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Variables Influencing Extraction of Nucleic Acids from Microbial
Plankton (Viruses, Bacteria, and Protists) Collected on Nanoporous

Aluminum Oxide Filters

Jaclyn A. Mueller, Alexander I. Culley,* Grieg F. Steward

Center for Microbial Oceanography: Research and Education, Department of Oceanography, University of Hawai'i at Manoa, Honolulu, Hawai‘i, USA

Anodic aluminum oxide (AAO) filters have high porosity and can be manufactured with a pore size that is small enough to quan-
titatively capture viruses. These properties make the filters potentially useful for harvesting total microbial communities from
water samples for molecular analyses, but their performance for nucleic acid extraction has not been systematically or quantita-
tively evaluated. In this study, we characterized the flux of water through commercially produced nanoporous (0.02 pm) AAO
filters (Anotop; Whatman) and used isolates (a virus, a bacterium, and a protist) and natural seawater samples to test variables
that we expected would influence the efficiency with which nucleic acids are recovered from the filters. Extraction chemistry had
a significant effect on DNA yield, and back flushing the filters during extraction was found to improve yields of high-molecular-
weight DNA. Using the back-flush protocol, the mass of DNA recovered from microorganisms collected on AAO filters was
=100% of that extracted from pellets of cells and viruses and 94% = 9% of that obtained by direct extraction of a liquid bacterial
culture. The latter is a minimum estimate of the relative recovery of microbial DNA, since liquid cultures include dissolved nu-
cleic acids that are retained inefficiently by the filter. In conclusion, we demonstrate that nucleic acids can be extracted from mi-
croorganisms on AAO filters with an efficiency similar to that achievable by direct extraction of microbes in suspension or in
pellets. These filters are therefore a convenient means by which to harvest total microbial communities from multiple aqueous

samples in parallel for subsequent molecular analyses.

Direct filtration is one of the most common methods for har-
vesting microorganisms from natural water samples for mo-
lecular analyses (1-3), because it is technically simple and effi-
ciently concentrates microorganisms onto a small surface area for
subsequent nucleic acid extraction. Most direct filtration proto-
cols focus on the capture of cells (bacteria, archaea, and eu-
karyotes) using filters with pore sizes of =0.2 um (4). Since most
viruses in aquatic environments are <0.2 wm in diameter (5), they
are not quantitatively represented in the nucleic acids recovered
by these protocols. Collection of viruses for molecular analyses
is more commonly achieved using tangential flow ultrafiltra-
tion (6). This method can also be used to harvest viruses and
cells simultaneously (7), but the method is time-intensive and
requires relatively expensive equipment, making it unsuitable
for high-throughput sampling. Other methods for harvesting
cells or viruses from water include adsorption/elution or floc-
culation (8), but many of these methods have highly variable
recovery efficiencies depending on the microorganism, and
they have been typically used for water quality monitoring
rather than comprehensive community analysis. An iron floc-
culation procedure was recently shown to concentrate viruses
in natural communities with high efficiency (9), but it specifi-
cally targeted only the viral fraction.

A simple, direct filtration procedure that effectively captures all
of the microorganisms, including viruses, from a water sample
would be useful for many applications (e.g., studies of microbial
ecology, monitoring of recreational and drinking water quality, or
testing for pathogens in the process streams of food, biotechnol-
ogy, and biopharmaceutical industries). Some of the membrane
materials typically used for molecular analysis of microbial com-
munities (e.g., polyvinyldifluoride and polycarbonate) can be
manufactured with pore sizes small enough to retain most or all
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viruses but have such a low flux that they are less practical for
routine collections. The best option, at present, for simultaneous
capture of viruses and cellular microorganisms appears to be
nanoporous anodic aluminum oxide (AAO) filters. These filters
have high porosity with uniform pore size (10) and are commer-
cially manufactured with pores as small as 0.02 pum, which is close
to the lower limit for known viruses (11). They are also available in
disposable housings with luer-lock fittings, making them conve-
nient for field collections by in-line filtration. Many samples can
be processed in parallel by this method using multichannel peri-
staltic pumps.

Two of us reported previously on the use of AAO filters for
molecular analyses of aquatic viruses (12, 13). Extraction of the
nucleic acids was accomplished using a commercial kit (Master-
Pure complete DNA and RNA purification kit; Epicentre) that is
based on a salting-out extraction protocol (14). The salting-out
procedure employs a buffer containing an ionic detergent (SDS)
to solubilize tissues, cells, or viruses. Following the lysis step (usu-
ally at 37 to 65°C with proteinase K), SDS-protein complexes are
precipitated by the addition of salt and pelleted by centrifugation.
Nucleic acids in the supernatant are then precipitated with alco-
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TABLE 1 Summary of samples extracted, variables tested, and controls used

Nucleic Acid Extraction from Aluminum Oxide Filters

Vol processed, ml

Filter test Variable(s)” DY Sample type® (type of processing)” Control(s)®
Flow rate Temp (7-35°C), pressure Seawater, AW 96-97 (F)
(25-214 kPa) Seawater, ALOHA 1,000-1,100 (F)
Pure water Variable
Extraction efficiency Flush direction Seawater (<0.22 pm), KB 200 (F)
Seawater, KB 200 (F)
A Phage 2 (F) Liquid
B Bacterial culture 3 (F) Liquid
C Protist culture 1(F) Pelleted*
% recovery D,E Seawater, KB 11.7 (F) Liquid, pelleted**
Vol loaded E G Seawater, KB 10, 50, 250, 500, 1,000 (F) Liquid, pelleted**
H Protist culture 1,2,4 (F) Liquid
Buffer chemistry (SDS vs GuHCI), 1] Bacterial culture 3 (F) Liquid
filter material (AAO, PES)
Proteinase K, lysozyme Seawater, AW 2 (C), 50 (F) Pelleted*
Buffer chemistry (SDS vs LB3) Seawater, KB 500 (F)
Buffer chemistry (SDS vs LB1) K Seawater, AW 50 (F) Pelleted*
DNA trapping DNA size DNA, 5-kb ladder 0.5 (F) Unfiltered ladder

“ For buffer chemistry, SDS refers to extractions using the MasterPure kit, GuHCl refers to extractions using the DNeasy kit, and LB1 and LB3 refer to nonproprietary lysis buffers.

The SDS-versus-LB1 extraction was conducted with and without lysozyme.

b Experiments for which extraction efficiency was calculated are assigned an identification (ID) letter (A to K) for cross-referencing to Table 3.
¢ For environmental samples, locations were Ala Wai Canal (AW), Station ALOHA (ALOHA), and Kane‘ohe Bay (KB).

@ Processing consisted of filtration (F) or centrifugation (C).

¢ Controls for extraction efficiency tests consisted of direct extractions of cells or viruses, including the liquid in which they were suspended (liquid) or after centrifuging to

sediment primarily cells (*) or cells and viruses (**) as indicated (pelleted).

hol. Many variations on the salting-out procedure have been pub-
lished (15-19).

We chose the salting-out extraction procedure, rather than one
of the popular guanidinium-based extraction methods, because
guanidinium salts have been reported to cause irreversible bind-
ing of DNA to AAO (20, 21). We later described a modification of
our filter-extraction protocol (22) in which extraction buffer is
back flushed through the membrane rather than being pushed
through in the same direction as the sample. This modification
was adopted out of concern that the exceptionally small pore size
of the filters may trap high-molecular-weight nucleic acids. Al-
though there were reasonable theoretical bases for our choices
about the extraction buffer composition and the direction in
which it is applied to the filter, there has been no empirical evi-
dence that these choices actually affect the yield of nucleic acids. In
fact, there are no data at all on the efficiency with which nucleic
acids can be extracted from microorganisms collected on AAO
filters.

