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Particles are often regarded as microniches of enhanced microbial production and activities in the pelagic
ocean and are vehicles of vertical material transport from the euphotic zone to the deep sea. Fluorescence in
situ hybridization (FISH) can be a useful tool to study the microbial community structures associated with
these particles, and thus their ecological significance, yet an appropriate protocol for processing deep-sea
particle-rich water samples is lacking. Some sample processing considerations are discussed in the present
study, and different combinations of existing procedures for preservation, size fractionation sequential filtra-
tion, and sonication were tested in conjunction with FISH. Results from this study show that water samples
should be filtered and processed within no more than 10 to 12 h after collection, or else preservation is
necessary. The commonly used prefiltration formaldehyde fixation was shown to be inadequate for the rRNA
targeted by FISH. However, prefiltration formaldehyde fixation followed by immediate freezing and postfil-
tration paraformaldehyde fixation yielded highly consistent cell abundance estimates even after 96 days or
potentially longer storage. Size fractionation sequential filtration and sonication together enhanced cell
abundance estimates by severalfold. Size fractionation sequential filtration effectively separated particle-
associated microbial communities from their free-living counterparts, while sonication detached cells from
particles or aggregates for more-accurate cell counting using epifluorescence microscopy. Optimization in
sonication time is recommended for different specific types of samples. These tested and optimized procedures

can be incorporated into a FISH protocol for sampling in deep-sea particle-rich waters.

Particles play an important role in the biogeochemical cy-
cling of global oceans. Ranging from submicrometer-diameter
colloids to transparent exopolymer particles, large mineral
flocs, and marine snow, particles serve as vehicles of material
transport enhancing fluxes from the euphotic zone to the deep-
sea (6, 23, 34). The general paradigm of marine nutrient cy-
cling is that remineralization occurs during the sinking of par-
ticulate organic matter out of the euphotic zone through the
water column and that the recycled nutrients will eventually
recharge surface biological production via upwelling. Most of
these remineralization processes are microbially mediated, yet
little is known of the actual microbial communities and activ-
ities on particles in the deep-sea water column. In surface and
coastal ocean environments, particles are considered the nu-
trient-rich microscale hot spots for microbial production com-
pared to ambient seawater (2, 10, 27). Such enhanced micro-
bial production on particles is more significant in the deep-sea
water column, where primary production is even more limited.

Qualitative phylogenetic studies have revealed disparate mi-
crobial communities between particle-associated assemblages
and their free-living counterparts in aquatic environments (1,
12, 16, 33). However, more quantitative measurements are
required to elucidate the ecological significance of particle-
associated microbes. Fluorescence in situ hybridization (FISH)
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has recently become a very useful tool to identify and enumer-
ate microbes in mixed communities at the domain to species
levels (3). FISH can reveal microbial community structures,
and relate microbial communities to geochemical cycling, es-
pecially in the case of particular functional groups like nitrifiers
(19, 28, 42) or methanotrophs (9, 30). However, a working
protocol is lacking that differentiates particle-associated mi-
crobes from free-living microbes in particle-rich seawater.

Water from the deep-sea is commonly sampled using 10- to
30-liter Niskin bottles mounted on a conductivity-temperature-
density (CTD) rosette package. Three major challenges have
to be met for FISH subsampling from these Niskin bottles.
First, the abundance of cells and particles in the deep-sea are
relatively low, so that a large volume of water has to be con-
centrated to yield sufficient working materials. This is conven-
tionally done either by centrifugation (4) or filtration onto
filter membranes followed by cell transfers to gelatin-coated
slides for FISH (24). Both methods cause severalfold greater
cell losses than a protocol in which FISH is directly performed
on the same filter membranes (26). Consequently, a direct
filtration-to-FISH method (21) was chosen as the basic proto-
col in this study.

The second challenge concerns sample preservation. It usu-
ally takes at least an hour from water collection at depth to
on-deck subsampling, and then up to another 24 h until the
water is filtered for FISH. Therefore, it is essential to test for
any storage effects both with and without preservatives. An
efficient preservation method is imperative to ensure sample
integrity until the actual hybridization procedure is performed
in a shore-based laboratory. The two most commonly used
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preservation methods are postfiltration, 30-min 4% parafor-
maldehyde fixation (21, 32) and prefiltration formaldehyde
(2% final concentration) overnight fixation (17, 25). Another
option is to preserve the whole water sample with formalde-
hyde (2% final concentration) followed by immediate freezing
(25). However, no systematic studies have been published to
date that compare the effectiveness of these various preserva-
tion methods for FISH through time.

