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Computing Genetic Similarity Coefficients
from RAPD Data: The Effects of PCR

Artifacts

Warren F. Lamboy

Department of Horticultural Sciences and U.S. Department of Agriculture, Agricultural Research Service (USDA-ARS), Plant
Genetic Resources Unit, Cornell University, Geneva, New York 14456-0462

Random amplified polymorphic DNA
(RAPD) markers have been used for
many types of genetic analyses, in-
cluding genome mapping, genotype
fingerprinting, phylogeny recon-
struction, and measuring genetic
similarities. They suffer from one po-
tential limitation, however, because
the PCR that is used to produce infor-
mative amplification products often
produces artifactual products as
well. Optimization of PCR protocols
to eliminate artifactual bands com-
pletely is often too costly or too time-
consuming to be practical. Other
methods for handling RAPD artifacts,
such as deleting inconsistent or faint
bands or using only those bands that
are reproducible, introduce false
negatives into the data. Simply ig-
noring artifacts and using all bands
introduces false positives. When
RAPD data are used to compute ge-
netic similarity coefficients, such ar-
tifacts can cause significant bias in
the estimation. The three coefficients
most widely used with RAPD data,
the simple matching coefficient, Jac-
card’s coefficient and Nei and Li’s co-
efficient, differ in the amount of bias
produced by a given level of artifac-
tual bands. The simple matching co-
efficient and Nei and Li’s coefficient
always exhibit less percent bias than
Jaccard’s coefficient. For closely re-
lated organisms, Nei and Li’s coeffi-
cient displays less percent bias than
the simple matching coefficient. If
new DNA samples possessing RAPD
markers not present in the previously
analyzed samples are added to a
study, values of the simple matching

coefficient will need to be computed
for all samples, not just the new ones.
Jaccard’s and Nei and Li’'s coeffi-
cients, however, will not need to be
recomputed. Furthermore, only Nei
and Li’s coefficient has a direct bio-
logical meaning (it is an estimate of
the expected proportion of amplified
fragments shared by two samples be-
cause they were inherited from a
common ancestor). On the basis of
these results, Nei and LI’s coefficient
is recommended for routine compu-
tation of genetic similarities using
RAPD data, particularly if PCR arti-
facts are present.

Random amplified polymorphic DNA
(RAPD) markers‘’? are well-established
genetic tools. They have been used for
genomic mapping and linkage analy-
sis,*® phylogeny reconstruction,”®
genotype fingerprinting and identifica-
tion, 1% and determining genetic rela-
tionships, similarities, and genetic varia-
tion. (1517

RAPD bands are produced by PCR, us-
ing a single random primer that ampli-
fies segments of DNA flanked by two
primer-binding regions that theoreti-
cally are exactly complementary to the
primer. The primer-binding sites must
be close enough that amplification pro-
ceeds over the entire DNA segment span-
ning them. Because of base pair mis-
match, though, a single base change in
the genomic DNA can prevent amplifica-
tion.”” Most often, polymorphisms be-
tween different DNA samples occur
when a segment that is amplified in a
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sample whose primer-binding site is ex-
actly complementary to the primer is
not amplified in another sample whose
priming site is not an exact complement
to the primer.*!® Polymorphisms may
also result from deletions within a prim-
ing site, insertions that separate priming
sites by too great a distance to support
amplification, or insertions that change
the size of the DNA segment without af-
fecting amplification.® Segments that
can be amplified in one genetic back-
ground but not in another,'® poly-
merase slippage during replication,
nontemplate-directed addition of nucle-
otides by Taq polymerase, or the ampli-
fication of in vitro recombinants®® also
result in the production of polymor-
phisms. Even changes in PCR parame-
ters, such as primer/template ratios,
annealing temperature, and Mg?* con-
centration®? can cause polymorphisms,
because bands appear or disappear when
amplification conditions are altered.
DNA concentration can have a strong ef-
fect if there is contaminating RNA that is
mistakenly taken for DNA,®? and DNA
containing significant amounts of
polysaccharides, phenolics, or other im-
purities can cause polymorphisms.??
Thermocyclers themselves may be re-
sponsible for variability in RAPD band-
ing patterns.®®

Whatever their source, artifactual
RAPD bands belong to one of two types:
bands that appear in a lane but should
not (false positives), or bands that do not
appear in a lane but should (false nega-
tives). This designation is arbitrary to a
certain degree. For example, if the off-
spring of two known parents exhibits a
RAPD band not shown in either parent,
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in the offspring the band could be a false
positive while in the parents the lack of
the band could be a false negative (bar-
ring mutation, crossing-over, etc., in-
volving the amplified site). Conse-
quently, in the absence of specific
information about the DNA sequences
that resulted in the amplified fragments,
presence of bands in some samples and
absence in others could represent either
false positives or false negatives.

Workers using RAPDs are well aware
of the possibility of artifactual bands and
of their possible effects on subsequent
analyses.®? In an effort to account for
artifacts and to reduce their effects on
analyses, a number of different ap-
proaches have been adopted. These in-
clude discarding faint or inconsistent
bands,*6-810.11.14.15,17) carrying out
replicate runs and analyzing only those
bands that were reproducible,®? or us-
ing all bands and accepting a certain
level of error.”