Given the utility of these membranes for harvesting microor-
ganisms and viruses (23-25, 47), we felt that an assessment of their
performance was worthwhile. In this study, we tested the flow
characteristics and loading capacity of commercially produced
AAO filters with a 0.02-um pore size, and we systematically tested
a number of factors that we predicted would influence the recov-
ery of nucleic acids from microorganisms collected on the filters.
This included a comparison of DNA yields when extraction buffer
was pushed through the filter in the same direction as filtration
(forward flush) versus being pulled through in the opposite direc-
tion (back flush) and a comparison of recoveries using SDS- ver-
sus guanidinium-based extraction buffers. We also compared the
efficiencies with which DNA and RNA were recovered from mi-
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croorganisms when they were collected on filters versus being
suspended in liquid or pelleted, and we looked at the effects of
lysozyme treatment on recovery of nucleic acids from samples
containing cells or only viruses. We then evaluated the linearity of
DNA yield for various volumes of sample filtered and evaluated
the tendency of the filters to trap dissolved DNA. From these ex-
periments, we provide an assessment of the performance of AAO
filters for nucleic acid extractions and a recommended protocol
for conducting such extractions.

MATERIALS AND METHODS

Filters. We used 25-mm-diameter filter membranes sealed by thermal
welding in polypropylene housings with integral luer-lock fittings. De-
pending on the experiment, the filter material was either AAO (0.02- or
0.2-pm pore size) (Anotop 25; Whatman) or polyethersulfone (PES) (0.2
pm) (Puradisc 25; Whatman). For one experiment comparing flow rates,
an AAO membrane disc (0.02-pm pore size, 25-mm diameter) with a
plastic support ring (Anodisc; Whatman) was mounted in a reusable
polypropylene filter housing (Advantec MES). The details of the flow rate
and extraction experiments are presented in the following sections and are
summarized in Table 1.

Filter flow rate and capacity. The relationship between pressure and
flow rate for 0.02-pm Anotop 25 AAO filters was tested by pumping
purified water (NanoPure; Barnstead) through the filters at various tem-
peratures (7, 22, and 35°C) at gauge pressures ranging from 25 to 214 kPa
using a peristaltic pump (MasterFlex digital drive and L/S 14 PharMed
tubing; Cole-Parmer). To evaluate filter-to-filter variability, the flow rate
at 22°C was tested for three separate filters (Whatman catalog no. 6809-
4002, lot no. D123932). Pressure was monitored with a flowthrough pres-
sure transducer (GE Healthcare Life Sciences) connected immediately
upstream of the filter. To account for pressure pulsing from the peristaltic
pump, mean pressure was calculated from the highest and lowest pressure
readings observed at a given pump speed. Flow rates were determined by
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measuring the volume of filtrate collected in a timed interval (1 to 3 min)
in a 25-ml graduated cylinder (accuracy of =0.1 ml).

The practical capacity of the filters was tested by pumping whole sea-
water through AAO filters (0.02-pm Anotop 25) in duplicate from each of
two locations differing in their productivity. The first sample was collected
at 25-m depth in the oligotrophic open ocean (Station ALOHA, located
100 km north of O‘ahu, HI; 22°45'00"N, 158°00'00"W) and the second
from the upper decimeter of a eutrophic estuarine drainage canal (Ala
Wai Canal, located in Honolulu, HI; 21°16'31.3"N, 157°49'03.8"W). Pres-
sures and flow rates were recorded during the course of the filtration. To
characterize the differences in microbial concentrations in these two hab-
itats, we quantified prokaryotes and viruses by epifluorescence micros-
copy (26) and chlorophyll a by fluorescence after extraction in acetone
(Ala Wai Canal) or by in situ fluorescence using a sensor calibrated to
extracted chlorophyll (Station ALOHA) as described in the Hawaii Ocean
Time Series Field & Laboratory Protocols (http://hahana.soest.hawaii.edu
/hot/protocols/chap12.html).

Preparation of samples for filter extraction tests. (i) Coastal seawa-
ter. Seawater samples were collected in polycarbonate carboys from a pier
in Kane‘ohe Bay on the windward side of O‘ahu, HI (21°25'46.80"N,
157°47'31.51"W) on multiple occasions between February 2010 and Jan-
uary 2013. For some experiments, whole seawater (10 ml to 1 liter) was
directly filtered through Anotop 25 (0.02-pm) filters. Replicate samples
were filtered in parallel using a multichannel peristaltic pump. In other
cases, the seawater (200 ml) was first filtered through 0.22-pm PES mem-
brane filter capsules (Sterivex; Millipore) prior to filtration through Ano-
top filters. Samples were filtered with a peristaltic pump as described
above at approximately 14 = 2 ml min~"'. Residual sample was evacuated
from all filters using air pressure from a hand-operated syringe, and then
the filters were wrapped in Parafilm M (Pechiney), placed in Whirl-Paks
(Nasco), and stored at —80°C until they were extracted.

(ii) Cultivated bacteriophage. Vibrio phage VvAW1, a podovirus
with a double-stranded DNA genome (38 kb) and a capsid diameter of 43
to 45 nm (27), was purified from plate lysates in a CsCl equilibrium buoy-
ant density gradient (28), buffer exchanged into 3 ml SM (0.4 M NaCl,
0.02 M MgSO,, 0.05 M Tris, pH 7.5), and then filtered onto Anotop 25
(0.02-pm) filters in triplicate for each method and stored as noted above.

(iii) Bacterial culture. A strain of Vibrio vulnificus (V93D1V) isolated
from coastal waters of Oahu (29) was grown at 37°C with shaking for
approximately 3 h or until the culture reached stationary phase as deter-
mined by the optical density (OD) reading. For experiments with washed
cells, 12 ml of culture was centrifuged at 4,000 X g for 10 min. The pelleted
cells were washed twice with 1X phosphate-buffered saline (PBS) (13.7
mM NaCl, 0.27 mM KCl, 1 mM phosphate buffer; 0.02-um filtered), then
resuspended in 1X PBS. For experiments with unwashed cells, 500 pl of
liquid culture was diluted with 3 ml of 0.02-pm-filtered SM buffer. Sus-
pended cells were filtered onto AAO (0.02-pm or 0.2-pwm Anotop 25) or
PES (0.2-pm Puradisc 25) syringe-tip filters with a sterile syringe in trip-
licate for each method and stored as noted above.

(iv) Cultivated protist. A unialgal, nonaxenic culture of a dinoflagel-
late (Gymnodinium strain AL-DI06, isolated from Station ALOHA) was
grown to a cell density of ~1.2 X 10° cells ml™" in f/2 medium at 25°C
under a 12-h/12-h light/dark cycle. Subsamples of the culture (1, 2, or 4
ml, depending on the experiment) were filtered onto Anotop 25 (0.02-
pm) filters with a sterile syringe in triplicate for each method and stored as
noted above.

Back flush versus forward flush. AAO filters through which whole
seawater, 0.22-pm-filtered seawater, purified virus, bacterial culture, or
dinoflagellate culture had been filtered were extracted using an SDS-
based extraction buffer and the reagents in a commercially available kit
(MasterPure; Epicentre). The back-flush protocol was conducted as de-
scribed previously (22), in which case the buffer was introduced through
the outlet side of the filter and recovered via the inlet, opposite to the
direction in which the sample was loaded. For the forward-flush protocol,
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the extraction buffer was introduced through the inlet side of the filter and
recovered via the outlet.

