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University of Tennessee, Knoxville, Tennessee, USAa; DePauw University, Greencastle, Indiana, USAb

arine sediments cover ⬃75% of Earth’s surface and are estimated to contain 2.9 ⫻ 1029 microbial cells (1). The majority
of these cells bear little phylogenetic resemblance to cultured microorganisms and are likely very energy limited (2). Despite the
importance of this vast subsurface biome to biogeochemical cycles
and our understanding of biological energy limitation, two basic
questions persist: (i) how do we accurately quantify cells from a
particular microbial group (e.g., bacteria versus archaea) in the
methodologically challenging sediment matrix, and (ii) how
many of these individuals are alive?
Attempts to answer these questions have produced highly conflicting results. In an unprecedented interlaboratory comparison
beginning in 2001, sediments from Ocean Drilling Program Leg
201 in the Peru Margin were subsampled and quantified in separate laboratories. As this was the first expedition to obtain verifiably uncontaminated samples, many research groups were eager
to work on the same samples. Some researchers reported an overwhelming dominance of bacteria over archaea, using catalyzed
reporter deposition (CARD) fluorescent in situ hybridization
(FISH) (3) and quantitative PCR (qPCR) (3–5). Other researchers
used lipid measurements to conclude the existence of an overwhelming dominance of archaea over bacteria (6, 7). A third collection of data showed roughly equal numbers of bacteria and
archaea using FISH (6), CARD-FISH (8), and metagenomic sequencing and qPCR (9). The explanation for these inconsistent
results must be either that some methods were less accurate or that
some methods quantified dead as well as live biomass. It now
appears that detrital cell matter contributed to an overestimation
of the archaea by lipid analyses (10, 11), so it is unlikely that archaea completely dominate the Peru Margin sediments. Methodological inaccuracies have been suggested to explain the qPCR
discrepancies, since some TaqMan probes or PCR primers are
biased against common subsurface archaea (12). However, no
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study has addressed the discrepancies between the results of FISH
and CARD-FISH with the Peru Margin sediments or evaluated the
relative accuracies of FISH, CARD-FISH, and qPCR with all marine sediments and seawater.
In FISH and CARD-FISH, an oligonucleotide probe with a
taxon-specific sequence binds directly to rRNA (13). For FISH,
this probe is attached to a fluorophore, allowing probe-positive
cells to be counted under a microscope. For CARD-FISH, the
probe is bound to a large horseradish peroxidase (HRP) enzyme,
which catalyzes the deposition of many fluorescent tyramides, enhancing the fluorescence intensity. HRP is far too large (⬃40 kDa)
to diffuse freely into cells (14), so cells must first be permeabilized
by partially degrading their cell walls (15). In another variation,
called polyribonucleotide FISH, nearly full-length ribosomal gene
amplicons are transcribed to RNA with fluorescently tagged ribonucleotides (16). The resulting signals are very bright; however,
the probe’s great length makes it difficult to trust the specificity of
binding to the target population (17). In principle, each of these
FISH methods quantifies only viable cells by imaging intact cells
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There is no universally accepted method to quantify bacteria and archaea in seawater and marine sediments, and different methods have produced conflicting results with the same samples. To identify best practices, we compiled data from 65 studies, plus
our own measurements, in which bacteria and archaea were quantified with fluorescent in situ hybridization (FISH), catalyzed
reporter deposition FISH (CARD-FISH), polyribonucleotide FISH, or quantitative PCR (qPCR). To estimate efficiency, we defined “yield” to be the sum of bacteria and archaea counted by these techniques divided by the total number of cells. In seawater,
the yield was high (median, 71%) and was similar for FISH, CARD-FISH, and polyribonucleotide FISH. In sediments, only measurements by CARD-FISH in which archaeal cells were permeabilized with proteinase K showed high yields (median, 84%).
Therefore, the majority of cells in both environments appear to be alive, since they contain intact ribosomes. In sediments, the
sum of bacterial and archaeal 16S rRNA gene qPCR counts was not closely related to cell counts, even after accounting for variations in copy numbers per genome. However, qPCR measurements were precise relative to other qPCR measurements made on
the same samples. qPCR is therefore a reliable relative quantification method. Inconsistent results for the relative abundance of
bacteria versus archaea in deep subsurface sediments were resolved by the removal of CARD-FISH measurements in which lysozyme was used to permeabilize archaeal cells and qPCR measurements which used ARCH516 as an archaeal primer or TaqMan
probe. Data from best-practice methods showed that archaea and bacteria decreased as the depth in seawater and marine sediments increased, although archaea decreased more slowly.