Each of the methods of dealing with
artifactual bands has its advantages and
disadvantages. Discarding faint or incon-
sistent bands results in loss of informa-
tion and increases the number of false
negatives (bands that should have been
present but were not, because they were
discarded by the experimenter). Repli-
cating runs and using only those bands
that appear in all replicates is an im-
provement upon ignoring bands but re-
quires at least double the number of am-
plification runs. Moreover, to be true
replicates in the statistical sense requires
that all possible sources of error be ac-
counted for by the replicates. In practice
this means that the entire procedure
from DNA extraction, to amplification,
to electrophoresis must be performed in-
dependently for each replicate. Use of all
amplification products, whether faint or
strong, consistent or not, does not result
in any loss of informative data, and no
additional false negatives are produced,
but it does retain all false positives. None
of these methods of handling artifactual
bands completely solves the problem of
artifactual bands.

This paper focuses on the use of
RAPDs for the computation of genetic
similarity coefficients when optimiza-
tion of PCR protocols for eliminating ar-
tifacts is either not possible or not suc-
cessful. Three different similarity
measures are considered: (1) the simple
matching coefficient, SMC;*% (2) Jac-
card’s coefficient, J;7**->® and (3) Nei
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and Li’s coefficient, NL.(1%-16:27-29) These
coefficients are examined in terms of the
true value that they are designed to esti-
mate using RAPD data containing no ar-
tifactual bands and in terms of the esti-
mated value that they actually measure
when artifactual bands (either false pos-
itives or false negatives or both) are
present. Using those results, properties
of and relationships among the coeffi-
cients are determined. The amount of
bias (difference between the estimated
value and the true value) in the esti-
mated coefficients is examined for sev-
eral levels of artifactual bands. On the
basis of these results, a recommendation
is made as to which coefficient is the
best for routine use with RAPD data.

MATERIALS AND METHODS

The three similarity coefficients can be
defined in terms of the sets of RAPD
bands present in two amplified DNA
samples, for example, sample i and sam-
ple j. SMC is the sum of the number of
RAPD bands that are present in both
samples plus the number of RAPD bands
absent in both samples, divided by the
total number of different possible bands
in the study. J is the number of bands
present in both samples, divided by the
quantity the number of bands present in
sample i plus the number of bands
present in sample j minus the number of
bands present in both samples. Finally,
NL is the number of RAPD bands present
in both samples, divided by the average
number of bands present in sample i and
sample j. Although these definitions can
be and are used for computing the coef-
ficients from raw data, they do not allow
for convenient comparison between the
coefficients. For that purpose, the fol-
lowing notation is needed.

In any study in which RAPD data will
be used to compute pairwise similarities,
there will be at least two and usually
many different DNA samples for which
similarities will be computed. Let n rep-
resent the number of different samples.
Then, the set of bands of interest are
those bands that are present in one or
more of the n samples. To avoid exces-
sive numbers of subscripts and to sim-
plify the presentation, computation of
genetic similarities using just two ampli-
fied DNA samples is considered. Because
similarities are computed pairwise, the
equations developed are completely gen-

eral and can be applied to any pair of
samples.

Any pair of samples (call them ‘‘sam-
plei” and “‘sample j”’) will possess some
of the same bands and lack some of the
same bands. (A band not present in a
particular pair of samples will be present,
however, in at least one other sample
under study.) Let the proportion of the
total number of bands that are shared
(either positive or negative) be s. Let p
represent the proportion of the shared
bands that are shared because both sam-
ples possess the same bands. These
bands are referred to as the shared posi-
tive bands. In general, the value for p
will be different for every pair of samples
being compared. Then 1-p is the pro-
portion of bands shared that both sam-
ples lack. These bands are referred to as
the shared negative bands.

The proportion of bands that the sam-
ples do not share is 1—s. Because these
bands are unshared, some of them will
be present only in sample i; the rest will
be present only in sample j. Let r be the
proportion of unshared bands that are
present in sample i. Then r also will rep-
resent the proportion of unshared bands
that are absent in sample j. The propor-
tion of unshared bands that are absent in
sample i, then, will be 1~r, and the pro-
portion of unshared bands that are
present in sample j is 1—r.

Finally, let f, be the probability that a
band that should not be present in a
sample is present as an artifact; f, is the
probability of a false positive. Let f,, be
the probability that a band that should
be present in a sample is absent because
of experimental error; f,, is the probabil-
ity of a false negative. In discussing com-
puted similarity coefficients, the term
‘““true value’’ means that value of any of
the three coefficients that would result if
there were no false positives and no false
negatives. ‘‘Estimated value’’ or “esti-
mate’’ means the value that results when
the coefficients are computed using data
containing false positives or false nega-
tives or both.

RESULTS AND DISCUSSION

The Three Coefficients in Terms of
Numerical Values

Using the notation introduced above, it
is possible to write equations for the true
values of each of the three coefficients as
well as the equations for what the three
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coefficients actually estimate when false
positives and false negatives are present.