For each filter, 1 ml of tissue and cell lysis solution (MasterPure) con-
taining 100 g ml ™' proteinase K were loaded into a 3-ml-capacity sterile
syringe (the injection syringe) and gently pushed through the filter via the
appropriate opening until liquid just reached the other opening. The
other opening was then sealed with a second 3-ml syringe (the aspiration
syringe) and liquid pulled through to further saturate the filter mem-
brane. The sealing of the filter on both ends with syringes allowed for
thermal expansion without leakage of the buffer during the high-temper-
ature incubation. The assembly was incubated at 65°C for 15 min while
attached to a rotisserie in a hybridization oven rotating at full speed (ca. 16
rpm). The lysis buffer was then recovered by drawing it into the aspiration
syringe. The extract was transferred to a 1.7-ml microcentrifuge tube and
placed on ice. Salt-induced precipitation of protein-detergent complexes
followed by an alcohol precipitation was then carried out following the
manufacturer’s instructions. All AAO filters from this study were ex-
tracted using this protocol, unless otherwise stated.

Trapping of dissolved DNA on AAO filters. To determine whether
dissolved DNA is trapped on the AAO membrane filters, we filtered 1 pg
of a 5-kb DNA ladder (CHEF DNA size standard; Bio-Rad) resuspended
in 500 pl of 1 X Tris-EDTA (TE) through Anotop 25 (0.02-pm) filters in
triplicate using a hand-operated syringe. We measured the quantity of
DNA in the initial flowthrough and in three 500- .l washes of 1X TE. We
then extracted the filters using the back-flush protocol and measured the
quantity of DNA in the extract to estimate how much of the material
retained on the membrane would be released. To determine whether there
is a difference in the size distribution of the DNA trapped on the filter and
on the material that passes through, we analyzed the initial flowthrough,
the first wash, and the extracted material via pulsed-field gel electropho-
resis (PFGE). Because the yields of DNA in the extract were low, we first
concentrated the extracts by centrifugal ultrafiltration. To account for any
losses resulting from the extract concentration step, we diluted triplicate
aliquots of the 5-kb ladder in extraction buffer and then concentrated
them in the same manner as the extract. We loaded approximately equal
total masses of DNA (49 to 51 ng) of the 5-kb control ladder (in duplicate)
and the concentrated control ladder, filtrates, washes, and extracts (all in
triplicate) onto a 1% agarose gel with Blue Juice as the loading buffer (final
concentration, 1X; Life Technologies). The ladders were resolved by
PFGE in lithium borate buffer (1X LB; Faster Better Media, LLC) at 14°C,
6 Vem ™}, and a 120° included angle for 18 h with a 1- to 6-s switch time.
The gel was poststained with 1X SYBR gold (Life Technologies) and im-
aged with the Molecular Gel Logic 200 imaging system (Kodak). We mea-
sured the relative intensities of the bands using Gaussian curve fitting with
Molecular Imaging software v.4.0.3 (Kodak) and then scaled the intensi-
ties within a sample according to the average recovery determined by
fluorometry. We then calculated the percent recovery for each band in a
sample by dividing its scaled intensity by that of the corresponding band
in the appropriate control ladder.

Effects of filter loading on nucleic acid recovery. Various volumes of
whole seawater (10, 50, 250, 500, and 1,000 ml) from Kane‘ohe Bay or a
dinoflagellate culture (1, 2, or 4 ml) were filtered onto Anotop 25 (0.02-
pm) filters in triplicate and extracted by the back-flush method as de-
scribed above. For whole seawater, extraction efficiency was determined
relative to two different controls using parallel subsamples of the same
seawater, i.e., (i) direct extraction (1.8 ml) and (ii) extraction of a cell and
virus pellet formed via ultracentrifugation (11.7 ml), under the conditions
specified in “Estimating extraction efficiencies” below. Controls for the
dinoflagellate culture were either directly extracted from liquid culture or
a cell pellet produced by centrifugation at 16,000 X g for 10 min. All
nucleic acid extractions were performed using the MasterPure kit, follow-
ing the manufacturer’s instructions.

Effects of buffer chemistry and filter material on nucleic acid recov-
ery. (i) Direct extraction controls. Equal portions of washed cells of V.
vulnificus (V93D1V) were transferred into 1.7-ml microcentrifuge tubes,
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and half were extracted using the MasterPure kit, following the manufac-
turer’s instructions for cell samples. The MasterPure kit is based on the
protocol by Miller et al. (14) and uses an SDS-containing lysis buffer (30).
The others were extracted with the DNeasy blood and tissue kit (Qiagen),
following the manufacturer’s instructions for cultured cells under the
“Purification of total DNA from animal blood or cells” protocol. The
DNeasy kit uses a guanidinium-based lysis buffer (guanidinium chloride
[GuHCl]).

(ii) Filter extractions. Aliquots from the same batch of washed cells
were filtered onto AAO filters (0.2 pwm and 0.02 wm) (Anotop 25; What-
man) or PES filters (0.2 um) (Puradisc 25) with a sterile syringe. Half of
the filters were extracted in triplicate with the MasterPure kit buffers using
both the back- and forward-flush methods described above. The rest of
the filters were extracted in triplicate using the back- and forward-flush
methods described above but with buffers from the DNeasy kit, following
the manufacturer’s reaction conditions for cultured cells. For each filter, 1
ml of 0.02-pm-filtered lysis buffer (500 wl buffer AL and 500 pl 1X PBS)
containing 40 pl proteinase K (DNeasy kit) was loaded into a 3-ml-capac-
ity sterile syringe (the injection syringe) and gently pushed through the
filter in the same manner as described above for either the back- or for-
ward-flush filter extraction method. The other opening of the filter was
sealed with a second syringe (the aspiration syringe), and the assembly was
incubated at 56°C for 10 min while attached to a rotisserie in a hybridiza-
tion oven rotating at full speed (ca. 16 rpm). The lysis buffer was recovered
with the aspiration syringe and transferred into a 1.7-ml microcentrifuge
tube, and 500 w1 100% ethanol was added to the sample. The mixture was
vortexed and loaded onto a DNeasy minispin column and centrifuged at
10,000 X g for 1 min. Buffer washes were then performed according to the
manufacturer’s protocol, and nucleic acids were recovered by eluting
twice with 200 wl buffer AE.

Effects of proteinase K digestion time on nucleic acid yields from
cells. Replicate subsamples of water were collected from Ala Wai Canal in
Honolulu, HI, on multiple occasions in 2013 and 2014. For some experi-
ments, either whole or filtered (<0.22 pm) seawater was filtered through
Anotop 25 (0.02-pm) filters as described above. Other samples of 2 ml
were centrifuged at 20,000 X g for 20 min to pellet cells. The supernatant
was discarded, samples were frozen at —80°C and then thawed, and total
nucleic acids were extracted from the pellets and filters in triplicate using
the MasterPure kit but varying the proteinase K digestion time (15 or 30
minor 1, 3,6,12, 18, or 24 h).

