 and 9. The
average probability of the events from all four microcosms
being part of the different modelled sets was calculated.

The FCM variables were mean-centred and scaled to
unit variance prior to event analysis. Simca-P 8.0 (Ume-
trics AB, Umea, Sweden) was used for all multivariate
data analysis.

2.10. Chemical analysis

A screening analysis was performed on the four different
types of water as follows: the solid phase in the samples
was collected on a glass fibre filter (APFA 09050; Milli-
pore), which was dried at room temperature and extracted
twice with dichloromethane in an ultrasonic bath (Ultra-
sonic cleaner, Fungilab). The extract was dried with anhy-
drous sodium sulfate, Na,SOy4 (purified at 550°C) before
determining the final concentration of the extract.

The water (AS: 25 ml; XB, R18, R19: 500 ml) was
extracted twice with dichloromethane (AS: 5 ml; XB,
R18, R19: 25 ml) (Burdick and Jackson, High Purity Sol-
vent), which was dried with Na,SQO,. These extracts were
initially concentrated, to 5 ml, in a rotary evaporator (Bii-
chi R-114) and the final concentration of the extracts was
achieved by reducing the volume to 1 ml by evaporating
the solvent with dry nitrogen.

PAHs in the organic phase were analysed by a gas chro-
matograph/mass spectrometer (GC/MS), Hewlett-Packard
6890/Hewlett-Packard 5973, using a 30 m X 0.25 mm X 0.25
um DBSMS capillary column (J&W Scientific). The sam-
ple was injected (HP 7673 GC/SFC injector) in splitless
mode, and PAHs were separated using a GC temperature
program starting at 40°C for 1 min, then rising 10°C
min~! to 270°C, which was held for 10 min. Helium was
used as carrier gas with a constant linear velocity of 35 cm
s~!. The PAHs were quantified by an external standard
technique, using anthracene and phenanthrene as calibrat-
ing substances.

Naphthalene analysis was performed on the four differ-
ent types of water, sampled over time as follows. Five
hundred pl from each microcosm was taken for naphtha-
lene analysis. To these samples 30 ul dibenzofuran (1.79
pug ul™!) was added as an internal standard, and 0.1 g
sodium chloride to increase their ionic strength. The sam-
ples were extracted with 3X1 ml toluene. The organic
phases were combined and dried on a small column of
activated sodium sulfate. The samples were analysed using
a Fisons GC 8000 Top (30 mx0.32 mmX0.25 pm film
thickness, SPB-5 capillary column, Supelco, Bellefonte,
PA, USA) GC coupled to a Fisons MD800 mass selective
detector (MS). The GC was operated in splitless mode,
and 1 pl of the extracts was injected using an autosampler.
The MS was operated in full-scan mode. The naphthalene

*-Rho123

40

20| ..FITC
(V] .
° Mix  MD

0 Wi -

% EBr
20 .-PI
-NR

-70 -60 -50 -40 -30 -20 -10 0 10 20 30
PC1

Fig. 1. Scoreplot with three objects representing penta-stained P. putida
samples (denoted Mix) and five objects representing tetra-stained P. pu-
tida samples each lacking one of the five fluorescent dyes: nile red
(NR), propidium iodide (PI), rhodamine 123 (Rhol23), ethidium bro-
mide (EtBr), fluorescein-5-isothiocyanate (FITC). Omissions are denoted
with a minus sign and the name of the omitted dye. R*X for PCs 1 and
2 were 0.30 and 0.15, respectively.

in the samples was identified and quantified by reference
to a known standard solution containing naphthalene (128
pg) and dibenzofuran (89.6 pg).

3. Results
3.1. Evaluation of the FCM phenotypic profiling method

3.1.1. Staining evaluation

Samples containing P. putida were stained with all com-
binations of four of the five fluorescent dyes being tested
(NR, FITC, Rhol23, PI and EtBr). Triplicate samples
were also stained with all five dyes. The PCA designed
to identify fluorescent dyes that contribute unique infor-
mation revealed that the sample in which EtBr was omit-
ted had the same phenotypic profile as the penta-stained
triplet (Fig. 1). Thus, EtBr did not appear to contribute
any unique phenotypic information and it was conse-
quently omitted from further staining experiments. This
experiment also indicated that FITC contributed the
most unique phenotypic information (Fig. 1).

