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Redefining relativity: quantitative PCR at low template
concentrations for industrial and environmental microbiology
DP Chandler

Environmental Microbiology, Pacific Northwest National Laboratory, 900 Battelle Blvd, Mail Stop P7-50, Richland, WA
99352, USA

The application of PCR techniques in environmental and industrial microbiology is complicated by innumerable
organic and inorganic contaminants and enzyme inhibitors that copurify with nucleic acids. These complications
are compounded in quantitative PCR (QPCR) methods, which are predicated upon subtle yet significant assumptions
of amplification efficiency and the representativeness of the sample with respect to the environment or industrial
process from which it was obtained. In low-biomass and/or low-template situations, additional concerns related to
target gene spatial heterogeneity in the sample, differential DNA (or RNA) extraction efficiency, molecular sampling
error, attenuation of PCR inhibitors and amplification bias can quickly undermine fundamental assumptions of con-
ventional competitive PCR (cPCR) and most-probable-number PCR (MPN-PCR) formats. A critical evaluation of cPCR
and MPN-PCR assumptions is therefore presented within the context of environmental microbiology and low-tem-
plate enumerations. Fundamental conclusions from the analysis of gPCR assumptions are that: (a) environmental
gPCR enumerations are invariably estimates, not absolute enumerations, which are relative to the PCR standard;
(b) traditional cPCR assays are ill-suited for environmental applications, especially in low-biomass situations; and
(c) both cPCR and traditional MPN-PCR practices insufficiently account for field-scale, process-level or experimental
variations that arise and become amplified in PCR enumerations. Thus, sample representativeness and errors related
to sample replication are frequently more important than errors related to the qPCR assay itself. Based upon this
critique of gPCR assumptions, an alternate qPCR method for routine environmental application is described which
is based upon replicative limiting dilution analysis and the pragmatic tradeoffs between analytical sensitivity and
practical utility.

Keywords: quantitative PCR; competitive PCR; MPN-PCR; low template; bias; polymerase chain reaction; environmental
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reaction (PCR), universally employed for its ability to articles, reviews and methods manuals have been written

. . . ._describing quantitative PCR methods in laboratory settings
exponentially amplify a target gene of interest for facile
detection. A recent summary of PCR technology for[eg 2-4,16,18,22,24,25,28-30,32,33,35,37,38,46,51,54,60,

environmental applications has been published, with a cal £5,68,71,73], but development and application of these

. X X L{échniques for environmental samples has been slow
tionary preface and introductory chapter alerting the read .
to inherent difficulties and nuances associated with PC 7,11,31,36,39,41,43,49,50,55,64]. The relative absence of

amplifications from environmental materials [61]. To be quantitative PCR methodologies for environmental appli-
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routine samples consist of abundant, highly purified DNA.Of methods desc(:jr_|bedh|n tf:je lnL_JcIelc acid I_|teratt_1|_reb|anf
A ‘routine’ environmental sample, however, also Comamsuncertamty regarding the underlying assumptions (Table 1)

involved with the assay. Like prior environmental experi-
ence with standard PCR, the wholesale adoption of clinical
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The advent of nucleic acid technology has initiated a ne
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Table 1 Summary of quantitative PCR methodology and data output 129
cPCR MPN-PCR RLD-PCR
Format Coamplified internal standard Dilution to extinction Dilution to extinction, with true
replication
Enumeration relative to Internal standard No standard External standard
Assumptions Many Few Very few
Validation requirements Extensive Few Few
Sensitivity Excellent, to single-copy Excellent, to single-copy Excellent, to single-copy
Precision Excellent Very good, within limits of dilution Very good, within limits of dilution
Accuracy relative to assumptions Variable Good Excellent
Accuracy relative to the sample Variable, highly dependent on Variable, dependent on Good, accounts for variation in
satisfying all assumptions and representativeness of single PCR and sampling events
representativeness of single sampling event

sampling event

cPCR= competitive PCR formats; MPN-PCR most-probable-number PCR including MPN statistics; RLD-PEReplicative limiting dilution PCR
with statistics described in the text. Similar considerations apply to quantitative RT-PCR methods but are not discussed here.

theory, as this can be found in previously cited referencesefficiency (below). Raeymaekers [51] provided an excellent
Rather, the purpose of this article is to identify some keymathematical treatment of this obvious and continued over-
theoretical and practical limitations of conventional gPCRsight of basic theory. Even ET # ES, the main effect on
techniques as they apply to environmental samples anthe log-log plot is a line-shift in parallel compared to the
low-biomass (or low copy number) situations, and intro-plot when the efficiencies of amplification of target and
duce a generalized gPCR approach for environmentatandard are equal. In practice, however, it is impossible to
samples that attempts to account for and minimize thesdetect a parallel shift because there is no reference point
limitations. for the standard. Raeymaekers further pointed out that there
is no theoretical ground to choose the point where log
(T/S) = 0, the point of equivalent product accumulation,
for calculations ofT, if the slope of the graph isl as
Theoretical considerations required. From these fundamental theoretical consider-
Quantitative, competitive PCR (cPCR) techniques are genations, a quantitative, competitive PCR assay yielding a
erally classified as those where a known amount of internafjraph relating logl/S.,) to log S, which is nonlinearor
standard is coamplified with the target gene of interestioes not have a slope eflL cannot be used for absolute
(Figure 1a). During the exponential phase of the PCR read4,5,31,39,41,71]nor relative quantification ofT,. If the
tion, the amount of PCR product accumulated afteycles  amplification efficiency of target and standard remains con-
(T, andS) is described by the equations: stant through all PCR cycles, even fgf # ES, arelative

T, =T, (1+E0) 1) quantitation ofT, is still possible [51].