Effects of lysozyme on nucleic acid yields from cells. To test the com-
bined effects of lysozyme and proteinase K digestions on nucleic acid
recoveries, the proteinase K time series described in the previous section
was conducted with and without a 30-min lysozyme treatment. Replicate
subsamples of water collected from Ala Wai Canal were filtered or centri-
fuged as described above to collect plankton or pellet cells. Total nucleic
acids were extracted from the filters or pellets in triplicate by one of four
treatments using combinations of two variables: (i) with and without an
initial lysozyme treatment (250 U sample™ ') (Ready-Lyse lysozyme solu-
tion; Epicentre) and (ii) with a short (15-min) or long (1- or 12-h) pro-
teinase K digestion. For the filter extraction with lysozyme treatment, the
back-flush method described above was followed with a slight modifica-
tion. After thawing the filters, 500 .l of TES (10 mM Tris-HCI [pH 7.5], 1
mM EDTA, 100 mM NaCl) with 1 wl Ready-Lyse lysozyme (250 U w1~ ' in
TES buffer) was carefully loaded onto the filter with a 3-ml syringe. The
aspiration syringe was connected to the outlet to act as a seal for the buffer,
and the filter was incubated at room temperature for 30 min. An aliquot of
500 pl 2X tissue and cell lysis solution (MasterPure) with 100 g protei-
nase K was then added to the filter using the same injection syringe, and the
filter-syringe assembly was incubated at 65°C for the indicated duration of
proteinase K digestion. The rest of the protocol is the same as described above
for extracting from filters or pelleted cells.

Comparison of a proprietary and a published salting-out extraction
procedure. Replicate subsamples of seawater were filtered through Ano-
top 25 (0.02-pm) filters or centrifuged to collect cells as described above.
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One set of filters and cell pellets were extracted using the back-flush
method with the MasterPure kit as described above, with or without ly-
sozyme treatment. Another set was extracted in the same manner (same
volumes, temperatures, and centrifugation conditions) but using defined
buffers derived from the literature, with or without lysozyme treatment.
The first lysis buffer (LB3) contained a relatively high SDS concentration
(50 mM Tris-HCL, 5 mM EDTA, 3% SDS, pH 8). This was intended to
mimic the concentration of SDS in the MasterPure lysis buffer (estimated
by the volume of the SDS pellet after salting out) and is the same buffer
formulation as that used by Yu and Mohn (15). The second lysis buffer
(LB1) contained a lower SDS concentration (50 mM Tris-HCI, 5 mM
EDTA, 1% SDS, pH 8). The nucleic acid yield with LB3 was determined
with no lysozyme treatment. The yield using LB1 was determined with or
without an initial lysozyme treatment (Ready-Lyse lysozyme solution;
Epicentre). In all cases, the extraction buffers were supplemented with
proteinase K (100 g ml™" final concentration) just prior to use in the
extractions. Salt-induced precipitation of protein-detergent complexes
was accomplished by addition of ammonium acetate (2 M final concen-
tration) and centrifugation at 16,000 X g for 10 min. The supernatant was
transferred to a fresh 1.7-ml microcentrifuge tube, and linear acrylamide
(20 g ml~! final concentration; Ambion) was added to the sample just
prior to the addition of one volume of isopropanol. Nucleic acids were
pelleted by centrifugation at 16,000 X g for 30 min. The nucleic acid pellet
was then washed twice with 500 .l of 70% ethanol, dried completely, and
resuspended in 20 .l TE.

Estimating extraction efficiencies. To test for losses of DNA attribut-
able specifically to the filter matrix (e.g., trapping and adsorption), we
determined the yield of nucleic acids extracted from microorganisms col-
lected on filters relative to the yields in the absence of a filter (liquid
suspensions or pellets). Extraction efficiencies were also determined for all
other filter extraction tests in which a control extraction was performed, as
indicated in Table 1.

(i) Whole seawater. Subsamples (11.7 ml) of seawater from Kane‘ohe
Bay were transferred to polyallomer tubes and centrifuged at 35,000 X g
for 105 min in a swinging-bucket rotor (SW 41) in an ultracentrifuge
(Beckman Optima XL-80K) to pellet cells and viruses. These conditions
are sufficient to completely pellet particles with a sedimentation coeffi-
cient of =100S. While those samples were in the centrifuge, additional
triplicate subsamples (11.7 ml), were filtered onto Anotop 25 (0.02-pum)
filters and extracted using the back-flush protocol as described above. For
the centrifuged samples, the supernatant was removed and saved. The
pellet was immediately extracted using the MasterPure kit, as described in
the manufacturer’s instructions for cell samples. Nucleic acids remaining
in the supernatant (presumed to be dissolved) were assayed as previously
described (31). In brief, the supernatant was diluted with 2 ml of 0.5 M
EDTA and then concentrated in a centrifugal ultrafiltration device (30-
kDa cutoff) (Amicon 15; Millipore) by centrifuging at 2,500 X g for 25
min. The concentrates were then washed by adding 1 ml of 1 X TE (10 mM
Tris-HCI [pH 8], 1 mM EDTA) to the retentate cup and centrifuging
again at 2,500 X g for 20 min. Each sample was then further concentrated
by transferring it to a smaller centrifugal ultrafiltration unit (30-kDa cut-
off) (Amicon Ultra-0.5; Millipore) and centrifuging at 10,000 X g for 10
min. The concentrate was washed by adding 500 .l of 1 X TE, and centri-
fuging again at 10,000 X g for 30 min. The final concentrate was recovered
by inverting the filter cartridge into a fresh tube and centrifuging at 1,000
X g for 3 min.

(ii) Bacterial cultures. Cells in a culture of V. vulnificus (V93D1V)
were washed and resuspended in 1X PBS, filtered onto Anotop 25 (0.02-
pm) filters in triplicate, and then extracted as described above. Equal
volumes of the same washed, resuspended cells were transferred into
1.7-ml microcentrifuge tubes for direct nucleic acid extraction using the
MasterPure kit, following the manufacturer’s instructions for suspended
cell samples.

Quantification of nucleic acids. Fluorometric assays were used to es-
timate the yields of nucleic acids from all of the experiments. DNA was
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FIG 1 Flow rates of pure water (A) or environmental water samples (B) through 0.02-pm Anotop 25 filters. The flow rate of pure water is shown as a function
of pressure at various temperatures (A) and as a function of temperature at a fixed pressure of 100 kPa (inset). Data for 22°C are from triplicate filters to show
variability among filters. The flow rates of environmental samples from the open ocean and an urban estuary (B) are normalized to a pressure of 150 kPa and
plotted as a function of the volume of sample filtered. Also shown are the concentrations of viruses (Vir) and prokaryotes (Pro) in units of 10° liter ' and of

chlorophyll a (Chl) in units of pg liter " in the two samples (inset).

quantified using a Quant-iT DNA assay kit (Life Technologies) and a
Perkin-Elmer 2030 multilabel reader. To quantify RNA, samples were first
treated with Turbo DNase (Life Technologies) to eliminate cross-reaction
from DNA (32). RNA was then quantified using a Quant-iT RNA assay kit
(Life Technologies) and a TD-700 fluorometer.

RESULTS

Filter flow rate and capacity. The rate of filtration of pure water
through an Anotop 25 (0.02-pwm) filter increased linearly with
pressure (Fig. 1A) and temperature (Fig. 1A, inset) over the ranges
we tested (25 to 214 kPa and 7 to 35°C). The maximum flow rate
in the tested range of conditions was 25 ml min "~ (202 kPa, 35°C).
Under conditions similar to those that we use for routine collec-
tion of field samples (150 kPa, 22°C), the flow rate was approxi-
mately 13 + 1.4 ml min~' (mean * standard deviation [SD], n =
3). From the area of the filter, we calculated a flux at standard
ambient temperature and pressure (25°C, 100 kPa) of 1,180 = 130
litersm~>h ™' (mean *+ SD). The normalized flux for an Anodisc
mounted in a reusable housing was about 2.4 times greater than
that of the Anotop (data not shown).