The simple matching coefficient is
the sum of the proportion of shared pos-
itive bands plus the proportion of shared
negative bands. The true value for the
simple matching coefficient is given by

SMC = sp + (1 — p)s
=y n

Jaccard's coefficient considers only the
proportion of positive bands shared by
both samples and divides that by the
proportion of positive bands in both
samples plus the proportion of bands in
sample i but not also in sample j plus the
proportion of bands in sample j but not
also in sample i. The true value for Jac-
card’s coefficient is

J= L
Tspt A -sr+d—-91-7

sp

J=sp+(1—s) @)

Nei and Li’s coefficient is the only one of
the three that has a straightforward bio-
logical interpretation. It measures the
proportion of fragments that two sam-
ples share because they have been inher-
ited from a common ancestor. The coef-
ficient was originally derived for
restriction fragment data,®” but the for-
mula applies equally well to amplified
fragments. It is computed as the propor-
tion of positive bands shared by both
samples, divided by the average of the
proportion of bands present in sample i
and sample j. The true value for Nei and
Li’s coefficient can be written as

NL = sp/[sp + (1 — s)r + sp
+ (1 -1 -nl2

__2%2p 3)
25p + (1 — )

Note that the parameter r does not ap-
pear in any of these equations. Thus, it
does not matter which of the unshared
bands belong to which sample; all that
matters is that they are unshared.

Using the above equations, it can be
shown that for a specific pair of samples
the following relationships hold among
the three coefficients.

SMC = Jfors € [0, 1], p € [0, 1]
NL = Jfors € [0, 1], p € [0, 1]
SMC > NLfors € [0,1],p < 1,2
SMC = NLfors€[0,1},p=1,2
SMC < NLfors€[0,1],p>1,2 4)

Furthermore, SMC, J, and NL are mono-
tonic with respect to one another, that
is, if the data change in a way that in-
creases the value of one of the coeffi-
cients, it will increase the value of all of
them. Similarly if one of the coefficients
decreases in value, all of them will.

From the definition of the coeffi-
cients, it can be shown that if additional
DNA samples are added to a study after
similarities have already been computed
for the earlier samples, and one or more
of the new DNA samples possess bands
that were not possessed by any of the
samples analyzed previously, values of
SMC need to be computed (or recom-
puted) for all samples, not just for the
new samples, because the value of SMC
for each pair of samples depends on the
total number of bands that could possi-
bly be present in a sample. Values of ]
and NL, on the other hand, do not need
to be recomputed for samples studied
previously, as these coefficients depend
only on the positive bands in the two
samples being compared, not on bands
that are present in other samples. For
this reason, in a study where data are ac-
cumulated for different samples over a
long period of time and the similarity
coefficients are computed as data are col-
lected, /] and NL have some advantage
over SMC.

Quantities Estimated by the
Coefficients When False-positive and
False-negative Bands are Present

The true values of the coefficients in
terms of the parameters s and p are
shown in equations 1, 2, and 3. Now it
can be asked, When the three coeffi-
cients are computed according to these
equations and false positives or false
negatives or both are present in the data,
what will the quantities computed actu-
ally be measuring? In general, of course,
the values estimated will differ from the

true values of the coefficients. The ex-
pected difference between the estimated
value and the true value is called the
bias. If the bias is positive, it indicates
that the estimate is larger than the true
value, and if the bias is negative, it indi-
cates that the estimate is smaller than
the true value.

To prepare explicit formulae for what
is being computed using equations 1, 2,
and 3 when there are artifactual bands,
two intermediate quantities need to be
determined. The first of these is the pro-
portion of positive bands that are shared
by the two samples when false positives
and false negatives are present. Let this
value be indicated by the symbol SP (for
shared positive bands).

SP = sp(1 = f)? + s(1 — p)f?
+ 1 =91 - ffp )

The terms on the right-hand side of the
equal sign in this equation were ob-
tained as follows. The left-most term is
the proportion of bands truly shared by
both samples, neither of which became
false negatives (caused by experimental
error). The middle term is the propor-
tion of bands truly not possessed by ei-
ther sample, both of which became false
positives (because of experimental er-
ror). The right-most term is the propor-
tion of bands, one of which is truly a
positive band that did not become a false
negative and the other of which is truly
a negative band that did become a false
positive.

The second quantity needed is the
proportion of shared negative bands, in-
dicated by SN, and it is computed as

SN = spf2 + s(1 — p)1 — f,)?
+ (1 -1 - f)f, (6)

The terms in this equation can derived
by arguments analogous to those for
equation 5. Having computed SP and SN
it is easy to state what the coefficients are
estimating when artifactual bands are
present

est(SMC) = SP + SN @)

est() = [(SP + SNpl/[(SP + SN)p + 1
— (SP + SN)] 8
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est(NL) = [2(SP + SN)p}/[2(SP + SN)p
+1— (SP + SN)] 9)

Written out in terms of s, p, 1, f,, and f,,
equations 7, 8, and 9 are

est(SMC) = f, + f, — 2fufy
L+t )

(=1 + 2f, + 2pfn — 2pfp)s
(10)

est(l) = [p(fy + f, — 2ff,) + sp(~1
Ffo+ =1+ 2f, + 20,
= 2pf VL = . = fo + 261,
+ P(fn + ﬁ: - anﬂJ) + s(—-1
£ F)=1 4 D=1 + 2,
+ 2pf, — 2pf)] (11

est(NL) = [2p(f, + [, — 2fuf,)
+ 25p(—1 + f, + [,)(—1
+ 2f, + 2pfu = 20f,)V
(1= fu = fp + 2ffp + 20(f,
+ = 2ff) +s(-1+f, +
(=1 + 2p) (=1 + 2f, +
2pfn = 20f,)] (12)

Note that the parameter r does not ap-
pear in equation 10, 11, or 12, just as it
did not appear in 1, 2, or 3. An examina-
tion of the equations shows that depend-
ing on the values of s, p, f,, and f,, the
estimates may be either greater than
(positive bias) or less than (negative
bias) the true values. For any of the three
coefficients, given values for s, p, f,, and
f,. one can compute the bias by subtract-
ing the true value from the expected
value of the estimate.