S$=%1+E) @ Assumptions of equal amplification efficiency
whereT, and §, are the initial amounts of target (T) and From Equations (1) and (2), it is obvious that small differ-
standard (S), respectively, arief and ES are the mean ences in amplification efficiency between target and stan-
amplification efficiencies of the target and standard for alldard templates will generate very different amounts of final
cycles. From these two equations, a general formula foPCR product. The competitive PCR concepts involving a
experimentally determinind, becomes: coamplified internal standard were developed to improve
_ _ T the reliability of the quantitative results by providing a
log(T:/S) = logT, —log$, + n x log[(1 + EN/(1 + E7)] means to correct for variations in PCR efficiency [20,73].
) Internal controls also help control for variations in thermal
A basic assumption for absolute quantitation by competicycler performance and reagent formulations that might
tive PCR techniques is that the efficiency of amplificationotherwise lead to unequal amplification efficiencies. Since
be the same for both the target (T) and standard (S), iboth the target and standard compete for amplification in
which case Equation (3) simplifies to: the same tube, any variable affecting amplification
_ _ efficiency is therefore assumed to have the same effect on
log(Tw/S) = logT, ~ logS, + n “) both templates [31,73]. Thus, considerable attention is
According to Equations (3) and (4), a graph relatingfocused upon accurate determination of final PCR product
log(T./S) to log S should form a straight lindaving a  yield, rather than the basic assumption of equal amplifi-
slope of-1 provided the ratio (1+ E")/(1 + ES) remains cation efficiency.
constant. Indeed, much attention has been given to the pro- The amplification of a target gene and competitive tem-
perty of linearity, but little notice is ever given to the basic plate in a single reaction tube is directly analogous to the
mathematical prediction and requirement that the slepe coamplification of specific alleles in genetic analyses or
-1 independent of assumptions of equal amplificationmultiple 16S rRNA genes from an environmental nucleic

Quantitative competitive PCR
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Figure 1 Graphic representation of quantitative PCR methods. Panel (a) illustrates the competitive PCR format; panel (b) represents the standard M
PCR format; panel (c) shows an example of replicate limiting dilution analysis presented herein.
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acid extract. In both cases, there is ample evidence thahicrobial community DNA, there is some evidence that
preferential amplification of one template over anothermolecular sampling error occurs at target densities orders
sequence can and does occur [45,53,56,58,67,70]. Preferasf-magnitude higher than in highly purified DNA samples
tial amplification can occur: (a) due to differential denatur-with limited target gene sequence complexity [12]. These
ation of templates; (b) from differential annealing of pri- additional random and nonuniform processes in the early
mers (eg amplification of a heterologous internal standard)phase of the PCR can alt&f and/orES, which will result
(c) as a result of different target length; (d) if the targetin PCR enumeration error. In most gPCR situations, then,
DNA is degraded or impure; or (e) when the initial numberthere will be a lower limit of (relative) quantitative detec-
of sampled genomes (or targets) is very small. Indeed, a &on. For environmental or industrial samples, the com-
bp difference was enough to consistently bias the amplifiplicating factors of variable chemical backgrounds suggest
cation of a trinucleotide repeat region in favor of the that the lower limit ofreproducibledetection and enumer-
smaller amplicon, with damaged template, low templateation is likely to be higher than otherwise expected. There-
quantities or addition of monovalent salts also contributingfore, the limits of detection and enumeration should be
to PCR bias for the smaller target [45]. Even though thedefined for each target of interest and each environmental
mechanism of PCR inhibition by humic acids and Othersamp|e under investigation.
copurified environmental constituents is not understood, it The interaction between environmental contaminants and
is clear that the added chemical complexities of and PCRhe PCR process is not understood, nor is the interaction
inhibitors in environmental samples will exacerbate thepetween humic acids, metals, residual detergents, proteins,
effects and cause(s) of preferential amplification. ~~  chelators and nucleic acids present in an environmental
Even if care is taken to measure the overall amplificationaytract. Since many inhibitors of the PCR copurify with
efficiency of nucleic acids isolated from a sample relativencjeic acids from environmental samples, nucleic acids are
to a standard template under identical chemical conditiongiiner extensively purified, or the environmental sample is

[39,43], the resulting qugntitation still cannot be consigjeredsimp|y diluted to a point where the inhibitory effect is no
‘absolute’ unless there is a reference point from which t05ger noticeable [13,26,36,41]. The net result in both cases
evaluate amplification efficiency of the standard. Thus, §g ¢4 reduce the target concentration proportionately, some-
competitive PCR assay will always belative to the stan- ey several orders of magnitude, which increases the
dard. Admittedly, there are many situations where the ‘relay ity thatT, is within the range where molecular sam-
tive” enumeration is virtually indistinguishable from the i, "aror prevails. It is therefore imperative that the stan-
absolute’ number of target molecules in the sample [ZO]'dard curve be generated in the expected target concen-