3.1.2. Resolution of tertiary bacterial mixtures

Three different bacteria, E. coli, B. subtilis and P. putida,
were mixed according to Table 2. Fig. 2 shows the rela-
tionships between the observed and predicted proportions
of these mixtures for both the WS and TS. The RMSEP
values, which indicate how precisely the PLS model could
predict the ratios in the 12 samples of the TS, are shown in
the legend to Fig. 2. The prediction precision ranged from
6.9 to 16.9% and improved as the dilution factor increased
for all three strains. Graphical presentation of the ob-
served values versus those predicted by the PLS model
(Fig. 2) shows that the method is quantitative and repro-
ducible enough to permit predictions within an acceptable
range for individual bacterial strains in the presence of the
two other bacteria.
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Fig. 2. The observed (true) volume percentage of (A) E. coli, (B) B. sub-
tilis and (C) P. putida in relation to the volume percentage predicted by
the PLS model at 100X dilution. The RMSEP values for the TS predic-
tions were 15.9, 15.2 and 6.9% for E. coli; 11.1, 7.1 and 6.7% for
B. subtilis and 16.9, 8.9 and 7.0% for P. putida at 1X, 10X and 100X
dilutions, respectively. a = WS, *=TS.
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(true) volume percentage of (A) R18 microcosm,
(B) XB microcosm and (C) AS microcosm in relation to the volume
percentage predicted by the PLS model in the mixed population experi-
ment. The RMSEP values for the TS predictions were 12.5, 12.6 and

5.4% for R18, XB and AS, respectively. o =WS, *=TS.
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3.1.3. Resolution of tertiary mixtures of different microbial
communities

Two different aromatic-contaminated ground water
samples (XB and R18) and a sample of water originating
from a bio-basin for treating aromatic-contaminated in-
dustrial process water (AS) were mixed according to the
experimental design shown in Table 2.

The RMSEP values from the mixed population PLS
models, which ranged from 5.4% (AS) to 12.6% (XB),
are shown in the legend to Fig. 3. Graphical presentation
of the observed values versus those predicted by the PLS
model shows that the method could quantitatively and
reproducibly resolve each of the individual microbial com-
munities against the background of the two other micro-
bial communities.

3.2. Phenotypic and genotypic profile characterisation of
different microbial communities during biodegradation
of naphthalene

Four microcosms containing aromatic-contaminated
water (AS, XB, R18 and R19, Table 1) from different
locations were augmented with excess amounts of naph-
thalene. The biomass increased in all microcosms, but
most markedly in XB and R18 and least in the AS micro-
cosm (Fig. 4). These data correlated well with the extent of
the naphthalene biodegradation in the different micro-
cosms. Complete biodegradation occurred in both the
XB and R18 microcosms (Fig. 5), whereas the naphtha-
lene concentration remained stable over time in the AS
microcosm. An intermediate level of biodegradation oc-
curred in the R19 microcosm (Fig. 5), which correlated
well with its moderate increase in biomass (Fig. 4).

The change in phenotypic and genotypic profiles of the
microbial communities over time is shown in Fig. 6. The
microbial communities in the R18 and R19 ground water
samples were relatively similar phenotypically, at first.
However, R18 changed significantly phenotypically be-

Table 3
Average probability of 500 events from each microcosm being compo-
nents of the four different PCA models on days 1 and 9

AS model XB model R18 model R19 model

Day 1:

AS 0.546 0.27 0.205 0.312
XB 0.396 0.51 0.212 0.374
R18 0.182 0.303 0.484 0.425
R19 0.309 0.44 0.444 0.503
Day 9:

AS 0.535 0.173 0.085 0.249
XB 0.315 0.601 0.361 0.057
R18 0.414 0.578 0.602 0.119
R19 0.257 0.315 0.098 0.496

The average probability of events belonging to the corresponding PCA
model is shown in bold and should be the largest figure in each column.
The most noteworthy changes are the cross similarity on day 1, and dif-
ference on day 9, between R18 and R19, and the opposite relationship
between XB and R18 on days 1 and 9, all in italics.