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cell walls of subsurface archaea are largely uncharacterized, we
cannot assume a priori that they cannot be permeabilized by lysozyme and achromopeptidase.
We hypothesized that the low CARD-FISH counts of archaeal
cells in deep subsurface sediments are an artifact of inefficient
permeabilization. We also hypothesized that FISH, CARD-FISH,
qPCR, or all three methods provide accurate measurements of
viable cells in marine sediments and seawater. To test these hypotheses, we compiled data from 65 published studies and our
own data from marine environments. Unfortunately, the accuracy
of these methods for counting endogenous cell populations cannot be confidently tested on a known quantity of cells spiked into
natural samples because these cells may not match the diversity of
physiological states, cell envelope structures, mineral associations,
and/or biofilm presence that may occur in the natural community. Therefore, we define “yield” to be the sum of bacterial plus
archaeal cell counts obtained by FISH or CARD-FISH divided by
the total cell counts obtained using a nonspecific stain for DNA,
such as acridine orange (AO), 4=,6-diamidino-2-phenylindole
(DAPI), or SYBR green. Accurate quantification methods should
be associated with yields close to 1, unless the samples contain
large quantities of intact but non-ribosome-containing (nonviable) cells. We tested whether the latter was likely to be true by
determining whether yield was environment dependent. We then
compared the precision of cell count-based methodologies to that
of qPCR-based methodologies to suggest which ones might be
more useful in future efforts for absolute and relative quantifications of bacteria and archaea in marine sediments. We did not
include RNA slot blot, reverse transcription-qPCR (RT-qPCR), or
most probable number (MPN) quantifications in this study because the first two measure total RNA, which is difficult to constrain relative to cell counts, and the third depends on organisms
being amenable to common culture methods, which is not often
the case in environmental samples.
MATERIALS AND METHODS
Data were compiled from published studies that included archaeal and
bacterial domain-level quantifications in marine water and sediments
made with qPCR, FISH, or CARD-FISH (all references and data can be
found in the text in the supplemental material and Tables S1 to S3 in the
supplemental material). No studies meeting these criteria were intentionally excluded from our meta-analysis. For seawater, we included 19 studies with 1,021 data points, and for sediments, we included 50 studies
(including this study) with 773 data points; some studies had both seawater and sediment data. A few studies reported only relative quantities of
bacteria and archaea, and so data from those studies were not used in
determinations of absolute quantities or yields. Most studies also had total
cell counts made with a general DNA stain, such as AO, DAPI, or SYBR
green. In some cases, cell counts were not available from precisely the
same sediment depth as the qPCR, FISH, or CARD-FISH counts. For
these, cell counts from nearby depths of ⬍0.25 m away at depths under 1
mbsf (5 data points), ⬍1 m away at depths under 10 mbsf (34 data points),
and ⬍10 m away at deeper depths (147 data points) were used. Few studies included qPCR measurements of total archaea and bacteria in marine
water, so qPCR was evaluated only with sediments. Where possible, data
were obtained via direct contact with the authors or digitally cutting
and pasting numbers from published tables; otherwise, data were extracted by manually measuring data points from printed figures or by
using the freeware WebPlotDigitizer (version 2.5, 2012; http://arohatgi
.info/WebPlotDigitizer). Studies where primary data were available from
the authors were used to determine that data manually extracted from
figures varied from primary data by ⬍4%. For data newly reported here,
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instead of single molecules, such as DNA or lipids that may be
derived from detrital cell debris, and by targeting rRNA, which is
presumed to be degraded rapidly after cell death (18). Measurements are biased against any microbial population whose rRNA
sequence does not completely match the probe or, in the case of
CARD-FISH, whose cell wall is resistant to the permeabilization
procedures.
In qPCR, total DNA must be extracted cleanly from marine
sediments to minimize the amount of coextracted PCR inhibitors
present. Primers for the 16S rRNA genes of specific microbial taxa
are then used for PCR, while a fluorescence reader tracks the number of amplicons with either a SYBR green double-stranded DNA
fluorophore or an oligonucleotide probe containing a TaqMan
fluorescent molecule. If the DNA extraction and amplification are
efficient, the samples are free of detrital DNA, and the primers and
TaqMan probe match the expected target sequences, then qPCR
measurements should be equal to total cell counts multiplied by
the number of copies of 16S rRNA genes in each genome. Whether
global qPCR counts are offset from cell counts by the average
genomic 16S rRNA gene copy number has not been tested in marine sediments.