The third challenge is the differentiation between particle-
associated and free-living microbial assemblages. Size fraction-
ation sequential filtration approaches have been successfully
applied in a few phylogenetic studies to separate these two
microbial assemblages in aquatic environments (12, 33), and
sonication has been used to detach cells from particles for
FISH (7, 22, 50). The sonication times employed in published
studies range from 2 s to 30 min. While too short a sonication
time is obviously insufficient to detach cells from aggregates or
particles, prolonged sonication likely disrupts the cells. Other
available methods of microbe-particle separation include ho-
mogenization and chemical treatments with surfactants like
tetrasodium pyrophosphate (41, 49), Tween 20 or 80 (11, 18,
51), and Triton X-100 (31, 36), among which only tetrasodium
pyrophosphate has been used with FISH thus far (5, 22, 52).
Only sonication was tested in the present study.

The objectives of this study are to evaluate the effects of
storage and various preservation methods over time as well as
the efficiency of combined size fractionation sequential filtra-
tion and sonication in differentiating and enumerating particle-
associated and free-living microbes in marine samples. The
ultimate goal is to establish a sampling protocol for FISH that
is optimized for studying particle-associated versus free-living
microbial assemblages in the deep sea.

MATERIALS AND METHODS

Water samples for the various experiments were taken from three saltwater
aquaria—RS1, RS2, and WA—and a coastal site at Hawaii Kai on the island of
Oahu, Hawaii (HK). Samples WA and HK were particularly loaded with visible
particles. A direct-filtration-to-FISH method with postfiltration paraformalde-
hyde fixation (21) was used as the basic protocol. Briefly, water samples were
filtered onto 0.2-pm-pore-size, 25-mm-diameter white polycarbonate membrane
filters (Osmonics, Inc.), supported by 0.45-um-pore-size nitrocellulose mem-
brane filters (Whatman, Inc.) under a low vacuum pressure (5 in. of Hg). While
still on the glass filtering tower with the vacuum broken, each sample filter was
fixed with 3 ml of cold freshly prepared and filtered (pore size, 0.2 wm) 4%
paraformaldehyde in phosphate-buffered saline (1X; pH 7.2). After a 30-min
fixation, the fixative was drawn off by again applying low vacuum. Each filter was
then rinsed once with 3 ml of phosphate-buffered saline (1X) and once with 3 ml
of deionized water; both solutions were drawn off by vacuum. An additional
1-min cell permeabilization treatment was performed with 1 ml of 50% ethanol
and 2% (wt/vol) sodium chloride. The filters were removed from the filtering
towers, air dried in the dark, and stored in sterile petri dishes at —20°C until
hybridization. Modifications made in the various experiments are described in
the following sections.

Experiments on storage effects without preservatives. Water from RS1 and
RS2 was subsampled within 2 h after collection and processed according to the
basic protocol. The remaining water samples were refrigerated at 4°C until the
next subsampling time, when the same procedures of filtration and fixation were
repeated. The subsampling time intervals were 2, 3, 4, 5, 18, 21, 24, and 27.5 h in
series RS1 and were 1, 3, 7, 13.8, 21, 36, and 52 h in series RS2. Replicate samples
were collected at each time interval.

Experiments on preservation methods. Two preservation methods were tested
using the WA sample: (i) half of the water sample was immediately filtered and
preserved with 4% paraformaldehyde as in the basic protocol, and (ii) the
remaining water sample was immediately preserved with formaldehyde (2% final
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concentration), and refrigerated (4°C) overnight (16 h) before filtering onto
0.2-pm-pore-size white polycarbonate membrane filters.