. . X .
ggpﬁ:s'? ||y| natthhégzersiiﬁ;q%ﬁtse (t:r?gctiar:ﬁriﬁﬂgps g?f%%:(t)s Oftration range and satisfy the basic mathematical predictions
PIES). ’ y set forth above. In addition, extensive purification or

epwronmgntal contaminants can b.e m_ltlgated by Sampl%nvironmental sample dilution does not guarantee that the
dilution prior to the PCR, and complications due to prefer-inhibitors are no longer present and affecting the PCR, a

ential amplification are minimized when the number of tar-com lication likelv to surface at low template concen-
get molecules is high. Mer and Jansson [43] have also traticfns Y P

introduced the concept of competitor co-extraction to There is a qualitative (albeit not vet quantified) differ-
account for both nucleic acid extraction and amplification : quaiitativ ( !  yet quantne ) di
nce between isolating nucleic acids from environmental

efficiencies, a methodological advance which significantl .
improves the accuracy of cPCR quantitation. At low tem_samples' amended with Iog—phasg .cells [36'43'50’62_64]
nd environmental samples containing low native concen-

plate concentrations, however, the complicating chemicaf"® ;
factors of environmental samples, coupled with previously@tions of target or overall biomass (eg, the deep subsur-
described idiosyncrasies of the PCR, can combine to introf@c® [10,12,21,34,47]). Native microorganisms are fre-
duce error in a quantitative, competitive PCR format dueduently starved, metabolically inactive, dormant (eg spores)
to significant differences in (and possibly changing) ampli-2nd/or physically damaged, lifestyle differences that may
fication efficienciesE™ and ES) during the early rounds of significantly affect the availability of nucleic acids for

the amplification process [20]. extraction and analysis. In the former case, excellent extrac-
tion efficiencies and gPCR detection limits have been achi-
Low template concentrations eved, whereas little work has been performed under the

As pointed out by others [20], an exhaustive evaluation ofatter conditions. In low-biomass samples e 10° cells

all gPCR assumptions is frequently unnecessary for a rel&d™), itis clear that overall nucleic acid extraction efficiency
tively accurate cPCR enumeration. This assertion is equall{p extremely low [47]. The practical consequence of low
true for many environmental or industrial applications of biomass samples and concomitant inefficiencies in extrac-
gPCR techniques. At low template concentrations, howiion and recovery of nucleic acids is that the effective
ever, additional considerations apply. For example, the&oncentration required for detection increases and enumer-
initial solution phase polymerase:primer:template hybridiz-ation is less accurate [eg 50,52]. Due to poor nucleic acid
ation and complex is a random occurrence due to th&ecovery from low biomass samples and the added concerns
phenomenon of molecular sampling error [20,45,67]. Forof molecular sampling error and preferential amplification,
highly purified DNA samples, molecular sampling error hascompetitive PCR techniques appear to be less suited for
been observed at target copy number ranging from 20-7®w-biomass or otherwise low-copy environmental situ-
copies [45,67]; in a highly multiplexed situation, such asations than in highly purified, high-biomass samples con-
the concurrent amplification of 16S rRNA genes from totaltaining high or low quantities of target.



Redefining relativity
DP Chandler

132

Most-probable-number PCR meration to ensure that single-copy detection occurs in the
same chemical matrix as the target. In addition, it is
extremely important to ensure that negative results are due
" . . . . 280 the absence of target, rather than inefficient amplification
offshoots of the traditional microbiological enumeration (e negatives). Practical approaches to deal with these
procedure that combines dilution to extinction with e””Ch'issues are described below
mg?\lt ;lélg“'re [1h7]: It con;]es asbno SUEI’ISG, t?en, (;[hatptche The assumption of random template distribution is criti-
-PCR techniques have been the preferred qPCRy; 14 MpN theory. MPN tables tend to overestimate the
method in environmental microbiology [1,19,49,50,52,64],¢0\racy of the MPN method, since they are derived on
‘l’)".'tT onI‘)I/_. |nfreqlJ[)Q|r1t . anlslgaggn mpgerﬁeral .m(t))lecutljar the assumption that the mathematical analysis corresponds
io og);}( imiting _lutlop] [59, ]%. | theory "T{) aS€d  axactly to the practical situation [17]. In reality, the distri-
upon the assumptions that: (a) the elements to be enumegy oy of targets in solution do@mt conform to a Poisson

aﬁed aLe in sr?lutiorll; (b) .theydmust be _rar;domly disftribute istribution [6,23], an error which is propagated throughout
throughout the solution; and (c) a single copy of targely, qeria| dilution [15] resulting in confidence limits around

gives rise to a positive signal. The emphasis for PCR appligye estimate which can span two orders of magnitude [42].
cations is that the endpoint is all-or-none, rather than hile a plateau-phase detection point will accommodate

quantifiable endpoint as described above for competitive ;. ;. P ; PPN - A
X S y-to-day variations in amplification efficiency, pipetting
PCR methods. The assay consists of a serial dilution of thgy gijytion errors manifest themselves as altered extinc-

sample, and replicate PCRs for each point in the dilutionjo, hoints in a dilution series and contribute to enumer-

series (Figure 1b). Around the limit of dilution, an individ- 400" error above and beyond statistical theory. At low
ual tube contains either no targets and gives a negativV, e || concentrations of DNA, nucleic acid aggregation [8]
result, or contains one or more targets which give rise t