The high sensitivity of CARD-FISH to cells with low activity
and low ribosome content makes it especially noteworthy that few
CARD-FISH studies of deep subsurface sediments (⬎1 m below
the seafloor [mbsf]) have found archaea in appreciable quantities
(3, 19–22). If accurate, these results provide strong evidence that
the amount of viable archaea in deep marine sediments is quantitatively negligible. If this is true, then the results of DNA and lipid
analyses suggesting that archaea are abundant most likely reflect
findings based on detrital archaeal cell remains.
However, to our knowledge, each study that argued for negligible populations of archaea in deep marine sediments (sediment
depth, ⬎1 m) on the basis of CARD-FISH used the enzyme lysozyme to permeabilize archaeal cell walls (3, 4, 19, 21, 22). Lysozyme hydrolyzes the ␤-1,4 glycosidic bond between N-acetylmuramic acid and N-acetylglucosamine in the peptidoglycan of
Gram-negative bacterial cell walls (23). Cell walls of cultured archaea do not contain peptidoglycan. Instead, some archaea have a
pseudopeptidoglycan cell wall with a ␤-1,3 glycosidic bond that is
not hydrolyzed by lysozyme (24). Most archaeal cell walls are surrounded by a thick S layer of proteins. So, an effective method to
permeabilize archaeal cell walls necessarily involves partial digestion of this protein layer. Proteinase K degrades a broad spectrum
of proteins (25), making it a suitable candidate to permeabilize
archaeal cell walls. Other permeabilization procedures include
those involving Triton X-100, sodium dodecyl sulfate (SDS) plus
lysozyme, and lysozyme plus achromopeptidase. Triton X-100
and SDS are detergents that interact nonspecifically to disrupt
proteins. Achromopeptidase hydrolyzes bonds between N-acetylmuramic acid and the D-amino acids linking adjacent peptidoglycan strands. Achromopeptidase was originally added to environmental CARD-FISH preparations to target Gram-positive bacteria
(26); archaeal pseudopeptidoglycan’s interstrand L-amino acid peptide linkages are not its preferred substrate. Therefore, proteinase
K and, possibly, the detergents appear to be capable of permeabilizing the cell walls of cultured archaea, whereas lysozyme and
achromopeptidase do not. In direct comparisons of the permeabilization methods in the same samples, proteinase K produces
better archaeal CARD-FISH signals than lysozyme in seawater
(27) and in pure cultures of archaea (28). However, given that the
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samples were obtained from Station H in the White Oak River estuary in
North Carolina on 2 October 2012, a site that has been previously characterized for geochemistry and microbiology (29). CARD-FISH was performed following the method of Teira et al. (27). All statistical tests were
performed using the R package, version 3.0.0 (30). Plots were generated
using the ggplot2 package (31). Our database is available as supplemental
Excel files (see Table S2 in the supplemental material for seawater and
Table S3 in the supplemental material for sediments), and an R package to
reproduce all our analyses and plots is available from the authors.

RESULTS AND DISCUSSION

Evaluating bacterial and archaeal FISH and CARD-FISH yields
relative to total cell counts in seawater. In seawater, 99% of FISH
and CARD-FISH measurements were within an order of magnitude of total cell counts, and the median yield was 71% (interquartile range, 59 to 82%) (Fig. 1A). No methodological variation had
a large effect size on yield; however, a few methods had small but
statistically significant effects (P ⬍ 0.001, analysis of variance
[ANOVA]; see Fig. S1 and Table S4 in the supplemental material).
Polyribonucleotide FISH improved the median yield by 12 percentage points over the yields obtained by FISH and CARD-FISH.
FISH and CARD-FISH median yields were statistically indistinguishable from each other, but the CARD-FISH data were less
scattered. Automated counting resulted in slightly higher yields (4
percentage points) and less scatter than manual counts. For archaea, methods that used mixed polyribonucleotide probes had
slightly higher yields than methods that used mixed Euryarchaeota
and Crenarchaeota probes, and the yields by the latter methods
were slightly better than those achieved by methods that used the
ARCH915 probe alone. For bacteria, methods that used mixed
polyribonucleotide probes had slightly higher yields than methods that used EUB338 I or EUB338 I to III; the yields obtained by
methods that used the last two probes were indistinguishable from
each other. Polyribonucleotide probes span the length of the ribosome, including universally conserved regions, which could cause
them to bind to nontarget taxa. We cannot determine whether the
high yields obtained by methods using these probes are due to
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FIG 1 Yields for seawater (A) and sediments (B) obtained by FISH, CARDFISH with proteinase K permeabilization for archaea, CARD-FISH with other
permeabilization methods for archaea, and polyribonucleotide FISH. The
solid line is the 1:1 line, and the numbers of data points in each method group
are listed in the corresponding color in each panel. In all CARD-FISH analyses,
lysozyme was used to permeabilize bacteria.