110
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90 1
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80 A

a o
o o

-4 AS
-X-XB
-O-R18
& R19

&b
o o

35 4

Protein content (ug/ml)

Time (days)

Fig. 4. Variation of biomass over time in the biomonitoring experiment,
expressed as protein content (ug ml~!'). The error bars show the stan-
dard deviation (n=1 for day 1, and n=3 for days 5 and 9).

tween days 7 and 9, probably as a consequence of the
growth-linked biodegradation of naphthalene (Fig. 5). In
contrast, R19 showed little phenotypic change. Genotypi-
cally, both R18 and R19 exhibited little change over time.
The AS community remained phenotypically clustered
throughout the 9-day period. However, genotypically, a
major change occurred between days 1 and 5. For the
XB microcosm, a major shift in the microbial community,
both phenotypically and genotypically, occurred between
days 1 and 5.

The phenotypic results were confirmed by event analysis
for the microcosms on days 1 and 9 (Table 3). R18 and
R19 were similar on day 1 but differed quite substantially

140

-4 AS
-X-XB
-O-R18
= R19

@
=]

N
[=)

n
=3

Relative naphthalene concentration (%)
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on day 9, whereas events from XB and R18 were different
on day 1, but they had converged by day 9.

The PLS-DA analysis undertaken to identify FCM var-
iables related to differences between the events from the
four microcosms on days 1 and 9, revealed that events
from the two best naphthalene-degrading microbial com-
munities, XB and R18, had high FL2 and FL3 values on
day 9.

4. Discussion

This study was designed to evaluate the feasibility of
using multi-stained microorganisms to monitor phenotypic
development and changes in complex microbial commun-
ities. To this end, a FCM phenotypic profiling method was
explored. Initially, five different dyes were evaluated to
assess the value of the information they could contribute
to phenotypic profile analysis. EtBr was found to contrib-
ute little or no unique information and was consequently
omitted. No further optimisation of the staining protocol
with respect to dye solution concentrations, fixation, incu-
bation time/temperature, etc. was performed.

Next, to evaluate the quantitative properties of the
FCM method, mixtures of different bacterial strains and
microbial populations were prepared, according to a de-
sign in which 12 of the 24 samples constituted a WS for
PLS calculations. The remaining 12 samples were used to
test the PLS model, to enable subsequent critical evalua-
tion. The same procedure was repeated with 10X and
100 X dilutions of the same bacteria, and with three mi-
crobial populations differing in origin.

The RMSEP levels (54-169 ul) were compared to the
total volume in each sample (1000 ul) and the results im-
ply that bacteria with over ~ 5% abundance can be moni-
tored in a diverse microbial background. The fact that the
highest dilution (100X) of the strain mixtures (approxi-
mately 10° bacteria per ml, data not shown) resulted in
the best prediction precision was encouraging, and implies
that the method would be of value even for more dilute
samples.