» S A cijuring repeated sample freezing and thawing may also alter
a positive result. The distribution of targets within eachy,q qistribution of target within the sample extract, further

reaction tube is assumed to conform to Poisson statistic% . : .
. roding the primary assumption of the MPN approach.
such that the mean number of targets per reaction tube Is 9 P y P PP

given by: One dilution series is not enough

m=-1np, (5) An implicit and often unstated assumption is that the sam-

) ) ] ple under investigation igepresentativef the environment

wherem = the mean target density apg is the proportion  or industrial process from which it was taken. It is well-
of negative reactions at each dilution point. =~ known that microorganisms are distributed non-randomly

The MPN technique is a procedure for obtainiesti-  in nature, and their tendency to aggregate, clump or adhere
matesand does not provide absolute quantitation. The preto surfaces also affects their distribution in environmental
cision of an MPN assay is directly related to the numberand industrial processes. The distribution of micro-
of replicate tubes assayed at each dilution of the sampl&rganisms in mixed-phase environments, then, are probably
with more tubes prOVIdIng smaller coefficients of variation very different from their distribution within the experi-
around the true target density. With respect to the dilutionmental sample represented as a liquid nucleic acid extract.
ratio, however, the average precision is practically identicapifferential and/or incomplete DNA extraction efficiencies
for any dilution ratio between 2 and 10, provided the total[11 27,40,44,47,62,63,66] can also affect target density in
number of tubes in the assay is identical, although the coethe final nucleic acid extract. In combination, these sources
ficient of variation is more stable and tends to be S|Ight|yof error could be more important than the large standard

Theoretical considerations
Most-probable-number PCR (MPN-PCR) techniques ar

lower for a 2-fold dilution series [17]. deviation of the MPN estimate itself [17]. Indeed, whether
the assay format is competitive- or MPN-PCIRamplerep-
Assumptions lication and sampleepresentativenesare important con-

Unlike competitive PCR techniques, there are relativelysiderations that are not explicitly addressed in many gPCR
few assumptions for MPN-PCR that can be violated. Quananalyses of environmental systems.
titation by MPN does not require the use of an added
internal standard and the endpoint is a simple all-or-non .- . o
determination. Because the endpoint is based upon the tj?_remsmn vs practical utility
minal plateau phase of the PCR, the technique is relativel{fhe foregoing discussion emphasized that quantitation of
robust and able to handle relatively wide variations innucleic acids by cPCR or MPN-PCR is complicated by a
amplification efficiency without affecting the estimation of number of technical considerations. It is also clear that the
DNA target numbers [59]. vagaries of microbial spatial heterogeneity, environmental
As discussed above, however, environmental contamisample chemistry, PCR inhibitors and low template concen-
nants can interfere with the PCR, and the assumption ofrations only serve to undermine pre-analysis assumptions
single-copy detection applige the samplenot to the PCR  and increase the requirements for method validation and
or the positive control templates. As with cPCR methodsguality control. The question then becomes, is high analyti-
the effects of environmental contaminants will be minim- cal precision necessary?
ized or unnoticeable at relatively high template concen- As noted for clinical samples, high analytical precision
trations, but may have significant effects on MPN-PCRdoes not necessarily translate into adequate assay perform-
enumerations at low target densities or low overall biomassance, defined as the ability to detect a target sequence at a
Therefore, controls must be included with each MPN enu-given level of sensitivity or analytical precision [48]. Assay
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performance depends on sample preparation to ensure tigesufficiently precise for many ecological and applied pur-
presence of an adequate number of targets, absence of enppses, yet simple enough for rapid development and practi-
matic inhibitors, and appropriate sampling time (stage ofcal application. Our approach, which is usually linked to a
disease; before, during, or after therapy). In addition, théroader ecological question or process, comes from several
volume of sample tested has a direct bearing on assay perenclusions related to and derived from the previous dis-
formance for low-copy targets. For example, an assay witltussion. These conclusions include: (a) cPCR assumptions
an analytical sensitivity of one target molecule will only are rarely satisfied in an environmental context; (b) cPCR
give a positive result in=70% of all reactions performed techniques are not reliable in a low-biomass, low copy-
if there is an average of only one target copy in the reactiomumber context; (c) the quality control requirements for
volume. In order to ensure that 99% of all samples willcPCR methods are more difficult to address than and out-
generate a positive post-amplification, single-copy signalyweigh the added effort required to perform multiple PCRs
the sample would need to contain an average of 10 targgter sample (as in MPN-PCR); (d) insufficient attention is
molecules irrespective of enzyme inhibitors. As discussedjiven to therelative amplification of the standard under
previously, the effects of inhibitors are themselves thoughtdealized and actual PCR conditions; and (e) both cPCR
to be more prevalent at low copy numbers of target. Preand traditional MPN-PCR practices insufficiently account
cision in practical terms also depends on the number ofor field-scale, process-level or experimental variations that
target molecules of interest. If thousands of targets ararise and become amplified in PCR enumerations conduc-
present per sample, a relatively insensitive and impreciséed on asingle sample.
amplification method will provide adequate assay performance. Given these conclusions and outlook on gPCR methods,
Therefore, it is important to differentiate between high analyti-the generalized but distinguishing features of our assay are
cal precision and functional performance and practicality, sincéhat: (a) we acknowledge forthrightly that all enumerations
the amplification system may not always provide adequatarerelativeto the standard, such that every enumeration is
overall performance despite high analytical precision [48]. only anestimate (b) the assay has a known lower detection
Similar, practical concerns have been voiced for theimit, but not necessarily single-copy sensitivity; (c) we use
application of nucleic acid technology in applied bioremed-and prefer the dilution-to-extinctioconceptbut do not use
iation situations [9]. In order for nucleic acid methods, MPN statistics; (d) the dilution series is constructed in
including gPCR techniques, to contribute important andkeeping with the ecological context and tolerable variation
timely information concerning microbiological processes,in the estimate or target density; (e) we make extensive use
they must provide timely and cost-effective information of spiked controls to estimate the extent of PCR inhibition
that cannot be obtained by other analyses. In addition, bas&nd minimum detection limitén the sample(f) we make
or applied gPCR studies of environmental or certain indusextensive use of external standards to calibrate the enumer-
trial processes need to consider the larger ecological aation through comparative analysis of product yields; and,
functional properties of the system: microbial spatial varia-most importantly, (g) we perform replicate nucleic acid
bility is an obvious, inherent and frequently overlooked fac-extractions from the sample, with replicate serial dilutions
tor which can significantly skew and distort conclusionsprepared from each nucleic acid extract prior to the PCR.
based on nucleic acid (and other) analyses [9]. Other varifhe experimental setup of our gPCR assay relative to com-
ables of practical importance include (but are not limitedpetitive- or MPN-PCR procedures is presented graphically
to): the extraction efficiency oin situ nucleic acids (as in Figure 1, with a comparative representation of underly-
opposed to estimates based on log-phase, spiked cellshg features described in Table 1.
extraction and amplification bias; expected (absolute) target In critiquing the method and comparing it to more estab-
density and chemical/genetic complexity in which the targelished assay formats, it is important to keep in mind the
exists; total biomass; lower detection limits which alsotradeoffs in analytical precision that come with practical
account for PCR inhibition; and consistent, reliable, repli-utility, and that increased precision can be obtained by
cation of PCR data which can be compared across spatiallysing two-fold base dilutions rather than 10-fold dilutions,
or temporally related samples. Assumptions related to sanperforming multiple nucleic acid extractions and replicate
ple selection and processing in an environmental or indusdilutions, or validating all of the assumptions involved in
trial context, then, may ultimately be more important thana cPCR assay. The basic experimental design for each sam-
the assumptions, practice and limitations of the gPCR techple, however, consists of two nucleic acid extractions, with
niques themselves. The joint considerations of practicatwo dilution series from each extract, with a single PCR
utility and the properties of environmental samples therefor each dilution point (Figure 1c). In this sense, it is a
fore call into question the need for high analytical precision‘'non-quantitative’ or ‘relative’ MPN experiment as defined
of routine gPCR techniques. by Sykes [59,60]. Nevertheless, the net result is a22
matrix, yielding four replicate dilution series. The total
number of PCR reactions per sample depends on the extent
of sample dilution. A typical enumeration in our lab
gPCR by replicate limiting dilution analysis involves four replicate 10-fold dilution series spanning five
Given the multitude of PCR and environmental consider-orders of magnitude, or 20 total PCR reactions (as shown
ations, the frequent requirement for low-copy detection inin Figure 1c). A geometric mean value is calculated from
low-biomass environments, and a need to develop new PCRach of the endpoint enumerations from each of the four
assays for varying genes and mRNAs on a regular basiglilution series, which can be compared to estimates
we have developed an alternative gPCR technique whichetween samples through analysis of variance [72].