double counting of bacteria and archaea. Therefore, the best
probes appear to be Euryarchaeota plus Crenarchaeota probes for
archaea and either EUB338 I or EUB338 I to III for bacteria. No
significant difference between AO and DAPI general DNA stains
could be seen. All studies used the same fixative (formaldehyde
derivatives), and all except two CARD-FISH studies permeabilized cell walls with lysozyme for bacteria and proteinase K for
archaea, so the effects of these methods could not be tested robustly. Therefore, it appears that most of the cells in seawater
which can be counted with general stains are alive (contain ribosomes). We found that the yields of the FISH and CARD-FISH
methods in common use are accurate relative to total cell counts
and can be relied upon to enumerate bacteria and archaea in environmental samples.
Evaluating bacterial and archaeal FISH and CARD-FISH
yields relative to total cell counts in sediments. In contrast, FISH
and CARD-FISH yields in marine sediments were highly variable,
with median yields of 40% (interquartile range, 12 to 70%) (Fig.
1B). It seems reasonable to expect that cell quantifications are less
precise in marine sediments than in seawater. Large volumes of
seawater can be concentrated on a filter with little attending organic matter or mineral grains to either hide cells (false negatives)
or adsorb fluorophore (false positives). This allows very low natural cell densities to be increased to a level high enough to count
precisely. In sediments, no such concentration is possible, since
filters retain sediment grains, in addition to cells. Rather, cells
must be diluted from natural concentrations to avoid the formation of layers on the filter, or cells must be extracted from the
sediment matrix in a method which has been used to obtain total
cell counts but not in FISH and CARD-FISH (32). Researchers
working in sediments must discern the difference between a true
cell (small, smooth, well-defined, and highly fluorescent) and the
background fluorescence of the sediment matrix (15). It is also
possible that marine sediments have inherently lower yields than
seawater because more of the microbial community is intact
enough for cell counts yet free of ribosomes because they are dead.
However, despite all these difficulties, a subset of sediment
studies achieved yields as high as those from seawater. By focusing
on yield (as opposed to absolute amounts), we controlled for various absolute abundances of microorganisms in different environments. These studies that obtained high yields used CARD-FISH
with the same permeabilization procedures that were used with
seawater: lysozyme for bacteria and proteinase K for archaea (Fig.
1, red points). All 9 sediment cores analyzed with this method had
median yields within or above the interquartile range of seawater
yields (Fig. 2). When lysozyme or lysozyme and achromopeptidase together were used to permeabilize archaea for CARD-FISH,
yields were extremely low, as none of the 17 cores with archaea
permeabilized with lysozyme and only 2 out of 9 cores with archaea permeabilized with lysozyme/achromopeptidase had median yields within the interquartile range of the seawater yields
(Fig. 2). CARD-FISH using detergents for archaeal permeabilization and FISH (which does not require a permeabilization step)
produced variable yields relative to total cell counts (Fig. 2). The
effects of the permeabilization procedure on CARD-FISH yields
were significant (P ⬍ 0.001, ANOVA with rank-ordered yields),
with the median yield obtained with proteinase K permeabilization being higher than the median yields obtained with lysozyme/
achromopeptidase and detergent permeabilization, all of which
were significantly higher than the median yield obtained with ly-
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sozyme permeabilization (Fig. 3A; see Table S5 in the supplemental material). The 13 lowest-yielding sediment cores (median
yield, ⬍6%) were all quantified with CARD-FISH using lysozyme
to permeabilize archaea. Notably, all the Peru Margin cores where
archaea were found to be quantitatively negligible (sites 1227,
1229, and 1230) had yields of ⬍13%. As with seawater, other
methodological variations had only small effects on yields, some
of which were statistically significant (P ⬍ 0.001, ANOVA; see Fig.
S2 and Table S4 in the supplemental material). Due to the overwhelming effects of archaeal permeabilization procedures on yield
(Fig. 2 and 3), we considered only data from CARD-FISH methods using proteinase K for archaeal permeabilization and all FISH
data in our comparisons of these other factors. SYBR green I- and
(dichlorotriazinyl)aminofluorescein (DTAF)-stained cells had
yields 30 percentage points greater than the yield for DAPI-stained
cells, which had a yield 20 percentage points higher than that for
AO-stained cells. This result agrees with reports that SYBR green I
provides better cell counts due to low background staining (33).