In the RS2 sample series, five preservation methods were tested: (i) postfil-
tration 4% paraformaldehyde fixation as in the basic protocol (the PFA method),
(ii) prefiltration fixation with formaldehyde (2% final concentration) for at least
8 h (the F method), (iii) prefiltration formaldehyde fixation (2% final concen-
tration, =8 h) followed by an additional postfiltration 4% paraformaldehyde
fixation (the F+PFA method), (iv) prefiltration formaldehyde fixation (2% final
concentration) and immediate freezing at —20°C (the FF method), and (v)
prefiltration formaldehyde fixation with immediate freezing and postfiltration
4% paraformaldehyde fixation (the FF+PFA method). One large acid-washed
bottle was used to collect the original aquarium water, which was then divided
into 1-liter and 2-liter acid-washed polyethylene bottles for treatments i and
treatments ii and iii, respectively. For treatments iv and v, 125-ml acid-washed
bottles were filled with the original water sample, fixed with 2% formaldehyde
(final concentration), and frozen immediately. At the designated time intervals,
replicate bottles were taken out to thaw at room temperature 2 h prior to
filtration. The subsamples for different time intervals of treatments iv and v were
drawn from different smaller bottles instead of one single large bottle, in order
to eliminate potential degradation effects of repeated freezing and thawing.
Caution was taken to ensure complete thawing before filtration. Subsampling
time intervals were approximately 1, 3, 7, 14, 21, 36, and 52 h and 4 days for
treatments i and iii, while treatment ii was additionally subsampled after 37 days.
Owing to the time required for freezing and thawing, and the limited availability
of water samples, treatments iv and v targeted longer time intervals of ~1, 4, 37,
and 96 days. All resulting 0.2-pm-pore-size membrane filters were stored frozen
until hybridization.

Experiments on particle separation and sonication. The WA and HK samples
were used in the particle separation and sonication experiments. The water
samples were preserved with formaldehyde (2% final concentration) immedi-
ately upon sample collection. The purpose of this fixation procedure is to
strengthen cellular structures and to help preserve cellular rRNAs targeted by
FISH during sonication (e.g., see references 5, 8, 22, and 50). Three size fractions
were investigated in this study: =10 wm, 5.0 to 10 wm, and 0.2 to 5.0 wm. The
water samples were first gravity filtered through sterilized 10-pm-pore-size Nitex
screens mounted on sterilized polypropylene beakers without bottoms and then
were filtered through 5.0-pwm-pore-size polycarbonate membrane filters in ster-
ilized polycarbonate filtration units. The 5.0-um-diameter filtrates were subse-
quently filtered onto 0.2-pm-pore-size polycarbonate membrane filters as the
free-living (0.2- to 5.0-wm-diameter) fractions. The 10-pm-pore-size Nitex
screens and the 5.0-wm-pore-size membrane filters were thoroughly rinsed with
double-filtered (pore size, 0.2 pum) seawater into separate sterile graduated
beakers. The rinsates, together with the corresponding Nitex screens or filters,
were sonicated for 0 or 5 s in the WA series and were sonicated for 0, 5, 10, 15,
20, 25, and 30 s in the HK series. An ultrasonic bath with a 130-W output
(Branson Ultrasonics Corp.) and 6- to 7-cm water depth was used. Then, the
rinsates were filtered onto separate 0.2-pm-pore-size polycarbonate membrane
filters, which represented the particle-associated fractions (pore sizes, >10 pm
and 5.0 to 10 wm). All 0.2-pm-pore-size membrane filters were preserved with
4% paraformaldehyde and stored at —20°C until hybridization. Replicates were
taken for each size fraction, and whole-water samples were also processed with-
out size fractionation nor sonication.

FISH. The FISH procedures followed the basic protocol described in refer-
ence 21. Each membrane filter was cut into four sections for hybridization with
different oligonucleotide probes. The filter sections were placed into a pre-
warmed sterile 24-well microtiter plate (Nunc), one filter section per well, and
overlaid with 20 pl of prewarmed sterile hybridization solution. The hybridiza-
tion solutions contained 0.9 M NaCl, 20 mM Tris-HCI (pH 7.4), 0.01% sodium
dodecyl sulfate, 2.5 ng of fluorescently labeled oligonucleotide probes pl™!, and
20 to 55% formamide according to the stringencies used with the corresponding
probes (Table 1). The microtiter plate was placed in a prewarmed equilibrated
chamber saturated with an atmosphere of hybridization solution minus the
probes and incubated at 46°C for 2 h. Each filter section was next transferred to
a prewarmed (48°C), sterile 20-ml glass vial filled with prewarmed sterile washing
solution. These solutions contain 56 to 225 mM NaCl (Table 1), 20 mM Tris-HCI
(pH 7.4), 5 mM EDTA, and 0.01% sodium dodecyl sulfate. The filter sections
were left freely floating within the vials without agitation at 48°C for 15 min,
whereupon the washing solutions were replaced with fresh solutions. After an-
other 15-min incubation, the filter sections were air dried in the dark. In case of
a second hybridization, the dried filter sections were returned to the microtiter
plate, and the same hybridization and washing procedures were repeated. Each
filter section was then stained with 30 nl of DAPI (4’,6-diamidino-2-phenylin-
dole) solution (50 wg ml™") for 8 min in the dark, rinsed with double-deionized
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TABLE 1. 16S rRNA-targeted oligonucleotide probes used in this study”