A practical compromise
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Estimating target densities is always used to indicate that the enumeration is a con-
A first-generation example of our limiting dilution analysis, servative estimate bounded by the (unknown) extent of
including the rationale for sacrificing analytical sensitivity PCR inhibition in the sample and the extinction point indi-
for practical utility in a field-scale bioremediation appli- cated by the dilution series. Thus, if the PCR detection limit
cation, has been previously described [11]. Since then, wis 20 cell equivalents, the last positive signal occurs at the
have routinely incorporated replicate sample extractiond(® dilution, and the dilution series is initiated with 10 mg
and replicate dilution series in our assays. Figure 2, foequivalent of soil extract (Figure 2; AgropyrenN, lanes
example, shows limiting dilution PCR results used for the27 and 32), then the estimated biomass of ammonia-oxidiz-
enumeration of ammonia-oxidizing bacteria in several soiling bacteria is= 2 x 10° cells g*. The actual target density
types receiving a nitrogen amendment and incubated for Bes somewhere betweenx2L0° and 2x 107 cells g?; if
weeks. The purpose of this experiment was to comparéhere were more than®210” cells g* in the sample, a posi-
nitrifier populations based upon a culturable MPN assayive PCR product would be observed at the* Hilution.

and gPCR enumeration. Nucleic acids were isolated froniimiting dilution estimates for the other soil samples are
replicate 4-g aliquots of each sediment using a direct lysigiiven in Table 2.

and purification protocol described elsewhere [13]. Repli- The accuracy of each enumeration can undoubtedly be
cate 10-fold dilutions of each sediment extract were preincreased by introducing conversion factors for nucleic acid
pared, and PCR was performed on ongllaliquot from  extraction efficiency and recovery [11,39], DNA content
each tube of the 10-fold dilution series using 16S rDNAper cell, and target copy number per cell when known (or
primers targeting terrestrial ammonia oxidizing bacteria andstimated) [39], or by analyzing a 2- or 3-fold dilution ser-
a cycling protocol described elsewhere [13]. The detectiories rather than a 10-fold dilution series. Unless these com-
limit with this set of primers and PCR conditions was repro-bined influences represent a 10-fold (90%) decrease in
ducibly 0.1-1 pgNitrosomonas europaegenomic DNA, DNA or target yield, however, the order of magnitude of
corresponding to 20—-200 cell equivalents of DNA assuminghe estimate will be unchanged.