DTAF, on the other hand, may have led to a high rate of falsepositive counts since DTAF stains polysaccharides rather than
DNA, a property that has been used to visualize nonliving extracellular polysaccharides in seawater (34). Due to DTAF’s low spec-
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ificity, we do not recommend its use for cell counting. CARDFISH improved on FISH yields by 40 percentage points, possibly
due to the sensitivity of CARD-FISH to cells with low ribosome
contents. No bacterial probe bias was detected (EUB338 I versus
EUB338 I to III), and probe bias could not be assessed in archaea
because all measurements were made with ARCH915.
We then tested whether low yields indicate the contribution of
intact dead, ribosome-free cells to total cell counts, rather than
inaccurate quantifications, by determining whether yield was related to environmental factors that might predict the physiological
state of the organisms. Eleven of the 13 lowest-yielding samples
were from the deep sea (⬎250-m water depth), and all 13 included
measurements from the deep subsurface (⬎1-m sediment depth).
Here, cells are very energy limited (2), and sediments from these
locations may contain a higher proportion of dead cells than sediments from other locations. However, deep-sea sediments have
high CARD-FISH yields when proteinase K is used; five deep-sea
sediment cores had yields that matched or surpassed seawater
yields (25th percentile, 59%). Likewise, deep subsurface sediments (Peru Margin sites 1227, 1228, and 1230, which had depths
up to 121 mbsf) had higher yields when FISH or CARD-FISH
using detergents to permeabilize archaeal cell walls rather than

aem.asm.org 7793

Downloaded from http://aem.asm.org/ on November 19, 2013 by guest

FIG 2 Sediment FISH and CARD-FISH yield box plots colored by archaeal permeabilization method and ordered by the decreasing yield of each individual
study. Black line, median seawater yield; blue shading, interquartile range (i.e., the range bounded by the 25th and 75th percentiles of the yields). Samples from
⬎250-m water depths are labeled with “deep-sea” above the data. Numbers in the color ribbon at the top indicate the number of data points in each box plot, and
numbers in brackets after each core description correspond to the source citations in Table S1 in the supplemental material. Data from studies with only one data
point and studies in intertidal environments (see Fig. S3 in the supplemental material) were excluded from the plot. HMMV, Haakon Mosby Mud Volcano.
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sediments shallower than 1 m (B and D). Letters under the box plots indicate statistically indistinguishable groups, based on ANOVA on rank-ordered data with
the Tukey honestly significant difference post hoc analysis (P ⬍ 0.001), and the numbers of data points and individual studies are listed above each box plot (box
plot values are listed in Table S5 in the supplemental material). Colors and shadings match those in Fig. 2.

CARD-FISH using lysozyme to permeabilize archaeal cell walls
was used (Fig. 2). Another study also found archaeal cell counts
to be well above the quantification limit, after permeabilization
with hydrogen peroxide, at depths up to 300 mbsf in the Leg
201 samples (35), although the measurements are not included
in Fig. 2 because they did not include bacterial or total cell
counts. Furthermore, the lysozyme method produced significantly lower yields than the proteinase K method even when
sediments from only the upper meter were compared (Fig. 3B),
suggesting that low yields in the deep subsurface are an artifact
of a suboptimal methodology rather than a direct reflection of
the metabolic state of cells.
FISH studies, on the other hand, had a wide range of yields,
even though most studies used nearly identical FISH methods.
Therefore, low FISH yields appear to be associated with less active
communities since environmental factors do correlate with yield;
all eight deep-sea samples had FISH yields below the median yield
range of seawater (Fig. 2). This sensitivity of FISH to cell activity
was observed in a previous meta-analysis (36) and is consistent
with this method’s demonstrated low fluorescence in presumably
low-activity cells (15).
We then tested whether methods with systematically low yields
had low ratios of archaea to bacteria, suggesting that a systematic
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undercounting of archaea may have contributed to the low yield.
Measurements obtained by CARD-FISH with proteinase K permeabilization had significantly higher percentages of archaea than
CARD-FISH with the other permeabilization methods in the full
data set (Fig. 3C) and in sediment depths restricted to less than a
meter (Fig. 3D). As predicted by our hypothesis, lysozyme archaeal permeabilization reported low archaeal fractions, even
when sediments from only the top meter were compared (Fig.