Filtration of water from two environments differing in plank-
ton concentrations resulted in increasing pressures over time at
the fixed initial flow rate of approximately 14 ml min~". For the
estuarine sample, pressure quickly exceeded the recommended
maximum for the tubing (270 kPa), so the pump speed was re-
duced and filtration continued (total filtration time of <20 min
for 100 ml). The pump speed was held constant for the open-
ocean sample, and pressure steadily increased from 140 to 270 kPa
over the 75 min filtration time, during which approximately 1 liter
of sample was filtered. By normalizing all flow rates for both sam-
ples to a constant pressure of 150 kPa, we found that the flow rate
declined linearly as a function of the volume filtered, and the de-
cline was much steeper for estuarine water (Fig. 1B), which had
higher concentrations of plankton than open-ocean water (Fig.
1B, inset). The normalized flow rate dropped by an order of mag-
nitude after filtering approximately 0.1 liter of the estuarine sam-
ple but was reduced by only half after filtering 1 liter of open-
ocean water.

DNA vyield by forward versus back flush. The back-flush ex-
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traction method for Anotop 25 (0.02-pm) filters yielded signifi-
cantly more DNA than the forward-flush method when the sam-
ple consisted of cultured cells of a bacterium (¢ test, P = 0.034) or
adinoflagellate (ttest, P = 0.017) (Fig. 2). There was no significant
difference in DNA recovered from Anotop 25 (0.02-pm) filters by
the forward- and back-flush methods when the sample was whole
seawater (¢ test, P = 0.473), 0.22-pm-filtered seawater (¢ test, P =
0.214), or a phage isolate (¢ test, P = 0.920) (Fig. 2). Although
there was no evidence of any improvement from back flushing
when a sample was dominated by viral DNA (0.22-pm-filtered
seawater and the phage isolate), the back flush resulted in a higher
mean recovery in every trial where cells were present in the sam-
ple. The improvement was sometimes small and not statistically
significant relative to the variability in yields among triplicates
within a given experiment. To improve the statistical power, we
normalized the yields of the extractions of all cell-containing sam-
ples by expressing them as a percentage of the push-through av-
erage within each experiment. When the cell extraction experi-
ments (cell cultures and whole seawater) were then considered in
aggregate, the higher yields from back flushing were found to be
significant (¢ test, P = 0.003), with the difference between forward
and back flush increasing in the order phage < bacterium < pro-
tist (Fig. 3).

Trapping of DNA. The 5-kb DNA ladder had similar masses of
DNA in discrete bands ranging in size from 4.9 to ca. 98 kb, which
together accounted for 78% of the total mass. Some additional
higher-molecular-weight DNA (>80 kb; 16% of the total) mi-
grated into the gel but was not well resolved, and some DNA (6%
of the total) remained trapped in the well (Fig. 4A). Based on bulk
estimates of DNA mass by fluorometry, approximately 77% *
13% (mean = SD) of the DNA passed through the filter (64% in
the initial filtrate and the remainder in two washes), and 7% =+ 2%
(mean * SD) was recovered from the filter by the back-flush ex-
traction protocol (Table 2). The filtrates, washes, and extract to-
gether accounted for 84% = 12% (mean * propagated error) of
the total loaded. Analysis of the DNA size distribution in the lad-
ders, filtrates, washes, and extracts showed that for the smaller
bands (5 to 54 kb) a similar large percentage of the DNA was
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FIG 2 Total DNA recovered from cultures and whole or filtered (<0.22 pum) seawater using the forward- and back-flush methods of extraction. Values shown
are means and standard deviations from triplicate assays conducted once for the phage and seawater and two times (effectively six replicates) for the bacteria and
protist. An asterisk denotes the situations where the recoveries for the two methods were significantly different.

recovered in the filtrate (=80%) (Fig. 4), and there was no signif-
icant relationship between size and recovery (Spearman rank cor-
relation, r = —0.021; P > 0.5). An additional small percentage
(=11%) of the material in those bands was recovered in the ex-
tract. For larger DNA that entered the gel (from 49 to >80 kb)
there was a negative correlation between size and the percentage of
DNA in the filtrate (Spearman rank correlation, r = —1.00; P <
0.001). The missing material from these bands was not accounted
for in the extract (Fig. 4B). For the form of DNA that remained
trapped in the well under the specified separation conditions, 45%
was accounted for in the filtrate plus wash and 46% in the extract.

Effect of sample volume on extraction yield. There was a pos-
itive, linear relationship between the volume of whole-seawater
sample added to an Anotop 25 (0.02-m) filter and the amount of
DNA extracted from it (Fig. 5A). The percent recoveries were
variable, with an average of 101% = 24%, and there did not ap-
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FIG 3 Improvement in DNA recovery for phage, bacteria, and protist cultures
when using the back-flush relative to the forward-flush method. Shown are the
average yields from the back-flush method expressed as a percentage of the
forward-flush average for each experiment. Error bars are the standard devia-
tions from triplicate assays conducted once for the phage and two times (ef-
fectively six replicates) for the bacteria and protist.
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pear to be a consistent trend in extraction efficiency with volume
(Fig. 5B). The sample-to-sample variability and the high variance
in the smaller-volume samples may be a result of heterogeneity in
the natural sample. However, even with volumes of up to 1 liter,
recoveries were high relative to the reference estimate of the DNA
concentration in the plankton (extraction from pelleted cells and
viruses).

To minimize the problems of heterogeneity seen in the natural
sample, the experiment was repeated using a culture. We again
observed a positive, linear relationship between the volume of
culture loaded on the AAO filters and the amount of DNA ex-
tracted (Fig. 5C). Although there appeared to be a trend of de-
creasing efficiency with increasing culture volume, this trend was
not significant because of the high variance (Fig. 5D). The calcu-
lated minimum efficiencies for the sample ranged from 72 to 89%
relative to the reference estimate of DNA in the culture obtained
by direct liquid extraction (cells plus dissolved DNA).

Guanidinium- versus SDS-based buffers. When DNA was ex-
tracted directly from washed bacterial cells suspended in liquid,
the DNA yield was approximately 55% lower for the DNeasy kit
than for the MasterPure kit. We assumed that the higher value
obtained by the latter kit most closely represented the true amount
of nucleic acids in the culture, and that number was used as the
control value relative to which efficiencies for all of the filter ex-
tractions were calculated, regardless of the chemistry used.

The amount of DNA recovered from the AAQO filters (0.2- or
0.02-pm Anotop 25) using the MasterPure kit was significantly
higher than when using the DNeasy kit, whether the forward- or
back-flush method was used (¢ test, P = 0.008 for forward flush on
0.02-pm Anotop 25 and P = 0.005 for all other tests) (Fig. 6). The
difference found between the two kits when extracting from PES
filters was significant as well (¢ test, P = 0.005). When comparing
the forward- versus back flush-methods in the AAO filter extrac-
tions for the DNeasy kit, the amount of DNA recovered from the
back-flush method was significantly higher (¢ test, P = 0.005 for
0.02 pmand P = 0.038 for 0.2 um). However, this was not true for
the PES filters (0.2 pm) using the DNeasy kit (¢ test, P = 0.198).