5 fg DNA cell™. Estimates of nitrifier abundance per gram Due to the extraction and quantification uncertainties
of sediment were calculated by: described above, differences of less than one order of mag-
nitude between samples or treatments are of little practical
or ecological consequence. In this particular example, the
accuracy of enumeration and inferences regarding nitrifi-
The PCR detection limit is dest-caseestimate derived cation capacity in the test soils are not necessarily synony-
from the positive control for the assay. Hencezaymbol  mous, because the range of microorganisms capable of

(PCR detection limit) x (Extinction point) x
(Conversion factor(s))

Figure 2 Replicate limiting dilution analysis of terrestrial ammonia oxidizer 16S rDNAs ftom0 soils immediately after amendment with nitrogen
fertilizer. Results from only one (of two) replicate soil extract(s) are shown. Two-fifths of each PCR were analyzed on 2% agarosexdeis- in 1
acetate-EDTA running buffer as described in [13]. Lane assignments are@M 174 x Hadll molecular weight marker, with fragment sizes indicated

in base pairs (bp); 1-5 and 6-10 are replicate 10-fold dilution series (fromtd0L0®) of soil nucleic acids recovered under temperate bluebunch
grass; 11-15 and 16-20 are the same as 1-5 except from soil underneath arid wheatgrass; 21-24 are undiluted grass, wheat, agropyron and
samples; 25-29 and 30-34 are the same as 1-5 except underneath agropyron cryptogamic crust; 35-39 and 40-44 are the same as 1-5 except
temperate forest soil.
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Table 2 Replicate limiting dilution estimates of nitrifier cell density in soils amended with nitrogen (N) fertilizer and incubated for 3 weeks 135
Soll Treatment t=0 weeks GM t =3 weeks GM
Grass +N 10°, 10, 167, 10° (10°9 106, 10°, 107, 107 (1%
Grass -N 105 1CF, 10°, 1P (1059
Wheat +N 107, 10, 107, 107 (1059 107, 107, 107, 107 (1057
Wheat -N 106, 107, 107, 107 (1057
Forest +N 108, 10°, 107, 1C° (10°7) 107, 10, 107, 107 (1079
Forest -N 107, 107, 107, 1¢° (1073
Agropyron +N 105, 1¢°, 10, 1P (1059 107, 107, 1¢, 1¢° (1079
Agropyron -N 105, 17, 10/, 107 (1059

Estimates were derived from dilutions as described in the text, omitting the correction factor for genonta &g €ell™). Geometric mean (GM)
values are shown within parentheses.

nitrification is both broad and indeterminate. Consequently, For low-biomass and low copy-number applications, sig-
the variability of the data from the two different sediment nificant concerns regarding a spiked control relate to the
extractions and each of the two dilution series generatedctual detection limit of the PCR, the actual target density
from each sediment extract is of more practical importancen the sample, and the spacing of the dilution series. That
than a single extraction and enumeration with no estimatés, the quantity of control template added to the test
of variability in the soil sample This distinction is sample(s) should not be so high as to increase the target
especially evident for the forest soil amended with nitrogenconcentration T,) above detectable levels by a copy num-
at thet = 0 timepoint (Table 2); the enumeration varies ber effect alone. In this respect, the quantity of spiked tem-
over two orders of magnitude with a geometric mean valuglate should be of the same or lower order of magnitude
of 10°7 (according to [72]). If a traditional MPN-PCR assay as the expected target density in the sample, and confine
were performed on theneextract and dilution series where the endpoint signal to a single step in the dilution series.
the estimate of nitrifier abundance was2 x 10° cells g2, For example, given a hypothetical detection limit of 2000
the result would normally be interpreted as a very precise&opies and a 5-fold dilution series, the quantity of spiked
estimate of target density that was very unrepresentative afontrol in each reaction should be8000 copies to avoid
the actual target density of the soil sample as a whole. Witlextending the actual (and idealized) assay extinction point
the replicative limiting dilution analysis presented here,to the next highest dilution in the series. Likewise, for a
however, a more practical and accurate estimate of nitrifiedetection limit of 20 copies and a 10-fold dilution series,
population densitieg the samplgeand data from which to the idealized spiked control should addl80 copies of
calculate a standard deviation of the estimate specific to theontrol template. In both cases, the preferred option is to

sample, were obtained. add as little spiked template as possible. A practical appli-
cation of the spiked control is presented in Figure 3, in
The spiked control which a qPCR assay was developed for detecting specific