3D). The single seawater study that used this method (37) also had
very low archaeal fractions (⬍5%). Notable exceptions from the
correlation between low yields and low ratios of archaea to bacteria were intertidal sediments from the Wadden Sea area in Germany and the New Jersey shelf in the United States (see Fig. S3 in
the supplemental material). These environments are characterized by permeable sands and large tidal ranges, which frequently
expose the sediment surface to air. All 11 studies with samples
from these sites had relatively high (⬎37%) median yields, even
though they did not measure archaea at all (4 studies) or quantified archaea to be ⬍5% of total cell counts (7 studies). No other
sediment studies coupled high yields and low archaeal fractions,
suggesting that for these environments and only these environments, archaea are truly a minor component and are negligible in
total cell counts, as has been noted previously (15, 38). With the
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FIG 3 Evaluation of effects of archaeal permeabilization method on CARD-FISH yield (A and B) and fraction of archaea (C and D) for all data (A and C) and
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colored by core. Gray-shaded region, 95% prediction interval for the data in aggregate (i.e., 95% of future measurements are predicted to be within this interval);
green-shaded areas, known variation in the range of 16S rRNA gene copy numbers per genome (dark green ⫽ 3.04 per genome; light green ⫽ 24 per genome).
Each sediment core is coded by color and has its own fit line; data source citations are in Fig. S4 and Table S1 in the supplemental material. (B) Standard deviation
(Std. dev.) of qPCR counts (open blue circles) or yields by CARD-FISH with proteinase K archaeal permeabilization (closed red circles) versus standard deviation
for cell counts for each core. (C) Sum of separately measured 16S rRNA gene copy numbers of archaea and bacteria versus a single measurement obtained with
universal primers, with the 95% confidence interval shown in gray. In all panels, solid black lines are the 1:1 line and dashed black lines are linear regressions of
the data.

exception of these sandy intertidal zones, proper archaeal permeabilization procedures appear to be necessary to achieve both high
fractions of archaea and high yields.
Evaluating archaeal and bacterial qPCR measurements relative to total cell counts. High CARD-FISH yields relative to total
cell counts do not necessarily mean that CARD-FISH is the most
accurate method because CARD-FISH and total cell counts are
both based on the visual counting of cells in microscopic images
and may therefore suffer from similar biases. Therefore, we compared the measurements obtained by cell counting methods to the
measurements obtained by qPCR, which is the only other commonly used quantification method.
In the 10 studies (352 samples) that included cell counts in
addition to archaeal and bacterial qPCR measurements, 16S rRNA
gene copy numbers were not closely related to total cell counts
(Fig. 4A; see Fig. S4 in the supplemental material). The correlation
was positive and significant (log-log, P ⬍⬍ 0.001, R2 ⫽ 0.41), but
the large 95% prediction interval showed that qPCR measure-
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ments are poorly predicted by total cell counts. For a given cell
count, the narrowest interval that contained 95% of qPCR copy
numbers spanned 4 orders of magnitude (Fig. 4A, gray band).
This variability is too large to be explained by different 16S rRNA
gene copy numbers per cell (mean ⫽ 3.04, maximum ⫽ 24, excluding the results for Streptococcus agalactiae at 85 gene copies
per cell, based on the findings obtained with 5,669 published genomes [39]). In fact, many of the data points lie under the 1:1 line,
which indicates either highly variable undercounting by qPCR or
highly variable overcounting of total cells. To test which of the two
methods drove the observed variability, we compared the standard deviations of all log-transformed qPCR measurements
within a sediment core with the standard deviations of all logtransformed cell counts within the same core. For the majority of
sediment cores (15/25), qPCR measurements were more variable
than cell counts (Fig. 4B), showing that qPCR and not cell counts
drove the high variability seen in Fig. 4A. Overall, the variance in
qPCR counts was weakly correlated (P ⫽ 0.03, R2 ⫽ 0.19, n ⫽ 26)
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FIG 4 Evaluation of qPCR counts relative to cell counts. (A) Sum of separately measured bacterial and archaeal 16S rRNA gene copy numbers versus cell counts

Lloyd et al.
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teria and archaea in marine environments: what is their
abundance, and what fraction is viable?
With CARD-FISH, bacterial cell densities decreased with
depth in sediments and also below the euphotic zone in seawater
(Fig. 5A and D). In sediments, we used qPCR measurements to
estimate total bacteria by multiplying the best-practice qPCR fraction for bacteria by the total cell count for that sample and the
median yield for best-practice method CARD-FISH (0.84). With
this method, bacterial cell densities decreased with depth at a slope
nearly identical to that for the CARD-FISH data. However, qPCR
estimations were systematically higher than CARD-FISH measurements, suggesting that bacteria are overrepresented in qPCR
measurements due to more efficient DNA extraction, better
matches to primers, or higher 16S rRNA gene copy numbers than
those for archaea. Unexpectedly, the trend of decreasing bacteria
with depth in marine sediments ended at ⬃10 mbsf; below this
depth, bacterial cell density was not correlated with sediment
depth. This may indicate the presence of a more stable deep subsurface population that is better equipped for subsurface living.