Target site

Probe name Sequence® Target organisms (E. coli positions) % FA NaCl conen (mM) Reference(s)
UNI 5'-GWA TTA CCG CGG CKG CTG-3' Universal 519-536 20 70 20
EUB338 5'-GCT GCC TCC CGT AGG AGT-3' Domain bacteria 338-355 20 225 3,42
NON338 5'-ACT CCT ACG GGA GGC AGC-3’ Negative control NA® 20 225 46
NSO190 5'-CGA TCC CCT GCT TTT CTC C-3’ B-AOB 190-208 55 20 28, 42
NSO1225 5'-CGC GAT TGT ATT ACG TGT GA-3' B-AOB 1225-1244 35 191 28, 42

“ Probes are shown together with the target organisms, target sites on the 16S rRNA gene with respect to Escherichia coli positions, formamide concentrations (%
FA) in hybridization solutions, and NaCl concentrations in the stringent washing solutions.

? NA, not applicable.
‘W=AorT; K=GorT.

water, and air dried. Finally, the filter sections were mounted onto glass micro-
scope slides with FluoroGuard Antifade Reagent (Bio-Rad Laboratories, Inc.)
and stored at —20°C before viewing. Fixed samples from a pure culture of
Nitrosomonas cryotolerans were used as positive controls during each run of
FISH.

The slides were viewed under an Eclipse E400 microscope equipped with
Y-FL Epi-fluorescence attachments (Nikon, Inc.) and filter sets specific for each
fluorochrome used (Chroma Technology Co.). At least 20 fields or 1,000 cells
were counted for each hybridization. The arithmetic means of all replicates
counted were averaged and reported with standard errors (SE). All reported
FISH cell counts have been corrected for any nonspecific binding to nontargeted
cells or noncellular particles, and for any autofluorescence under the same
wavelengths, by subtracting the counts of the negative control NON338 of the
same fluorochrome used in the probes.

Oligonucleotide probes. The sequences of the oligonucleotide probes em-
ployed in this study are listed in Table 1, together with the respective targeted
microorganisms and the stringencies used in hybridization and washing solutions.
A universal oligonucleotide probe (UNI) (20) was used in the sonication exper-
iments, while EUB338, a probe specific for the domain Bacteria (referred to as
eubacteria in the following sections) (3), and two probes specific for B-proteobac-
terial ammonia-oxidizing bacteria (3-AOB) (NSO190 and NSO1225) (28) were
used in the storage effects and preservation experiments. A negative-control
oligonucleotide probe, NON338, (46), which does not target any organisms, was
used in all samples. All oligonucleotide probes were purchased custom made
with the fluorochromes Cy3 or 6FAM attached at the 5’ ends of the oligonucle-
otide probes (Integrated DNA Technologies, Inc.).

Statistical analyses. All statistical analyses were performed using Statistica 6.0
software (StatSoft). The normality of data sets was checked prior to any para-
metric tests; nonparametric tests were used for nonnormal data sets. The signif-
icance of all parameters in the regression analyses presented has been verified (P
< 0.05) by one-way analysis of variance (ANOVA). The overall goodness of fit
and significance of the regression analyses are indicated by the R? and P values
from one-way ANOVA. In each sample series, the first data point of any type of
cell counts acquired with the basic protocol is taken as the reference value, which
is assumed to be the closest to the in situ abundance.

RESULTS

Storage effects without preservatives. In sample RSI, al-
though the sample means of DAPI and eubacterial cell counts
were significantly different from their reference values (P <
0.05 and P < 0.01, respectively,  tests) (Fig. 1a), no systematic
temporal trends are discernible by one-way ANOVA or any
trend analyses (P > 0.05). 3-AOB abundance, as enumerated
with both NSO190 and NSO1225, were not significantly differ-
ent from reference values (P > 0.05; ¢ tests), and no temporal
trends were evident either (P > 0.05; ANOVA) (Fig. 1b).