Bias in the Computed Values of the
Coefficients

Table 1 shows the true value, the esti-
mate, the bias, and the bias as a percent
of the true value for all three coefficients
for a variety of values of s (0.1, 0.3, 0.5,
0.7, and 0.9), p (0.3, 0.5, 0.7), f, (0.00,
0.05, 0.10), and f,, (0.00, 0.05, 0.10). The
values selected for s were chosen to span
the range of possible similarities, the val-
ues for p were chosen because they are
typical of what is found in real data, and
the values of f, and f,, were selected be-
cause 10% false positives or 10% false
negatives seemed to be reasonable upper
limits on the percent artifacts in an ex-
perimental study.®? It is possible, how-
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ever, that rates of artifacts could exceed
these levels, even with PCR protocol op-
timization. Under such circumstances,
genetic similarity coefficients should
probably be corrected for the bias caused
by these artifacts, using a method de-
scribed in a companion manuscript.®

Bias calculations show that as ex-
pected, there is no bias if there are no
false positives and no false negatives. In
addition, all three coefficients exhibit no
bias if s=0.5, and f,=f,.

The percent bias for SMC and NL is
always less than or equal to the percent
bias for J, for all values of the parameters
tested. The percent bias is smaller for
SMC than it is for NL if p<0.5, is equal to
the percent bias for NL if p=0.5, and is
greater than the percent bias for NL if
p>0.5. A specific level of false negatives
causes greater percent bias than the same
level of false positives for all three coef-
ficients if p<0.5. If p>0.5, then false pos-
itives cause greater percent bias than
false negatives. The effects of false posi-
tives and false negatives are the same if
p=0.5.

If s<0.5 the percent bias is positive for
all values of false positives and false neg-
atives examined; if s>0.5, the percent
bias is negative. It is worth considering
why this is the case taking the SMC as an
example. If s<0.5, then more than one-
half of the possible bands are present in
one sample and absent in the other. If
there are false positives, then the propor-
tion of matching negative bands that are
made nonmatching (as one is a false pos-
itive) are less than the proportion of
nonmatching bands that are made
matching because a previously negative
band was made positive (and so matches
its positive counterpart). If there are false
negatives, then again because over one
half of the possible bands did not match,
the previously positive bands that are
false negatives now match their negative
counterparts. There is a greater propor-
tion of these than there is of positive
matches that are broken up. A similar
line of argument explains why the bias is
always negative if §>0.5. If s=0.5, the
bias is sometimes positive and some-
times negative, depending on the values
of the other parameters.

For studies in which some level of
bias can be tolerated, it can be asked
which coefficient shows an acceptable
level of bias, for example, less than
+10%? For the values of the parameters
considered here, SMC and NL show

<10% bias 58.5% of the time, whereas |
exhibits <10% bias 46.7% of the time.
Furthermore, the percent bias displayed
was less than +5% 41.5% of the time for
SMC and NL and 33.3% of the time for J.

CONCLUSIONS

On the basis of these results, some rec-
ommendations can be made as to which
coefficient should be used for assessing
genetic similarity using RAPD data. First,
if one is conducting a long-term study,
in which similarities need to be com-
puted as sample data arrive over a period
of time, either the J or NL coefficient is
preferable to SMC, as SMC needs to be
recomputed for all samples whenever a
new RAPD band is added to the study.
With ] and NL, only the similarities in-
volving the new samples need to be
computed.

The NL coefficient is the only one of
the three that has a biological meaning.
It is an estimate of the expected propor-
tion of shared amplified fragments.”
The other two coefficients, although
containing information on the similar-
ity between samples, are related to bio-
logically meaningful quantities only in
unspecified ways.

The NL coefficient has yet another ad-
vantage. Because in closely related or-
ganisms (the kinds most often used in
RAPD studies) most of the similarity be-
tween RAPD samples is caused by shared
positive bands (p>0.5), NL is preferred
over SMC, because NL displays less per-
cent bias than either SMC or ] in these
circumstances.

Considering all of these factors, it is
recommended that the NL coefficient be
used routinely for measuring similarities
using RAPD data, unless specific circum-
stances or needs dictate the use of one of
the other two coefficients. If one of the
other two must be used, and recomputa-
tion of similarities with the arrival of
new samples is not a consideration, SMC
should be used rather than J, as it exhib-
its less percent bias. If recomputation is
not feasible, then J should be used.