Archaeal qPCR-estimated cell densities also decreased with
depth in marine sediments and below the euphotic zone in seawater (Fig. 5B and E), but this decrease was more gradual than that of
bacteria, causing the ratio of archaea to bacteria to increase significantly with depth in the upper 10 m of marine sediments and
below the euphotic zone in seawater (Fig. 5C and F). The trend of
increasing ratios of archaea to bacteria with depth was true within
individual sediment cores as well (13/16 cores; the results for 6
were significant to a P value of ⬍0.05). No core had a statistically
significant decrease in the ratio of archaea to bacteria with depth.
Increasing ratios of archaea to bacteria with depth have been well
documented in seawater (44, 45), and we show that is upheld in
both seawater and sediments when all published data are considered together. Archaeal CARD-FISH counts increased slightly
with depth (Fig. 5E); although the data coverage was low, the slope
was barely significant, and the trend explains only 4% of the variation. Low data coverage also makes it difficult to know if a more
persistent population of archaea is found below 10 mbsf, similar to
the findings for bacteria.
To answer the second question about cell viability in the marine subsurface requires the assumption that cells or spores containing ribosomes, even at a very low concentration, are alive,
although cells may not be very active relative to human timescales.
The extremely slow biomass turnover in the deep subsurface
makes it difficult to test this hypothesis (46), but the high chemical
lability of RNA and its rapid degradation (47) make RNA a good
candidate for an indicator of living biomass. In both seawater and
sediments, the majority of cells producing DAPI, AO, or SYBR
green signals also had positive CARD-FISH signals, showing that
they contain ribosomes. If ribosome-free yet intact cells are present, they must therefore represent a minority of archaea and/or
bacteria. This agrees with metatranscriptomic data (48) from Peru
Margin sediments, showing that at all sediment depths assayed
(down to 159 m) both bacteria and archaea contain mRNA.
Conclusions. The near absence of viable archaea in published
CARD-FISH quantifications of the deep marine subsurface is
likely to be an artifact of improper archaeal permeabilization procedures and does not indicate archaeal inactivity or absence.
qPCR measurements for deep subsurface sediments obtained using ARCH516 as a primer or probe also systematically underestimate the fraction of archaea. These conclusions are supported by
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to the variance in total cell counts from the same core. As a comparison, the variance in CARD-FISH counts using proteinase K to
permeabilize archaea was very closely related (P ⬍ 0.001, R2 ⫽
0.80, n ⫽ 10) to the variance in total cell counts with a fit line that
was indistinguishable from a 1:1 line (slope ⫽ 0.98 ⫾ 0.18, intercept ⫽ 0.03 ⫾ 0.05; Fig. 4B).
This high variability of qPCR data is well within that expected
from the variability of DNA extraction yields. Two commonly
used kits, MoBio UltraClean and FastDNA Spin kits, had yields of
DNA retrieved from a known quantity of cells added to sediments
of 15% ⫾ 16% and 28% ⫾ 11%, respectively (40). This means that
qPCR is not a reliable method to measure absolute quantities of
cells in marine sediments, most likely due to variable extraction
yields. However, for a given extraction, qPCR of 16S rRNA is
quantitative relative to that of other genes, since the sum of bacterial and archaeal 16S rRNA gene copy numbers closely matches
the 16S rRNA gene copy numbers obtained using a primer set
universal for all prokaryotes (P ⬍ 0.001, R2 ⫽ 0.74, n ⫽ 80; Fig.
4c). This suggests that, at least for these primers, measurements of
extracted DNA are precise, if not accurate. Previous work agrees
that although absolute quantities of qPCR measurements vary by
extraction (35), relative values are repeatable across different
primer sets (35) and cores (5, 29).
We did not systematically examine primer bias across all primers because bias depends on how well a primer or TaqMan probe
matches the in situ microbial community, which varies greatly
across ecosystems. Also, unlike with FISH and CARD-FISH, researchers utilized a wide range of qPCR primers and probes, making spurious correlations likely for each small data set. However,
ARCH516, which was developed to target hydrothermal vent archaea (41), has previously been suggested to be biased against the
type of archaea found in organic-rich marine sediments (12).