Effects of proteinase K digestion time and lysozyme on nu-
cleic acid yields from cells. Yields of nucleic acids from pelleted
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FIG 4 Changes in the size distribution of the DNA in a 5-kb ladder as a result of filtration through and extraction from a 0.02-pwm Anotop filter, shown as
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lane on the same gel and separated using conditions indicated in the text. (B) Recoveries for each size band were calculated as a percentage of the intensity in the
corresponding control ladder after scaling intensity to the total DNA recovered as determined by fluorometry. W refers to material trapped in the well.

cells after 15 min of digestion were not improved by increasing
proteinase K digestions up to 6 h (analysis of variance [ANOVA]
with post hoc Tukey test, P > 0.05) without addition of lysozyme
treatment. The yields after 12 h of digestion were significantly
higher than those at 15 min, by 23 to 25% (ANOVA with post hoc
Tukey test, P < 0.05). In another experiment with the addition of
lysozyme treatment, yields of nucleic acids were not significantly
improved with proteinase K digestion times from 15 min up to 18
h, but the effect was significant after 24 h (Tukey test, P < 0.05).
In a second set of tests comparing interacting effects of ly-
sozyme and proteinase K digestion, the effect of increasing the
proteinase K digestion time from 15 min to 12 h was not signifi-
cant for RNA or DNA, except when an initial lysozyme digestion

TABLE 2 Recovery of DNA in a 5-kb ladder recovered after filtration
through AAO (0.02-pm Anotop 25) filters

Sample % recovery”
Filtrate 64 (12)
Wash 1 10 (2)
Wash 2 2(0.5)
Wash 3 0.6 (0.3)
Extract 7(2)

Total 84 (12)

“ Percentages of DNA in the filtrate and washes represent material passing through the
filters, and that in the extract represents material recovered from the filters using a
back-flush protocol. Values are means (standard deviations) from triplicate assays.
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was included. An initial lysozyme digestion did not improve the
yields of DNA or RNA when the proteinase K digestion was 15
min, but itimproved yields of DNA and RNA by 40 and 50% when
the subsequent proteinase K incubation time was 12 h (ANOVA
with post hoc Tukey test, P = 0.024 for DNA and P = 0.006 for
RNA).

The effects of lysozyme (30 min) and proteinase K (15 min or 1
h) were also tested for seawater plankton (total or <0.22 pm)
collected on AAO filters. The addition of lysozyme was significant
only for the whole seawater in the 15-min proteinase K incuba-
tion, increasing yields of DNA by 23% (ANOVA with post hoc
Tukey test, P = 0.031).

Because of the variable results among individual experiments,
the data from multiple experiments were normalized to yields at
15 min and considered in aggregate. For the larger pooled data set,
the lysozyme treatment significantly improved yields for the
whole-seawater samples (t test, n = 20, P = 0.008) but not the
filtered (0.22 wm) seawater samples (f test, n = 6, P = 0.985).
When total seawater plankton was extracted in the absence of
lysozyme, there was no increase in DNA yield with increasing
proteinase K digestion time (ANOVA, n = 42, P > 0.25). How-
ever, when an initial lysozyme treatment was included, there was a
significant positive relationship (ANOVA, n = 44, P =< 0.0025)
between DNA vyield and proteinase K digestion time, with an in-
crease in yield of 1% * 0.6% (mean * 95% CI) per hour of
incubation over the range tested (15 min to 24 h).

MasterPure versus modified salting-out extraction. In a di-
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rect comparison of the DNA yield from AAO filters using the
proprietary MasterPure buffers versus the yield using nonpropri-
etary buffers derived from the literature, we found the yields with
the MasterPure buffers to be consistently higher. The yield from
the MasterPure buffers was 2.3 times higher (¢ test, P = 0.032)
than for the first salting-out method with a higher SDS concen-
tration (3%, LB3). However, when using the second method with
alower SDS concentration (1%, LB1), we found that the yield with
the MasterPure buffers was not significantly different with or
without lysozyme (ANOVA, P = 0.462). When extracting from
pelleted cells, the MasterPure extraction method with lysozyme
treatment resulted in significantly higher yields than the LB1
modified salting-out method without lysozyme treatment
(ANOVA with post hoc Tukey test, P = 0.021). The addition of
lysozyme resulted in significantly higher yields (by 27%) for the
LB1 modified salting-out method on the pelleted cells (ANOVA
with post hoc Tukey test, P = 0.018). When the data for the pelleted
cell extraction and filter extraction procedures both with and
without lysozyme were pooled, the MasterPure method and the
second, nonproprietary method with 1% SDS were not signifi-
cantly different (ANOVA, P = 0.231).

DNA and RNA extraction efficiencies. In an experiment de-
signed to constrain relative extraction efficiency, the masses of
DNA and RNA recovered from total seawater plankton collected
on Anotop 25 (0.02-pm) filters were 112% * 5% and 134% *
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TABLE 3 Recovery of nucleic acids from microorganisms collected on AAO (0.02-pwm Anotop 25) filters

% recovery”

Extraction
Control? Sample” 1D method® Variable DNA RNA
Liquid Phage A MP Flush direction 73 (10)
Bacteria B MP Flush direction 96 (7)
1 MP Chemistry, 1 84 (8) 73 (5)
J MP Chemistry, 2 102 (4) 91 (4)
Protist H MP Vol, 1 ml 89 (12)
H MP Vol, 2 ml 82 (14)
H MP Vol, 4 ml 72 (11)
Seawater, KB D MP % recovery 117 (23)
G MP Vol, 10 ml 130 (52)
G MP Volume 50 ml 68 (53)
G MP Vol, 250 ml 93 (30)
G MP Vol, 500 ml 113 (36)
G MP Vol, 1 liter 95 (33)
All liquid 93 (24) 82 (12)
Pelleted* Protist C MP Flush direction 144 (12)
Seawater, AW K MP, 60 Chemistry + Lys 91 (11)
K MP, 60 + Lys Chemistry + Lys 92 (14)
K LB1, 60 Chemistry + Lys 110 (38)
K LBI1, 60 + Lys Chemistry + Lys 65 (19)
Pelleted** Seawater, KB E MP % recovery 112 (7) 134 (15)
F MP Vol,10 ml 132 (33)
F MP Vol, 50 ml 69 (49)
F MP Vol, 250 ml 95 (6)
F MP Vol, 500 ml 115 (7)
F MP Vol, 1 liter 97 (15)
All pelleted 102 (19) 134 (15)
Pelleted** + supernatant Seawater, KB E MP % recovery 106 (7)

@ Extraction efficiency controls consisted of direct extractions of microorganisms, including the liquid in which they were suspended (liquid) or after centrifuging to pellet primarily

cells (*) or cells and viruses (**) as indicated (pelleted).
b For environmental samples, locations were Ala Wai Canal (AW) and Kane‘ohe Bay (KB).

¢ The extraction methods refer to the standard MasterPure protocol with 15 min of proteinase K incubation and no lysozyme treatment (MP), unless otherwise indicated by 60 (60
min of proteinase K incubation), + Lys (lysozyme treatment), or LB1 (nonproprietary extraction method).
4 Values are means (standard deviations) from triplicate assays, expressed as a percentage of control values.

13%, respectively (t test, P = 0.014 for DNA and P = 0.006 for
RNA), of the yields recovered from plankton pelleted from an
equal volume of seawater by ultracentrifugation. To test whether
the higher yields from the filters might have been attributable to
dissolved DNA that was trapped by the filters but which failed to
pellet, we directly measured the nucleic acids in the supernatant
after ultracentrifugation. When we summed the quantity of nu-
cleic acids detected in the supernatant of the controls and the
amount recovered from the extracted pellet, the total mass of nu-
cleic acids was indistinguishable from that recovered on the filter
(t test, P = 0.088).

In a second experiment using a cultured bacterium, the esti-
mated recoveries of nucleic acids from the Anotop 25 (0.02-pm)
filters were 84% * 8% for DNA and 73% = 5% for RNA relative
to an equal volume of cell culture extracted directly. In this exper-
iment the cells were unwashed so the sample would contain nu-
cleic acids from the cells plus any nucleic acids dissolved in the
medium.