If estimates of the percent of false-
positive and false-negative bands in the
RAPD data are available (such as would
be the case in theoretical studies or when
replicate runs have been made), the
equations developed here (1-3 and 10-
12) can be used to determine the actual
bias by subtracting the true value from
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Table 1 Values of Similarity Coefficients and Estimates of Bias

SMC J NL
Parameters esti- esti- esti-

true mated bias true mated bias true mated bias
s p o fu value value bias (%) value  value bias (%) value value bias (%)
0.10 0.30 0.00 0.00 0.100 0.100 0.000 0.000 .032 0.032 0.000 0.000 0.062 0.062 0.000 0.000
0.10 0.30 0.00 0.05 0.100 0.142 0.042 42.150 .032 0.047 0©.015 46.808 0.062 0.090 0.028 44.691
0.10 0.30 0.00 0.10 0.100 0.185 0.085 84.600 .032 0.064 0.031 97.154 0.062 0.120 0.057 91.345
0.10 0.30 0.05 0.00 0.100 0.138 0.038 38.350 .032 0.046 0.014 42.462 0.062 0.088 0.025 40.597
0.10 0.30 0.05 0.05 0.100 0.176 0.076 76.000 .032 0.060 0.028 86.679 0.062 0.114 0.051 81.756

0.10 0.30 0.05 0.10 0.100 0.214 0.114 113.950 .032 0.075 0.043 134.022 0.062 0.140 0.078 124.615
0.10 0.30 0.10 0.00 0.100 0.177 0.077 77.400 .032 0.061 0.029 88.374 0.062 0.115 0.052 83.312
0.10 0.30 0.10 0.05 0.100 0.211 0.111 110.550 032 0.074 0.042 129.660 0.062 0.138 0.075 120.717
0.10 0.30 €.10 0.10 0.100 0.244 0.144 144.000 .032 0.088 0.056 173.661 0.062 0.162 0.100 159.574
0.10 0.50 0.00 0.00 0.100 0.100 0.000 0.000 .053 0.053 0.000 0.000 0.100 0.100 0.000 0.000
0.10 0.50 0.00 0.05 0.100 0.140 0.040 40.250 .053 0.075 0.023 43.285 0.100 0.140 0.040 40.250
0.10 0.50 0.00 0.10 0.100 0.181 0.081 81.000 .053 0.100 0.047 89.060 0.100 0.181 0.081 81.000
0.10 0.50 0.05 0.00 0.100 0.140 0.040 40.250 .053 0.075 0.023 43.285 0.100 0.140 0.040 40.250
0.10 0.05 0.05 0.100 0.176 0.076 76.000 .053 0.096 0.044 83.333 0.100 0.176 0.076 76.000

[sNeoNoNoRoNoloNoNoNololoNoNoloNoNoNoleNoNaleo o]

0.10 0.50 0.05 Q.10 0.100 0.212 0.112 112.250 .053 0.119 0.066 125.577 0.100 0.212 0.112 112.250
0.10 0.50 0.10 0.00 0.100 0.181 0.081 81.000 .053 0.100 0.047 89.060 0.100 0.181 0.081 81.000
0.10 0.50 0.10 0.05 0.100 ©0.212 0.112 112.250 .053 0.119 0.066 125.577 0.100 0.212 0.112 112.250
0.10 0.50 0.10 0.10 0.100 0.244 0.144 144.000 .053 0.139 0.086 164.009 0.100 0.244 0.144 144.000
0.10 0.70 0.00 0.00 0.100 0.100 0.000 0.000 .072 0.072 0.000 0.000 0.135 0.135 0.000 0.000
0.10 0.70 0.00 0.05 0.100 0.138 0.038 38.350 .072 0.101 0.029 40.011 0.135 0.184 0.049 36.339
0.10 0.70 0.00 0.10 0.100 0.177 0.077 77.400 .072 0.131 0.059 81.751 0.135  0.232 0.097 72.272
0.10 0.70 0.05 0.00 0.100 0.142 0.042 42.150 .072 0.104 0.032 44.028 0.135 0.188 0.054 39.882
0.10 0.70 0.05 0.0S 0.100 0.176 0.076 76.000 .072 0.130 0.058 80.236 0.135 0.230 0.096 71.001
0.10 0.70 0.05 0.10 0.100 ©0.211 0.111 110.550 0.072 0.157 0.085 118.004 0.135 0.272 0.137 101.963
0.10 0.70 0.10 0.00 0.100 0.185 0.085 84.600 0.072 0.137 0.065 89.560 0.135 0.241 0.106 78.783
0.10 0.70 0.10 0.05 0.100 0.214 0.114 113.950 0.072 0.160 0.088 121.766 0.135 0.276 0.141 104.967

[eNeNoNeoRoNoNoNoNoRoNaolaNaoNoNoloooNeNooNoNooNo o)
w
@]