However, longer storage time in RS2 resulted in reduced
microbial abundance for both DAPI and FISH (Fig. 1c and d).
The DAPI cell counts decreased by 26% after 52 h, and the
mean was significantly different from the reference value (P <
0.05; t test), but there was no statistically significant temporal
trend. All FISH cell counts were significantly different from

their respective reference values (P < 0.05, ¢ tests). Eubacterial
abundance decreased exponentially with time (R* = 0.72; P <
0.05 [ANOVA]). B-AOB abundance enumerated with
NSO1225 also decreased (log-linear: R* = 0.53; P < 0.05
[ANOVAY)), and so did that enumerated with NSO190, though
not significantly (linear: R* = 0.61; P = 0.07 [ANOVA]).

Comparison of preservation methods. Overnight formalde-
hyde fixation in the WA sample yielded significantly lower
UNI-hybridized cell counts than paraformaldehyde fixation (P
< 0.01; Wilcoxon matched-pairs test), yet no significant differ-
ence could be observed in DAPI cell counts obtained from the
two preservation methods (P > 0.05; Wilcoxon matched-pairs
test) (Fig. 2). These results imply that formaldehyde is not as
effective a fixative as paraformaldehyde for rRNAs which
FISH targets, even though it may be an effective fixative for
DNA to which DAPI binds.

In the RS2 sample series, five preservation methods were
tested. The results for the PFA method were the same as those
for the RS2 storage effect experiment, in which all FISH cell
counts showed significantly different means from reference
values (P < 0.05; ¢ tests) with systematic declining trends (Fig.
3a and 4a). Unlike the WA sample, the F method in the RS2
series did cause highly significantly lower cell counts in both
DAPI and EUB with respect to reference values (P < 0.005
and P < 0.0005, respectively; ¢ tests), probably due to the
longer preservation time. There was a systematic decline in
NSO190-detected B-AOB counts (natural logarithmic: R* =
0.69; P < 0.05 [ANOVA]) (Fig. 4b), but not in other cell counts
(P > 0.05; ANOVA) (Fig. 3b and 4b). In comparison, the
F+PFA method resulted in no significant difference in any cell
counts from the respective reference values (P > 0.05; ¢ tests).
However, if the anomalously high values at 22 h were excluded
(Fig. 4c), the remaining data showed an exponential decrease
in B-AOB abundance as detected with both NSO190 (R* =
0.95; P < 0.05 [one-way ANOVA]) and NSO1225 (R* = 0.76;
P < 0.05 [ANOVA]). The anomalies at 22 h might be a result
of heterogeneity introduced from particle associations com-
mon for B-AOB (33, 47). There were no noticeable temporal
trends in DAPI and EUB, but the data variability was quite
large (Fig. 3c).

The fourth preservation method, the FF method, resulted in
DAPI and EUB cell counts significantly different from their
reference values (P < 0.05; ¢ tests), but no particular declining
temporal trends were discernible in the data (Fig. 3d and 4d).
Lastly, the combined FF+PFA method caused neither signif-
icantly different means from the respective references (P >
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FIG. 1. Effects of storage without preservatives: temporal changes in total microbial abundance estimated by DAPI staining (®) and eubacterial
abundance estimated with EUB338 (V) in RS1 (a) and RS2 (c) and temporal changes in B-AOB abundance detected with NSO190 ( 4 ) and with
NSO1225 (<) in RS1 (b) and RS2 (d). (a and ¢) The dotted and dashed lines indicate the 95% confidence intervals (95% CI) of DAPI and EUB
reference values, respectively. (b and d) The dotted and dashed lines are the 95% CI of the NSO190 and NSO1225 reference values, respectively.
Please note the longer time scale used for RS2 in panels ¢ and d. Error bars, standard deviations.