For the example given in Figure 2, we observed a positivébiodegradative genes in soils contaminated with the jet fuel
PCR signal for each soil and dilution series, a commonJP-5 [11]. Ten-fold dilutions of soil nucleic acid extract
result for relatively high biomass, near-surface environ-were prepared and run in parallel with a spiked control con-
ments and industrial processes but unusual for lowaining ca 3650 copies of catechol 2,3 dioxygenasdd],
biomass/template samples. From lanes 16, 21-24, and 4865 copies of naphthalene dioxygenasahAQ and 230
however, it is evident that some level of polymerase inhi-copies of alkane hydroxylasalkB) genes as indicated in
bition occurred in the 10and 10 template dilutions. When the figure legend. PCR inhibition is clearly evident in the
performing a quantitative PCR assay of any type, it is1l:10 template dilution (lanes 2, 7, 11, 16, 20 and 25) but
important to distinguish between the absence of target and unnoticeable in the 1:100 dilution. While the spiked con-
PCR inhibition or inefficient amplification. Discriminating trol was not necessary to enumeratk or nahAcgenes in
between a true negative and false negative can only bthis sediment, it was of obvious importance for estimating
accomplished with ‘spiked’ controls, in which a known an upper limit ofalkB density in the sample. Since there
amount of the positive control template is added into PCRwvas no product obtained in the dilution series but PCR inhi-
reactions that also contain the sample nucleic acid extradiition was removed at the 1:100 template dilution, we can
(and dilutions thereof). The ‘spiked’ control is fundamen- back-calculate to aminimum target densityequired to
tally different from the positive control (or standard curve) observe a positive PCR signal under the conditions and sen-
for the PCR assay, in that the latter is purified templatesitivity of the assay and as revealed by the unspiked posi-
added to pure water which can overestimate the PCR detetive controls. In this case, the minimum detectablkB
tion limit in the sample extractDespite their obvious gene density was 2.3x 10° copies g* ((PCR detection
importance, spiked controls are used only occasionally [114imit of 230 copies)x (1@ dilution at which inhibition is
13,55,64], perhaps due to the anecdotal observation thalvercome) x (correction factors to normalize for 1g
most ecological and industrial assays are performed osediment)). Therefore, gene density in the sample was
high-biomass samples with significant target gene density2.3 x 10° copies g* sediment. Similar estimates and calcu-
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Figure 3 Detection of specific biodegradative genes in a JP-5-contaminated soil. Nucleic acid extraction and PCR conditions for each gene are descr
in [11]. One tenth of each reaction was analyzed on 1% agarose gels inistacetate-EDTA buffer. Lane assignments are=M x Hindlll, with
fragment sizes indicated in kilobases (kbp); 1, 10 and 19 are no template controtiofarahAc andalkB genes, respectively; 2—6, 11-15, and 20—

24 are 10-fold serial dilutions (from 1Dto 107°) of nucleic acid extract; 7, 16 and 25 are 1dilutions of soil nucleic acid extract spiked with 3650,

365 and 230 (plasmid) copies eflo, nahA¢ and alkB genes, respectively; lanes 8, 17, and 26 are the same as 7, 16 and 25 except tsing 10
dilutions of soil nucleic acid extract; and lanes 9, 18, and 27 are PCR-positive controls of 3650, 365 and 230 target copjesabfAc and alkB

genes, respectively.

lations for minimum detection limits at this site before andwere only obtained with 1.0-2.5pg standard template
after active bioventing are reported elsewhere [11]. (200-1250 cell equivalents) even though the actual PCR
As described above and illustrated in Figure 3, the PCRletection limit was 2.56-12.8 fg genomic DNA. These
detection limitin the samplemay be significantly higher results suggest that the effects of molecular sampling error
than that of the positive control reactions (which containand PCR inhibitors at very low template concentrations also
no environmental extract). Figure 4, for example, showsaffect the spiked control. Consequently, there is a balance
that the extent of PCR inhibition can be template concenbetween the effects of a spiked control nand stochastic
tration-dependent and highly variable at low template conprocesses as they occur in the PCR during the amplification
centrations. In this example, PCR sensitivity was 12.8 fgof nucleic acids extracted from the environment. In prac-
genomic DNA ¢a 3 cell equivalents), but reproducible tice, then, the optimal concentration of spiked standard
measures of PCR inhibition were not obtained even in theeeds to be determined empirically for each primer:tem-
presence of 250 fg added standard templag 50 cell plate pair under investigation.
equivalents). That is, not only was there variability in
endpoint detection between replicate dilution series at eackstimating the extent of PCR inhibition
concentration of template, but there was also no obviou$n the replicate-limiting dilution gPCR format presented
titration effect of the inhibitor even at the highest templatehere, the PCR conditions are always such that the reactions
concentration (Figure 4; compare lanes 9 to 8, and 18 tenter the plateau phase of amplification and estimates of
17). In this case, reproducible measures of PCR inhibitioriarget densityin the sampleare based upon an all or none
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Figure 4 Estimating the extent of PCR inhibition after mock purification of genomic DNA with a biotinylated universal 16S rDNA primer and streptavi-
din-coated paramagnetic beads according to the manufacturer’s protocol (Promega, Madison, WI, USA). Two microliters from each mock hybridization
eluant were used to initiate replicate 5-fold dilution series of mock ‘templ&ebbacter chapelligenomic DNA was used as the spiked control and
reference standard at the levels indicated in the fig@rechapellirspecific 16S rDNA primers of sequence 401f.AASCCTGACGCAGCRACGCC

and 683r: 5TCTACGGATTTCACTCCTACAC were used to amplify a 280-bp fragment with a hot start cycling regime. Final PCR conditions were
2 ul mock eluant (and dilutions thereof), 10 mM Tris pH 8.3, 50 mM KCI, 2.5 mM MgOL2uM each primer, 20QuM each dNTP and 1.25 units
LD-Taq polymerase (Perkin-Elmer, Foster City, CA, USA) in @2btotal volume using 0.2-ml thin-walled tubes and a 9600 thermal cycler (Perkin-
Elmer). Cycling conditions were for 5 cycles of ‘@l for 40s, 60C for 10 s, 72C for 75 s followed by 40 cycles of 9€ for 12 s, 65C for 10 s, 72C