0.10 0.70 0.10 0.10 0.100 0.244 0.144 144.000 0.072 0.184 0.112 155.373 0.135 ©0.311 0.177 131.195
0.30 0.30 0.00 0.00 0.300 0.300 0.000 0.000 0.114 0.114 0.000 0.000 0.205 0.205 0.000 0.000
0.30 0.30 0.00 0.05 0.300 0.326 0.026 8.817 0.114 0.127 0.013 11.428 0.205 0.225 0.021 10.141
0.30 0.30 0.00 0.10 0.300 0.354 0.054 17.933 0.114 0.141 0.027 23.837 0.205 0.247 0.043 20.890
0.30 0.30 0.05 0.00 0.300 0.315 0.015 5.017 0.114 0.121 0.007 6.436 0.205 0.216 0.012 5.740
0.30 0.30 0.05 0.05 0.300 0.338 0.038 12.667 0.114 0.133 0.019 16.592 0.205 0.235 0.030 14.647
0.30 0.30 0.05 Q.10 0.300 0.362 0.062 20.617 0.114 0.145 0.031 27.610 0.205 0.254 0.049 24.106
0.30 0.30 0.10 0.00 0.300 0.332 0.032 10.733 0.114 ©.130 0.016 13.986 0.205 0.230 0.025 12.378
0.30 0.30 0.10 0.05 0.300 0.352 0.052 17.217 0.114 0.140 0.026 22.838 0.205 0.246 0.041 20.035
0.30 0.30 0.10 0.10 0.300 0.372 0.072 24.000 0.114 0.151 0.037 32.450 0.205 0.262 0.058 28.195
0.30 0.50 0.00 0.00 0.300 0.300 0.000 0.000 0.176 0.176 0.000 0.000 0.300 0.300 0.000 0.000
0.30 0.50 0.00 0.05 0.300 0.321 0.021 6.917 0.176 0.191 0.015 8.238 0.300 0.321 0.021 6.917
0.30 0.50 0.00 0.10 0.300 0.343 0.043 14.333 0.176 0.207 0.031 17.300 0.300 0.343 0.043 14.333
0.30 0.50 0.05 0.00 0.300 0.321 0.021 6.917 0.176 0.191 0.015 8.238 0.300 0.321 0.021 6.917
0.30 0.50 0.05 0.05 0.300 0.338 0.038 12.667 0.176 0.203 0.027 15.243 0.300 0.338 0.038 12.667
0.30 0.50 0.05 0.10 0.300 0.357 0.057 18.917 0.176 0.217 0.041 23.023 0.300 0.357 0.057 18.917
0.30 0.50 0.10 0.00 0.300 0.343 0.043 14.333 0.176 0.207 0.031 17.300 0.300 0.343 0.043 14.333
0.30 0.50 0.10 0.05 0.300 0.357 0.057 18.917 0.176 0.217 0.041 23.023 0.300 0.357 0.057 18.917
0.30 0.50 0.10 0.10 0.300 0.372 0.072 24.000 0.176 0.229 0.052 29.484 0.300 0.372 0.072 24.000
0.30 0.70 0.00 0.00 0.300 0.300 0.000 0.000 0.231 0.231 0.000 0.000 0.375 0.375 0.000 0.000

0.30 0.70 0.00 0.05 0.300 0.315 0.015 5.017 0.231 0.244 0.013 5.540 0.375 0.392 0.017 4.455
0.30 0.70 0.00 0.10 0.300 0.332 0.032 10.733 0.231 0.258 0.028 11.921 0.375 0.411 0.036 9.474
0.30 0.70 0.05 0.00 0.300 0.326 0.026 8.817 0.231 0.253 0.023 9.774 0.375 0.404 0.029 7.798

0.30 0.70 0.05 0.05 0.300 0.338 0.038 12.667 0.231 0.263 0.033 14.096 0.375 0.417 0.042 11.158
0.30 0.70 0.05 0.10 0.300 0.352 0.052 17.217 0.231 0.275 0.044 19.247 0.375 0.432 0.057 15.094
0.30 0.70 0.10 0.00 0.300 0.354 0.054 17.933 0.231 0.277 0.046 20.063 0.375 0.434 0.059 15.710
0.30 0.70 0.10 0.05 0.300 0.362 0.062 20.617 0.231 0.284 0.053 23.127 0.375 0.443 0.068 18.010
0.30 0.70 0.10 0.10 0.300 0.372 0.072 24.000 0.231 0.293 0.062 27.015 0.375 0.453 0.078 20.891
0.50 0.30 0.00 0.00 0.500 0.500 0.000 0.000 0.231 0.231 0.000 0.000 0.375 0.375 0.000 0.000
0.50 0.30 0.00 0.05 0.500 0.511 0.011 2.150 0.231 0.238 0.008 3.346 0.375 0.385 0.010 2.702
0.50 0.30 0.00 0.10 0.500 0.523 0.023 4.600 0.231 0.248 0.017 7.257 0.375 0.397 0.022 5.817
0.50 0.30 0.05 0.00 0.500 0.492 -0.008 -1.650 0.231 0.225 -0.006 ~-2.516 0.375 0.367 -0.008 -2.054
0.50 0.30 0.05 0.05 0.500 0.500 0.000 0.000 0.231 0.231 0.000 0.000 0.375 0.375 0.000 0.000
0.50 0.30 0.05 0.10 0.500 0.510 0.010 1.950 0.231 0.238 0.007 3.032 0.375 0.384 0.009 2.449
0.50 0.30 0.10 0.00 0.500 0.487 -0.013 -2.600 0.231 0.222 -0.009 -3.945 0.375 0.363 -0.012 -3.229
0.50 0.30 0.10 0.05 0.500 0.493 -0.007 -1.450 0.231 0.226 -0.005 -2.213 0.375 0.368 -0.007 -1.806
0.50 0.30 0.10 0.10 0.500 0.500 0.000 0.000 0.231 0.231 0.000 0.000 0.375 0.375 0.000 0.000
0.50 0.50 0.00 0.00 0.500 0.500 0.000 0.000 0.333 0.333 0.000 0.000 0.500 0.500 0.000 0.000
0.50 0.50 0.00 0.05 0.500 0.501 0.001 0.250 0.333 0.334 0.001 0.334 0.500 0.501 0.001 0.250
0.50 0.50 0.00 0.10 0.500 0.505 0.005 1.000 0.333 0.338 0.004 1.338 0.500 0.505 0.005 1.000
0.50 0.50 0.05 0.00 0.500 0.501 0.001 0.250 0.333 0.334 0.001 0.334 0.500 0.501 0.001 0.250
0.50 0.50 0.05 0.05 0.500 0.500 0.000 0.000 0.333 0.333 0.000 0.000 0.500 0.500 0.000 0.000
0.50 0.50 0.05 0.10 0.500 0.501 0.001 0.250 0.333 0.334 0.001 0.334 0.500 0.501 0.001 0.250
0.50 0.50 0.10 0.00 0.500 0.505 0.005 1.000 0.333 0.338 0.004 1.338 0.500 0.505 0.005 1.000
0.50 0.50 0.10 0.05 0.500 0.501 0.001 0.250 0.333 0.334 0.001 0.334 0.500 0.501 0.001 0.250
0.50 0.50 0.10 0.10 0.500 0.500 0.000 0.000 0.333 0.333 0.000 0.000 0.500 0.500 0.000 0.000
0.50 0.70 0.00 0.00 0.500 0.500 0.000 0.000 0.412 0.412 0.000 0.000 0.583 0.583 0.000 0.000
0.50 0.70 0.00 0.05 0.500 0.492 -0.008 -1.650 0.412 0.404 -0.008 -1.936 0.583 0.575 -0.008 -1.379
0.50 0.70 0.00 0.10 0.500 0.487 -0.013 -2.600 0.412 0.399 -0.013 -3.045 0.583 0.571 -0.013 -2.176
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Table 1 (Continued)
SMC J NL
Parameters esti- esti- esti-
true mated bias true mated bias true mated bias