0.05; t tests) nor any declining temporal trends in any of the cell
counts (P > 0.05; ANOVA), even after 96 days of storage. In
fact, most of the measured values lie within the 95% confi-
dence intervals (95% CI) of the respective original values (Fig.
3e and 4e). These results are summarized in Table 2.
Particle separation and sonication effects. Substantial
amounts of cell aggregates and exopolymeric substances were
present in both the WA and HK whole-water samples, making
cell counting under the microscope difficult. Size fractionation
sequential filtration clearly facilitated cell counting. In the WA
sample, the sums of all size fractions in DAPI- and UNI-
hybridized cell counts yielded total microbial abundances that
were 220 and 148%, respectively, of the nonfractionated whole
sample (Table 3). Similarly, 239% of the total DAPI counts
and 167% of the total UNI counts were obtained after size
fractionation sequential filtration in the HK sample (Table 3).
Brief sonication (5 s) in the WA sample increased the DAPI
cell counts detected in all individual size fractions by 0.3- to
2.2-fold (P < 0.05; one-tailed paired ¢ test) and, similarly,
increased the UNI cell counts by 1.5- to 10-fold (P = 0.09;
one-tailed paired ¢ test). Consequently, the sums of all soni-
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FIG. 2. Combined microbial abundance estimates of different size
fractions with postfiltration paraformaldehyde and prefiltration over-
night formaldehyde fixation in sample WA. Total microbial abundance
was estimated by DAPI staining and FISH with the probe UNI. The
mid-lines represent median values, the boxes and bars are the 50th and
75th percentiles, and plus signs indicate the outliers.
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FIG. 3. Total microbial abundance estimated by DAPI staining (®) and eubacterial abundance by EUB338 in sample series RS2 preserved with
paraformaldehyde (pfa) (a), formaldehyde (F) (b), combined formaldehyde-paraformaldehyde (F+pfa) (c), formaldehyde-freezing (FF) (d), and
combined formaldehyde-freezing-paraformaldehyde (FF+pfa) (e). Dashed lines show the 95% CI of the EUB reference, and the dotted lines show
the 95% CI of the DAPI reference. Note that the time scale is linear in panel a but logarithmic in panels b to e. Error bars, standard errors.

cated size fractions yielded 291% of the DAPI and 326% of the
UNI total microbial abundance relative to the nonsonicated
whole sample (Table 3).

Longer sonication in the HK sample significantly increased
both the DAPI and UNI cell counts, especially after >15 to
20 s in both 5.0- to 10-pm (P < 0.01; ¢ tests for both DAPI and
UNI)- and >10-pm-diameter fractions (DAPI, P < 0.005;
UNI, P < 0.05 [¢ tests]) (Fig. 5). Trend analyses indicate a
significant third-order relationship between cell counts and
sonication time in the 5.0- to 10-wm-diameter fraction (R* =
0.996 and P < 0.001 for DAPI; R* = 0.945, P < 0.05 for UNI),
but not in the >10-pm-diameter fraction (R* = 0.842 and P =
0.35 for DAPL; R* = 0.729 and P = 0.22 for UNI). The total
microbial abundance as the sum of the two sonicated large size
fractions and the nonsonicated 0.2- to 5.0-pm-diameter frac-
tion (no sonication was performed in this size fraction) is
equivalent to 370 and 272% of the nonsonicated whole-sample
estimates by DAPI and UNI, respectively (Table 3). Further
sonication (>20 to 25 s), however, started to reduce the cell
counts in both the 5.0- to 10-pwm- and >10-pm-diameter frac-
tions. In general, more-even cell distribution was achieved on
filters, and cell counting became much easier with less floccu-
lent material present after sonication.

DISCUSSION

Sample storage and preservation. Prolonged storage of un-
preserved water samples in a container may result in either
increases or decreases in observed microbial abundance. Ex-

amples of these “bottle effects” include biofilm formation on
the interior walls of bottles, cell aggregation, unusually fast
microbial growth due to exclusion of some large natural pred-
ators during sampling, decreases due to cell deaths or substrate
depletion, and changes in microbial community structure due
to protistan predation. In the RS1 sample, the storage time of
27.5 h without preservation induced only minor positive
changes to the microbial abundance estimates. However, after
approximately 10 to 12 h, all abundance estimates in the RS2
sample decreased systematically, falling below the 95% CI.
Although the exact temporal trends observed may not neces-
sarily apply to all samples from various environments, these
results strongly imply that unpreserved water samples can only
be stored for a limited time without significant changes in
microbial abundance—in this case no more than 10 to 12 h. If
longer processing time is required, preservation is imperative.