for 80 s with a 2-s extension per cycle, and a final 20-min extension&.7the total contents of each reaction were analyzed on 2% agarose gels in
1 x tris-acetate-EDTA running buffer. Lane assignments are= ix 174 x Hadlll, with fragment sizes indicated in base pairs (bp); 1-3 are 5-, 25-
and 125-fold dilutions of mock eluant spiked with 25@& chapelliigenomic DNA; 4-6 are the same as 1-3 except spiked with 100 fg genomic DNA;
7-9 are the same as 1-3 except spiked with 250 fg; lanes 10-18 are the same as 1-9 exceptl Hitige2second (of four) replicate dilution series

as ‘template’. Amplification products from control PCRs using a 5-fold dilution serigs. afhapellii standard are shown in the lower panel.

determination. However, the dilution series of referenceexample, densitometry was performed on individual bands
standard &), which is used to calibrate the relative enu- and corrected for background. Comparing pixel densities
meration, represents the maximum PCR product accumubetween the second and third 5-fold dilutions within the
lation at each concentration of input template for each PCR50-fg-spiked controls (lane& 9; lane 17/s18) indicates
run. In this respect, PCR product accumulation is qualitatthat the third dilution in both replicates amplified with only
ively different from measures of PCR product accumulation74-84% efficiency relative to the second dilution in the
during competitive PCR analyses, in that cPCR methodseries, and that the 250-fg-spiked controls in replicate 1
(usually) compare product accumulation within the linear(top of gel) amplified with only 43—-49% efficiency relative
portion of the exponential amplification curve. Conse-to the same controls in replicate 2 (bottom of gel; lane 8
quently, theS, limiting dilution series can be used to esti- vs 17 and 9vs 18). Further, the 250-fg-spiked controls in
mate: (a) the extent of PCR variability between and withinreplicate 1 only amplified with 33-44% efficiency relative
replicate PCR runs; and (b) the extent of PCR inhibition,to the 64-fg standard; the relative efficiencies for replicate 2
by comparing the PCR product yields between tBe ranged from 77-91%. Variations in amplification efficiency
dilution series and the spiked controls. In Figure 4, forwithin a dilution series and between replicates disappeared
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with 1 pg spiked controls (not shown), which suggests thathan the assumptions, practice and limitations of the gPCR
the observed variability with= 250-fg-spiked control techniques themselves. Special consideration was also
resulted from the combined influences of experimental varigiven to gPCR assays performed on low-biomass and/or
ations during sample preparation prior to the PCR, pipettindow-template samples, situations that predominate nucleic
errors between replicate dilution series, PCR inhibitors, anécid analyses of deep subsurface environments, arid ecosys-
molecular sampling error aia 50 cell equivalents of gen- tems and many other practical gene-based detection prob-
omic DNA (ca 50-500 copies of 16S rRNA assuming lems.
1-10 copies cett). This example also stresses the impor- Given the special considerations of low-biomass,
tance ofreplicate controlsfor obtaining estimates of PCR environmental samples and conclusions related to gPCR
inhibition or PCR augmentation [14], and how both themethods and assumptions, a generalized gPCR method
PCR enumeration and estimates of PCR inhibitionral®-  based upon replicative limiting dilution analysis was sug-
tive to the standardS)) controls. gested as a compromise between analytical precision, accu-
In practice, our spiked controls typically require 500 fg—racy and practical utility. The distinguishing features of the
2.5 pg genomic DNA to avoid the type of uncontrollable replicate limiting dilution gPCR assay are: that all enumer-
variation described above (Figure 4), a level of DNA inputations are estimates which are relative to the standard; a
representing 100-500 cell equivalents of genomic DNAknown lower detection limit, but not necessarily single-
assuming 5 fg DNA cefl. From a copy number perspec- copy sensitivity; that preference is given to the limiting
tive, this level of spiked genomic DNA could also representdilution concept, but without MPN statistics; the dilution
upwards of 5000 targets assuming 10 copies per genomseeries is constructed in a manner consistent with the eco-
It is interesting to note that reproducible amplification of logical context and tolerable variations in gPCR estimates
our spiked controls requires 20L(® copies of (genomic of target density; extensive use of spiked controls to evalu-
DNA) target, even though the PCR detection limit for ate the PCR as it occurs in the sample and the relative
unspiked genomic DNA is 1-100 copies of DNA. Becauseextent of PCR inhibition arising from the environmental
the spiked controls and standards are generated from treample; external standards used to calibrate the enumer-
same template stock solution, it is difficult to rationalize ation; and, most importantly, replicate nucleic acid extrac-
the discrepancy between amplification of a spiked controtions from the sample, with replicate serial dilutions pre-
and standard templates due to template effects alon@ared from each nucleic acid extract. By developing a
Rather, these observations suggest that environmental (astmplified gPCR format which relies on relatively few PCR
other) PCR inhibitors attenuate PCR amplification (or mol-assumptions and takes into account the unique aspects of
ecular sampling error) at template concentrations belovenvironmental samples, it is hoped that adaptations of this
10°-10* (genomic) copies, a copy-number effect andmethod will make qPCR analyses more straightforward and
hypothesis previously put forth within the context of gener-practical for environmental and industrial microbiology
ating 16S rDNA clone libraries from low biomass (2@  applications.
cells g1), deep subsurface sediments [12].
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