Therefore, we tested whether this bias was borne out in the whole
data set. We found that using ARCH516 as a qPCR primer or
probe was associated with lower percentages of archaea (P ⬍
0.001, n ⫽ 430; see Fig. S5A and Table S6 in the supplemental
material). This bias was depth dependent; we found that the use of
ARCH516 systematically resulted in low percentages of archaea at
every depth except for the top centimeter, in which all qPCR primers/probes resulted in low archaeal fractions (see Fig. S5B and
Table S6 in the supplemental material). An exception that supports the conclusion that the use of ARCH516 is inadequate for
archaea in organic-rich sediments is that in the few studies of
oligotrophic sediments available, the use of ARCH516 resulted in
more archaea than bacteria (42, 43). This reflects the fact that the
ARCH516 sequence is a good match to archaeal sequences retrieved from oligotrophic deep-sea sediments (84 out of 85 archaeal sequences in the Silva 111NR database from the South Pacific Gyre contained perfect matches to the ARCH516 sequence).
Using best-practice methods to examine changes in abundance of archaea and bacteria with depth in marine environments. We conclude that the best practice to determine the absolute densities of viable bacteria and archaea in marine sediments is
CARD-FISH using lysozyme and proteinase K to permeabilize
bacteria and archaea, respectively. For seawater, FISH measurements are also acceptable. The best practice for qPCR is to report
values relative to those for comeasured genes. For anoxic marine
sediments, ARCH516 should be avoided, although other environments will have different primer biases. These best-practice methods provide initial answers to the two basic questions about bac-

Evaluating Marine Quantitative Methods

relative to the sum of bacteria and archaea (C) in seawater; (C to F) cell densities measured with CARD-FISH with proteinase K for archaeal permeabilization
(red) or estimated from relative qPCR measurements and total cell counts (blue) for bacteria (D), archaea (E), and the fraction of archaea relative to the sum of
bacteria and archaea (F) in marine sediments. Dotted lines, linear regressions of data of the same color; gray shading, 95% confidence interval. Fit parameters,
breakpoints, and statistical parameters are provided in Table S7 in the supplemental material.

the fact that lysozyme cannot hydrolyze the compounds in archaeal cell walls (24) and the fact that the ARCH516 sequence is a
poor match to the 16S rRNA gene sequences of most archaea in
anoxic sediments (12). Despite the inherent difficulties of quantifying cells in sediment, it appears to be possible to reach the accuracy of CARD-FISH yields of seawater if cells are permeabilized
using lysozyme and proteinase K for bacteria and archaea, respectively. Although absolute qPCR quantifications are highly variable, likely due to the variability introduced during the DNA extraction step, this method provides accurate values relative to
other qPCR measurements, as long as appropriate primers and
probes are employed. We propose that gene copy numbers per
volume of sample measured by qPCR should be reported only
relative to other qPCR-measured values for samples with similar
extraction biases (i.e., the same sample or samples extracted
alongside each other with the same methods). We predict that
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CARD-FISH measurements made below 1 mbsf using best practices will show that the abundance of bacteria and archaea are
similar for the following reasons: archaeal abundance in the deep
subsurface (up to 120 mbsf) is supported by qPCR and FISH data,
qPCR and CARD-FISH data are in good agreement where bacteria
and archaea co-occur, and qPCR and CARD-FISH show that the
fraction of archaea increases with depth. These predictions are in
line with the conclusions of previous qPCR-based studies (22, 49,
50). Therefore, we propose a solution to the Peru Margin conflict:
data from best-practice qPCR and CARD-FISH agree with data
from lipid (11) and metagenome (9) analyses that both archaea
and bacteria are abundant, alive, and important in shaping the
ecology and biogeochemistry of the vast microbial subsurface
biome.
When all data collected with best-practice methods are considered, both bacteria and archaea decrease with depth below the
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FIG 5 Results of best-practice quantification methods. (A to C) CARD-FISH and FISH quantifications of bacteria (A), archaea (B), and the fraction of archaea
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euphotic zone in seawater and in the upper 10 m of sediment,
although the archaea increase relative to bacteria. In the presence
of dwindling carbon and energy substrates with depth, something
in the nature of archaea may make them more resistant to decay
than bacteria in this energy-starved environment, as has been suggested previously (51). There is some evidence that uncultured
archaea degrade detrital proteins in marine sediments (52), a metabolism shown to confer resistance to Escherichia coli populations
undergoing energy starvation (53). Another option is that archaea
may have lower total mRNA concentrations per cell (48), suggesting that archaea tolerate starvation simply by functioning at a
lower metabolic rate. A third option is that subpopulations of
archaea are able to find metabolically productive niches, even
though the larger population is decaying. Interestingly, the major
control of bacterial population size appears to shift at a sediment
depth of about 10 m, suggesting that a subset of bacteria may be
adapted to life in the deep subsurface. However, more data collected with best practices are required to determine whether that is
also true for archaea or for sediments in environments with extremely small amounts of organic matter, such as the midocean
gyres.
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