Prefiltration 2% formaldehyde fixation is the most common
alternative to postfiltration paraformaldehyde fixation (e.g.,
see references 17, 25, and 40) and is also a routine fixation
method in DAPI staining for total microbial abundance (35).
Good sample preservation for FISH should retain all cellular
rRNA content, protect cell integrity and morphology, and al-
low good probe penetration during hybridization. Paraformal-
dehyde (O-CH,-O-CH,-O-CH,) is a trimer of formaldehyde
(HCHO), and both are cross-linking fixatives which form
DNA-protein cross-links within the cells. Due to its monomer
structure, formaldehyde is the least cross-linking, takes longer
to form sufficient irreversible cross-links within the cells, and is
thus the least stabilizing among all aldehydes. Thus, the re-



30 LAM AND COWEN

APPL. ENVIRON. MICROBIOL.

3.0 3.0 3.0
] (a)PFA 1 () F 1 (c)F+PFA
'E h 4 4
5 2.0 2.0 2.0 H
o 1 . i
@ i 4 i
E ] ] ]
‘2 1.0 1.0 4. 1.0 .
E ] ] ]
0.0 — T 0.0 , , , 0.0
0 10 20 30 40 50 60 1 10 100 1000 10000 1 10 100 1000 10000
3.0 3.0 Preservation Time (hours)
i (d) FF i (e) FF+PFA
= ] ]
5 2.0 2.0 H
g ] i
2 ] ]
3] i
2 1.0 1.0 .
= T T
0.0 T T T 0.0 T T T

1 10 100 1000 10000 10

Preservation Time (hours)

—

100 1000 10000

Preservation Time (hours)
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(c), FF (d), and FF+PFA (e) methods. Dashed lines show the 95% CI of the NSO1225 reference, and the dotted lines show the 95% CI of the
NSO190 reference. Note that the time scale is linear in panel a but logarithmic in panels b to e. Error bars, standard errors.

quired fixation time was usually at least overnight or 16 h in the
above-described studies. In both the WA and RS2 samples,
DAPI and most FISH cell counts obtained using formaldehyde
fixation alone were significantly lower than the reference val-
ues. In RS2, the 46% reduction in DAPI cell counts after 37
days of preservation in formaldehyde is similar to the 39%
reduction reported in glutaraldehyde-fixed samples over 40
days in another study (48) but slower than the 30 to 40%
reduction observed in viral abundance in formaldehyde-fixed
samples after 7 days (14). Since RNA is less stable than DNA,
such ineffectiveness in formaldehyde-fixation is even more pro-
nounced in FISH cell counts. The EUB338-detected cell abun-
dance in the same RS2 sample was reduced by 53% after 37
days, the NSO190-detected cell abundance in B-AOB was re-
duced by 71%, and the NSO1225-detected cell abundance in

B-AOB was reduced by 48%. Although all cell counts at 2 and
4 days seemed to be close to the reference values, judging from
the overall temporal trends these data points at 2 and 4 days
appeared to be anomalies rather than representative measure-
ments of the sample. The anomalies could have resulted from
sample heterogeneity due to particle associations. On the
whole, formaldehyde is an inadequate preservative for both
rRNA in FISH and DNA in DAPI staining after prolonged
storage.

In some studies, formaldehyde has also been used in con-
junction with another aldehyde or precipitating preservatives
like methanol or ethanol (e.g., see references 5 and 15). The
addition of 4% paraformaldehyde after filtration (the F+PFA
method) in sample series RS2 appeared to have stabilized the
nucleic acids in the first few hours. Most DAPI and EUB cell

TABLE 2. Summary of results obtained by different preservation methods in saltwater aquarium RS2¢

All microbes (DAPI)

Eubacteria (EUB338)

B-AOB (NSO190) B-AOB (NSO1225)

Treatment

leferegt DCCthI,] 3 Different Declining trend Different Declining trend Different Declining trend
means trend means means means
PFA Y NS Y Exponential Y Linear Y Log-linear
F Y NS Y NS N Logarithmic N NS
F + PFA N NS N NS N Exponential® N Exponential®
FF Y NS Y NS N NS N NS
FF + PFA N NS N NS N NS N NS

“ Significance of difference between results obtained with experimental treatments and the corresponding reference values was determined by ¢ test (P < 0.05).
® Significance of declining time trends was verified by one-way ANOVA (P < 0.05).

¢ Exponential declining trend observed after excluding the data points at ~22 h.