s p f fa value value  Dbias (%) value  value bias (%) value value bias (%)
0.50 0.70 0.05 0.00 0.500 0.511 0.011 2.150 0.412 0.422 0.010 2.539 0.583 0.594 0.010 1.785
0.50 0.70 0.05 0.05 0.500 0.500 0.000 0.000 0.412 0.412 0.000 0.000 0.583 0.583 0.000 0.000
0.50 0.70 0.05 0.10 0.500 0.493 -0.007 =-1.450 0.412 0.405 -0.007 -1.702 0.583 0.576 -0.007 -1.211
0.50 0.70 0.10 0.00 0.500 0.523 0.023 4.600 0.412 0.434 0.022 5.456 0.583 0.606 0.022 3.804
0.50 0.70 0.10 0.05 0.500 0.510 0.010 1.950 0.412 0.421 0.009 2.302 0.583 0.593 0.009 1.620
0.50 0.70 0.10 0.10 0.500 0.500 0.000 0.000 0.412 0.412 0.000 0.000 0.583 0.583 0.000 0.000
0.70 0.30 0.00 0.00 0.700 0.700 0.000 0.000 0.412 0.412 0.000 0.000 0.583 0.583 0.000 0.000
0.70 0.30 0.00 0.05 0.700 0.695 -0.005 -0.707 0.412 0.406 -0.006 -1.377 0.583 0.578 -0.006 -0.979
0.70 0.30 0.00 0.10 0.700 0.692 -0.008 -1.114 0.412 0.403 -0.009 -2.162 0.583 0.574 -0.009 -1.541
0.70 0.30 0.05 0.00 0.700 0.668 -0.032 -4.507 0.412 0.377 -0.035 -8.471 0.583 0.547 -0.036 -6.152
0.70 0.30 0.05 0.05 0.700 0.662 -0.038 -5.429 0.412 0.370 -0.042 -10.117 0.583 0.540 -0.043 -7.384
0.70 0.30 0.05 0.10 0.700 0.658 -0.042 -6.050 0.412 0.366 -0.046 -11.211 0.583 0.535 -0.048 -8.210
0.70 0.30 0.10 0.00 0.700 0.642 -0.058 -8.314 0.412 0.350 -0.062 -15.097 0.583 0.518 -0.065 -11.186
0.70 0.30 0.10 0.05 0.700 0.634 -0.066 -9.450 0.412 0.342 -0.070 -16.987 0.583 0.509 -0.074 -12.660
0.70 0.30 0.10 0.10 0.700 0.628 -0.072 -10.286 0.412 0.336 -0.076 =-18.354 0.583 0.503 -0.080 -13.736
0.70 0.50 0.00 0.00 0.700 0.700 0.000 0.000 0.538 0.538 0.000 0.000 0.700 0.700 0.000 0.000
0.70 0.50 0.00 0.05 0.700 0.682 -0.018 -2.607 0.538 0.517 -0.021 -3.9%55 0.700 0.682 -0.018 -2.607
0.70 0.50 0.00 0.10 0.700 0.667 -0.033 -4.714 0.538 0.500 -0.038 -7.073 0.700 0.667 -0.033 -4.714
0.70 0.50 0.05 0.00 0.700 0.682 -0.018 -2.607 0.538 0.517 -0.021 -3.955 0.700 0.682 -0.018 -2.607
0.70 0.50 0.05 0.05 0.700 0.662 -0.038 -5.429 0.538 0.495 -0.044 -8.114 0.700 0.662 ~-0.038 -5.429
0.70 0.50 0.05 0.10 0.700 0.646 -0.054 -7.750 0.538 0.477 -0.062 -11.445 0.700 0.646 -0.054 -7.750
0.70 0.50 0.10 0.00 0.700 0.667 -0.033 -4.714 0.538 0.500 -0.038 -7.073 0.700 0.667 -0.033 -4.714
0.70 0.50 0.10 0.05 0.700 0.646 -0.054 -7.750 0.538 0.477 -0.062 -11.445 0.700 0.646 -0.054 -7.750
0.70 0.50 0.10 0.10 0.700 0.628 -0.072 -10.286 0.538 0.458 -0.081 -14.994 0.700 0.628 -0.072 -10.286
0.70 0.70 0.00 0.00 0.700 0.700 0.000 0.000 0.620 0.620 0.000 0.000 0.766 0.766 0.000 0.000