In addition to these two tests designed solely to test extraction
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efficiency, we also estimated extraction efficiencies in all other
extraction tests where a control extraction was conducted (Table
3). Forall tests in which a cell (or cell-plus-virus) pellet was used as
a control, the average extraction efficiency was 102% = 19% for
DNA. When the bacterial culture extraction data were combined,
the average percent recovery of DNA was 94% * 9% (Table 3, B,
I, and J). The average percent recoveries of DNA and RNA for all
experiments using liquid culture extracts as a control were 93% =
24% and 82% * 12%, respectively.

DISCUSSION

In this study, we (i) characterized the flow characteristics and ca-
pacities of commercially produced AAO filters, (ii) empirically
verified the hypothesis that both physical trapping and adsorption
can be important sources of loss when extracting nucleic acids
from microorganisms harvested on these filters, and (iii) demon-
strated that a previously reported back-flushing protocol (22) can
effectively avoid those losses. The results of our experiments to test
the effects of extraction chemistry, flow direction, and enzyme
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Sample collection
Filter sample onto 0.02 um AAOQ filters

* -80 °C, indefinitely

Lysis and Digestion
Attach aspiration syringe to filter inlet

WHOLE COMMUNITY

Inject 500 pl TES* buffer with
lysozyme (250 U/sample) through
filter outlet with injection syringe

RT, 30 min

Inject 500 pl 2X lysis buffer
with proteinase K through
filter outlet with injection syringe

VIRUS FRACTION ONLY

Inject 500 ul 1X lysis buffer*
with proteinase K through
filter outlet with injection syringe

*65 °C, 15 min-24 hrs, rotisseries

Withdraw extract with aspiration syringe
Transfer supernatant to microtube

Ice, 3-5 min.

Salt-induced protein precipitation
Add salting-out reagents’ and vortex
Centrifuge at 16,000 x g for 10 min
Transfer supernatant to a clean microtube

v

Nucleic acid precipitation and recovery

Add LAt and one volume isopropanol and mix thoroughly
Centrifuge at 16,000 x g for 30 min

Pour off supernatant and wash with 2 x 500 pl of 70% ethanol

Dry nucleic acid pellets and resuspend in TE, or any desired buffer

*TES (10 mM Tris-HCI [pH 7.5], 1 mM EDTA, 100 mM NaCl)
** Either MasterPure Tissue & Cell Lysis Solution (MasterPure) or non-proprietary
lysis buffer (1X: 50 mM Tris-HCI, 5 mM EDTA, 1% SDS; pH 8) with proteinase K at 100 yg mi-1

$ For RNA we recommend <6 hrs

T MPC Protein Precipitation Reagent or ammonium acetate (2 M final conc.)
1 Linear acrylamide (20 ug mi-1 final conc.); only if conducting non-proprietary extraction

FIG 7 Recommended extraction protocol for obtaining nucleic acids from AAO filters.

treatment on yields of nucleic acids provide insights that may be
useful for researchers developing extraction protocols for other
types of samples or filters. We first discuss our results and their
implications and then comment on our recommended protocols
for extractions of nucleic acids from AAO filters using proprietary
or nonproprietary buffers (Fig. 7).

Filter flow characteristics. Our estimate of the flux 0of 0.02-pum
Anotop 25 filter units is only about 30% of the reported inherent
flux for the Anopore membranes in the filter units (manufactur-
er’s technical literature). We presume that the lower flux is a result
of the manner in which the membranes are mounted and sup-
ported in the housing. We observed higher flux rates for an Ano-
disc membrane mounted in a reusable housing (ca. 70% of the
reported Anopore flux), which implies that there is something
specific about the manufacture of the Anotop units that leads to
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occlusion of a large fraction of the pores. Nevertheless, we find
that the flux is sufficient for our applications and that the small
disposable units are especially convenient for field sampling and
subsequent extraction. Another type of filter (modified hydro-
philic polyvinylidene difluoride [PVDF]) with the same nominal
20-nm pore size is offered in a very similar format (Optiscale-25
with Viresolve NFP membrane; Millipore). We considered the use
of these as an alternative to the Anotop 25, but they have a nor-
malized flux that is four times lower (unpublished observation)
and cost several times more per filter, so we did not evaluate them
further.

Our tests of the Anotop 25 filter capacity illustrate how differ-
ent types of samples will influence the amount of water that can be
filtered and how long one can expect filtration to take. Extrapola-
tion of the lines in Fig. 1B suggests that the practical capacity of the
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0.02-pm Anotop 25 filter was about 100 ml for the highly produc-
tive, turbid waters of an urban estuary but around 2 liters for
lower-productivity open ocean waters. This is consistent with the
observation that 1 to 2 liters of surface water at Station ALOHA
can be filtered through a 0.02-pm Anotop 25, with the amount
varying seasonally (C. Schvarcz, personal communication). In one
experiment for this study, we were able to filter a liter of water
from Kane‘ohe Bay through a 0.02-pwm Anotop 25, but on other
occasions we have managed to filter only 200 to 550 ml of water
from the same location in the bay (24). This is consistent with the
variable conditions in the bay, which range from nutrient poor
with low biomass during periods of low rainfall to nutrient en-
riched with large plankton blooms following terrestrial runoff
from rain events (33).

Physical trapping. The relationship we observed between
DNA size and filter capture is consistent with other studies (34),
but we were still surprised that there was no discernible loss of
DNA with a forward-flush extraction of the bacteriophage or a
natural viral assemblage. Even though viruses have comparatively
small genomes, the persistence length of double-stranded DNA
(ca. 35 nm [35]) is greater than the pore size, and we anticipated
significant losses for the viral DNA. The relative high efficiency
with which DNAs of all tested microorganisms and a DNA ladder
passed through the filters is likely a result of DNA elongation
driven by the converging flow fields as the molecules approach the
pores (36).

Our experiments with the DNA ladder suggest that there was
size selection occurring during filtration of DNA in the range typ-
ical of viruses, but only for DNA that was >50 kb. Since the virus
isolate we used for testing was ca. 38 kb (27) and the majority of
viral genomes in seawater are =50 kb (37), this would explain why
we found a small, but statistically insignificant, difference in over-
all yield of DNA from viruses in the forward- versus back-flushing
tests. We presume that the material in the 5-kb ladder that did not
enter the gel was of unusually high molecular weight (38). We do
not know why this material was recovered with higher efficiency
than material of intermediate size in the 60- to ca. 100-kb size
range, but based on the observed patterns of recovery, one plau-
sible scenario is that smaller DNA molecules readily pass the filter
and end up primarily in the filtrate, intermediate sizes become
trapped within the pores of the filter and remain associated with
the membrane, and a greater proportion of very large molecules
are trapped on the upper surface of the filter, such that they can be
more efficiently released into the extract by back flushing. Regard-
less of the mechanism, our data suggest that there is size selection
that occurs when DNA is forced through the AAO filter mem-
brane.

In addition to the effect of size, differences in DNA topology
(circular versus linear or degree of supercoiling) can have a large
influence on filter passage (39, 40). A likely consequence is that
viruses having circular or very large genomes could be underrep-
resented in an extract if the nucleic acids are forced to pass
through a small-pore-size filter. Forward flushing will also gener-
ally reduce the yield of DNA from cells. Therefore, for most rou-
tine extractions we recommend back flushing to minimize the
chance of representational bias. This is particularly important for
quantitative analyses of community composition. One must bear
in mind, however, that the trapping and release of at least some
fraction of dissolved DNA over a broad size range mean that not
all of the nucleic acids recovered from a filter will necessarily de-
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rive from intact viruses or cells. This is an issue that has been
recognized even with large-pore-size filters (41-43).