The biomonitoring experiment in which phenotypic and
genotypic changes in four different microcosms over time
were analysed by both FCM and RAPD gave several in-
teresting results. Firstly, the four microcosms differed sig-
nificantly at the start of the experiment, but R18 and R19
were the most similar both phenotypically and genotypi-
cally (Fig. 6). Secondly, the biggest phenotypic changes
occurred between days 1 and 5 in XB and between days
7 and 9 in the R18 microbial community (Fig. 6). Thirdly,
the phenotypic profiles from the AS microbial community
changed least over the period studied (Fig. 6). Fourthly,
the phenotypic profiles of R18 and XB converged between
days 1 and 9, whereas R18 and R19 diverged. These re-
sults all correlated well with the patterns of naphthalene
degradation and biomass content. A previous study [34]
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Fig. 6. PCA scoreplots of (A) FCM profiles originating from microbial
communities in the four different microcosms over time; a =AS,
*=XB, O=R18, m=R19. The numbers indicate the time (days). The
first (PC1) and second (PC2) principal components explained 66 and
15%, respectively, of the total variation in the data. (B) Variations in
RAPD profiles of the microbial communities in the four different micro-
cosms over time; a =AS, *=XB, O=R18, m=R19. The numbers indi-
cate time (days). The first (PC1) and second (PC2) principal components
explained 42 and 16%, respectively, of the total variation in the data.

has shown that the site from which the XB water origi-
nated was heavily PAH-contaminated. The water, how-
ever, contained very low amounts of aromatics. This sug-
gested that despite a lack of dissolved aromatics XB water
contained microorganisms that were able to degrade naph-
thalene quite rapidly. In contrast, the AS water was PAH-
contaminated but did not contain microorganisms capable
of degrading naphthalene to the same extent as XB. This
difference was reflected in the phenotypic profiles (Fig.
6A). The microbial community in the XB microcosm
changed dramatically during naphthalene degradation,
whereas the AS microbial community remained relatively
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constant phenotypically. However, the AS microbial com-
munity exhibited a clear genotypic change in relation to
the other communities (Fig. 6B). This could be due either
to an ongoing succession of microorganisms favourable
for naphthalene degradation, or to a toxic effect of the
high naphthalene concentration.

In contrast, R18 seemed to be relatively genotypically
constant, despite the large phenotypic change, whereas XB
was found to change quite dramatically both phenotypi-
cally and genotypically. It could be concluded from this
observation that the phenotypic change was due to func-
tional change, rather than to changes in the microbial
community composition, which remained unchanged.

The genotypic profiles of the microbial communities
only described the microbial composition and not the
functional change of the microorganisms, whereas the phe-
notypic profiles seemed to contain information on both
microbial composition and functional change. The fact
that the microbial communities in none of the microcosms
had identical phenotypic profiles at any time confirms this
hypothesis (Fig. 6). The first principal component in the
PLS model shown in Fig. 6 describes the difference be-
tween the AS microbial community over time and the
other communities. The second principal component pri-
marily describes the changes that occurred in microbial
composition in the XB microcosm over time. Thus, it
was evident that the phenotypic and genotypic profiles
described different properties and courses of events.

Furthermore, the event analysis shows that high FL2
and FL3 values were most strongly associated with high
rates of naphthalene degradation. Since all four dyes used
for staining the microorganisms emitted in part in the FL.2
window, and both PI and NR emitted in the FL3 window,
it was difficult to pinpoint which cell constituent(s) had
caused specific shifts in this phenotypic parameter. Further
studies are needed to elucidate details of this effect. In this
context, a principal advantage, common to all PCR-based
microbial community analysis methodologies including
RAPD, is that specific DNA fragments correlating with
different events may be identified and further analysed
after purification by sequencing and linked to a function.
However, in this study only overall change in microbial
community structure was measured by the RAPD method.
It can be envisaged that these measured changes were
quantitative since earlier studies have shown that the
RAPD method could quantitatively resolve initial propor-
tions of tertiary bacterial mixtures [18]. Moreover, the
sensitivity level of RAPD has been estimated to be ap-
proximately 2% [18], implying that only dominant parts
of the microbial community structure changes should
be assumed to be monitored with the RAPD method as
well.

In summary, a rapid method for phenotypically profil-
ing microorganisms was developed. This tool, combined
with other methods, has the potential to help understand
the complex interplays within microbial communities.

An optimised FCM procedure together with data pro-
cessing including multivariate data analysis has great po-
tential as an on-line method for monitoring microorgan-
isms in aerosols, industrial bioprocesses, wastewater plants
and contaminated ground waters.
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