@ Abbreviations: Y, yes; N, no; NS, not significant.
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FIG. 5. Increases in total microbial abundance estimated by DAPI
staining (@) and UNI hybridization (O) after sonication, with an op-
timal sonication time at around 15 to 20 s in both 5.0- to 10-pwm-
diameter (a) and >10-pwm-diameter (b) size fractions. Error bars,
standard deviations.

estimates in F+PFA-treated samples lay within the 95% CI,
yet they also showed the largest variability among all tested
methods (standard deviation = 22 and 23% of the means).
This preservation method may have been adequate only for the
first 10 h, after which both B-AOB estimates decreased expo-
nentially, falling well below the 95% CI.

For long-term storage, the FF method, or even better the
combined FF+PFA method, seems to be the most effective
preservation method. Both methods resulted in the smallest
variability among the five methods tested (e.g., standard devi-
ation = 16 and 14% of the means of EUB), except for an
outlier at 4 days for B-AOB. In fact, most abundance estimates
for FF+PFA-treated samples lay within the 95% CI of the
reference values even after 96 days. Early cryopreservation
evidently helped the retention of cellular rRNA. The FF and
especially FF+PFA preservation methods are particularly use-
ful for deep-sea sampling, when time is often limited.
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Particle separation and sonication. Quantifying microbial
abundance in particle-rich waters using epifluorescence mi-
croscopy can be challenging. For example, flocculent materials
often introduce background fluorescence, and the three-di-
mensional structures of cell aggregates hinder accurate cell
counting. In addition, some mineral particles autofluoresce in
the same emission wavelengths. Separation of microbes from
particles should result in more-accurate abundance estimates.
In this study, size fractionation sequential filtration removed
the large particles (diameter, >10 pwm) from smaller particles
(diameter, <10 pm) or free-living cells, which helped reduce
clogging in subsequent filtrations. The division into various size
fractions also provides an opportunity to examine microbial
association with various particle sizes, while revealing the char-
acteristics of the particles. In the WA and HK samples, signif-
icantly higher microbial abundance estimates from DAPI and
FISH were obtained after size fractionation, and there seemed
to be effective separation between the particle-associated and
free-living microbial assemblages. Size fractionation sequential
filtration has been commonly applied in various aquatic eco-
logical studies (12, 29, 39, 45).

Sonication has been widely applied to separate microbes
from particles in soil (37, 43), sediments (13, 38), biofilms (5),
water samples (49), limnetic snow (22, 50), and a hydrothermal
vent chimney (11). Sonication invariably increased microbial
abundance estimates. In this study, very few aggregates re-
mained after sonication, and cells could be counted with
greater ease on one plane of view under the microscope. The
optimal sonication time in the HK sample was determined to
be 15 to 20 s for both particle size fractions, resulting in more
than 270% of the reference cell counts when combined with
the use of size fractionation sequential filtration. The optimal
sonication time likely depends on the surface characteristics of
cells and associated particles or the presence of any chemical
surfactants. For instance, out of the few reported studies, the
optimum sonication times were 60 s for bacteria on leaf litter
(44) and 3 min for viruses in marine sediments (14). Moreover,
since further sonication after the optimal time started to re-
duce cell counts, optimization tests for sonication time are
highly recommended for specific applications.

Conclusions. This study illustrates the importance of vali-
dating different combinations of existing procedures for FISH
sampling in specific environments. In this study, the commonly
used prefiltration formaldehyde fixation was inferior to post-
filtration paraformaldehyde fixation for FISH processing and
was inadequate for prolonged storage. If long-term storage is
required, the prefiltration formaldehyde fixation followed by
immediate freezing and postfiltration paraformaldehyde fixa-
tion is the optimal preservation method, and this method is
particularly useful for intensive deep-sea sampling. Size frac-
tionation sequential filtration is effective in separating particles
into various size classes, and sonication is effective in detaching
microbes from particles or aggregates. It is necessary to opti-
mize the sonication time for specific sample types. Together,
size fractionation sequential filtration and sonication can sig-
nificantly increase cell abundance estimates compared to those
obtained in nonfractionated and nonsonicated whole samples
of particle-rich waters. These optimized procedures can be
incorporated into one effective FISH sampling protocol to

APPL. ENVIRON. MICROBIOL.

study particle-associated microbes versus free-living microbes
in the deep-seawater column.
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