Adsorption. The reversible adsorption of nucleic acids to silica
in the presence of chaotropic salts (e.g., iodide or guanidinium
ions) is a well-known phenomenon (44, 45) and serves as the basis
for some of the most popular DNA and RNA purification kits.
However, the binding of nucleic acids to AAO in the presence of
guanidinium appears to be irreversible (21). This phenomenon
might be exploited for solid-phase amplifications (20), but for our
application it is a possible source of loss.

The changes in yields that we observed in response to varying
the (i) extraction buffer chemistry, (ii) direction of buffer flow,
(iii) filter material, or (iv) filter pore size were are all consistent
with nucleic acids binding to the AAO in the presence of guani-
dinium. In contrast to the relatively small losses of DNA with
forward flushing in the SDS-based buffer (apparently a function
of physical trapping), the loss with forward flushing in the guani-
dinium-based buffer was dramatic, but only for AAO filters. Pre-
sumably forward flushing was a particular problem with the gua-
nidinium buffer, because it increases the contact of the DNA with
the filter, dramatically increasing adsorption. The loss was less
pronounced, but still significant, for forward flushing with the
0.2-pm Anotop 25 filter, which we attribute to decreases in both
physical trapping and lower adsorption resulting from the larger
pore size. The absence of significant loss when forward flushing
through PES membranes, regardless of buffer, suggests that the
adsorptive losses are specific to AAO membranes as hypothesized.

Buffer chemistry. Although back flushing effectively elimi-
nated the severe adsorption loss when extracting DNA from AAO
filters with the guanidinium-based DNeasy kit, we found that the
yields were consistently lower than with the alternative SDS-based
MasterPure kit by about 50%. In another preliminary experiment
we found that the yields between the two kits we used were similar
for direct extraction of cultured cells (data not shown), so the
difference between the kits appears to vary. The lower yields ob-
tained with the DNeasy kit are not likely a result of exceeding the
binding capacity of the silica, since the reported capacity (30 j.g) is
10 times the yield we achieved. Although we do not have an expla-
nation for them, our observations are consistent with those of
others who have also reported relatively poor yields using the
Qiagen spin column kit compared to a liquid SDS-proteinase K
extraction protocol (41).

We used two commercial extraction kits for our experiments
out of convenience and because of their popularity. However, we
recognize that a reliance on proprietary kits is not always desir-
able, and their availability and cost can be an issue for many labs.
We therefore decided to compare the MasterPure kit with non-
proprietary buffers derived from the literature. We tested a buffer
with 3% SDS initially, because this appeared to be most similar to
concentration of SDS in the MasterPure buffer (roughly estimated
from the volume of the SDS pellet after salting out). That pro-
duced poor results, so we reduced the SDS concentration to 1%.
This appears to have the advantage of reducing the inactivation of
proteinase K itself, while still sufficiently denaturing other pro-
teins to achieve near-maximal protein degradation rates (46). A
coprecipitant was added to the nonproprietary protocol to en-
hance the yield of nucleic acids during the final alcohol precipita-
tion step. A coprecipitant was not added to the MasterPure pro-
tocol, because the buffers already include an unspecified reagent
to enhance recoveries of small amounts of nucleic acids (30). The
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yields using the MasterPure kit buffers were consistently higher
than those achieved with the nonproprietary buffers, but the dif-
ference between the second formulation with 1% SDS (LB1) and
the MasterPure buffer was relatively small and not statistically
significant. The failure to reject the null hypothesis (no difference
in yields between the two methods), may be a result of the rela-
tively large sample-to-sample variance among the triplicate sam-
ples, but for investigators averse to using proprietary buffers or for
whom access to the MasterPure kit is difficult, our protocol with a
nonproprietary 1% SDS lysis buffer seems a reasonable alterna-
tive. We prefer using the commercial kit, however, because of
convenience, consistency in preparation in dedicated clean facili-
ties, and a cost per extraction that is still quite reasonable com-
pared to that with spin column Kkits.

Extraction efficiency. A previous comprehensive study of
DNA extraction from microorganisms collected on 0.2-pm PES
membranes (41) identified a number of key variables affecting
extraction yields. Two of these were enzymatic digestion steps
(lysozyme and proteinase K). Although our tests are not directly
comparable to those of Bostrom et al. (41) because of differences
in experimental design, the results of the two studies are consistent
and suggest that using an initial lysozyme digestion followed by a
long incubation with proteinase K and SDS (up to 24 h) can sig-
nificantly increase yields of DNA from cells. We further show that
these conditions also increased yields of RNA and found that in-
creasing the proteinase K digestion time in the absence of ly-
sozyme was of marginal value. We found some degradation of
RNA with these increased proteinase K digestion times (data not
shown) and therefore recommend increasing the proteinase K
incubation to only about 1 h (or at most =6 h). As expected, the
lysozyme treatment did not result in a significant increase of yields
in the absence of cells, so this step could be eliminated if one
wishes to extract nucleic acids only from viruses. For quantitative
analyses of community composition, on the other hand, we would
recommend including a lysozyme digestion, since we found no
evidence that it reduces total yields and it may facilitate the lysis of
some populations that would be otherwise underrepresented.

Because our primary goal in this study was to test specific
hypotheses about the interaction between nucleic acids and the
0.02-pm AAO filters, we most often employed the simpler proto-
col with no initial lysozyme digestion and a 15-min proteinase K
digestion, the standard conditions recommended by the manufac-
turer of the MasterPure kit. The yields under these conditions are
likely not as high as they could be, but they were sufficient for the
comparative extraction tests to determine the extent to which the
filter matrix influenced yields. However, even these simple com-
parisons of yields between microorganisms on filters versus those
suspended in liquid or in a pellet are complicated by the presence
of dissolved DNA in the samples, a variable fraction of which is
physically trapped by the filters.

Despite our inability to definitively distinguish contributions
of truly dissolved nucleic acids on the filters or in microorganism
pellets, we can constrain the relative extraction efficiencies. In
cases where the direct extraction of suspended microorganisms
included all of the dissolved DNA in a sample, our filter extrac-
tions were underestimates (93% = 24%), and in cases where dis-
solved DNA was depleted prior to direct extraction, our filter ex-
traction efficiencies were overestimates (102% =+ 19%). Given
these ranges for the under- and overestimates, the relative filter
extraction efficiency appears to be very high, with yields close to
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100% of those from direct extraction. This suggests that our rec-
ommended protocol effectively avoids interference from the filter
matrix.

Conclusions. We have shown that Anotop 25 filters with a
0.02-pwm AAO membrane can be used to capture microorganisms
from tens to thousands of milliliters of water, depending on the
load of microorganisms in the sample, and at flow rates on the
order of 10 to 20 ml min~" or more depending on the water
temperature and desired pressure. When extracting nucleic acids
from cells and viruses trapped on the filters, yields can be signifi-
cantly affected by the extraction buffer, filter material, direction of
flow, and nucleic acid size. The most serious losses occurred when
a guanidinium-containing extraction buffer was combined with
AAO filters and the extract was forced through the filter. Among
the conditions tested, the highest relative yields were achieved
using the buffers of the MasterPure total DNA and RNA extrac-
tion kit and back flushing the filter (yields using nonproprietary
buffers were similar). Using this preferred protocol, which em-
ploys an SDS-based extraction buffer, we showed that nucleic ac-
ids could be extracted from microorganisms collected on AAO
filters at the same efficiency as from microorganisms in pellets or
in liquid suspension. To ensure maximum yields from bacteria,
one should consider including a lysozyme digestion step and in-
creasing the proteinase K digestion time. Because yields of nucleic
acids were linear over a broad range of mass and volume filtered,
collection of microorganisms from liquid samples onto AAO fil-
ters is a simple and effective way to increase the mass of nucleic
acids harvested without sacrificing efficiency.
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