0.70 0.70 0.00 0.05 0.700 0.668 ~0.032 -4.507 0.620 0.585 -0.035 -5.638 0.766 0.738 -0.027 -3.556
0.70 0.70 0.00 0.10 0.700 0.642 -0.058 -8.314 0.620 0.556 -0.064 =-10.297 0.766 0.715 -0.051 -6.616
0.70 0.70 0.05 0.00 0.700 0.695 -0.005 -0.707 0.620 0.615 -0.006 -0.893 0.766 0.761 -0.004 -0.553
0.70 0.70 0.05 0.05 0.700 0.662 ~-0.038 -5.429 0.620 0.578 -0.042 -6.774 0.766 0.733 -0.033 -4.292
0.70 0.70 0.05 0.10 0.700 0.634 -0.066 -9.450 0.620 0.548 -0.072 -11.669 0.766 0.708 -0.058 -7.539
0.70 0.70 0.10 0.00 0.700 0.692 -0.008 -1.114 0.620 0.612 -0.009 -1.406 0.766 0.759 -0.007 -0.873
0.70 0.70 0.10 0.05 0.700 0.658 -0.042 -6.050 0.620 0.574 -0.047 -7.537 0.766 0.729 -0.037 -4.790
0.70 0.70 0.10 0.10 0.700 0.628 -0.072 =-10.286 0.620 0.542 -0.079 -12.673 0.766 0.703 -0.063 -8.221
0.90 0.30 0.00 0.00 0.900 0.900 0.000 0.000 0.730 0.730 0.000 0.000 0.844 0.844 0.000 0.000
0.90 0.30 0.00 0.05 0.900 0.879 -0.021 -2.294 0.730 0.686 -0.044 -5.968 0.844 0.814 -0.030 -3.539
0.90 0.30 0.00 0.10 0.900 0.861 -0.039 -4.289 0.730 0.651 -0.079 -10.803 0.844 0.789 -0.055 -6.544
0.90 0.30 0.05 0.00 0.900 0.845 -0.055 -6.094 0.730 0.621 -0.109 -14.923 0.844 0.766 -0.078 =-9.207
0.90 0.30 0.05 0.05 0.900 0.824 -0.076 -8.444 0.730 0.584 -0.146 =-19.954 0.844 0,737 -0.106 =-12.596
0.90 0.30 0.05 0.10 0.900 0.806 -0.094 -10.494 0.730 0.554 -0.176 -24.063 0.844 0.713 -0.131 -15.484
0.90 0.30 0.10 0.00 0.900 0.797 -0.103 -11.489 0.730 0.540 -0.190 -25.971 0.844 0.701 -0.142 -16.862
0.90 0.30 0.10 0.05 0.900 0.775 -0.125 -13.894 0.730 0.508 -0.222 -30.368 0.844 0.674 -0.170 -20.136
0.90 0.30 0.10 0.10 0.900 0.756 -0.144 -16.000 0.730 0.482 -0.248 -33.985 0.844 0.650 -0.194 -22.936
0.90 0.50 0.00 0.00 0.900 0.900 0.000 0.000 0.818 0.818 0.000 0.000 0.900 0.900 0.000 0.000
0.90 0.50 0.00 0.05 0.900 0.862 -0.038 -4.194 0.818 0.758 -0.060 =-7.373 0.900 0.862 -0.038 -4.194
0.90 0.50 0.00 0.10 0.900 0.829 -0.071 -7.889 0.818 0.708 ~0.110 -13.474 0.900 0.829 -0.071 -7.889
0.90 0.50 0.05 0.00 0.300 0.862 -0.038 -4.194 0.818 0.758 -0.060 =-7.373 0.900 0.862 -0.038 -4.194
0.90 0.50 0.05 0.05 0.900 0.824 -0.076 -8.444 0.818 0.701 -0.118 -14.361 0.900 0.824 -0.076 -8.444
0.90 0.50 0.05 0.10 0.900 0.790 -0.110 -12.194 0.818 0.653 -0.165 -20.160 0.900 0.790 -0.110 -12.194
0.90 0.50 0.10 0.00 0.900 0.829 -0.071 -7.889 0.818 0.708 -0.110 -13.474 0.900 0.829 -0.071 ~-7.889
0.90 0.50 0.10 0.05 0.900 0.790 -0.110 -12.194 0.818 0.653 -0.165 =-20.160 0.900 0.790 -0.110 -12.194
0.90 0.50 0.10 0.10 0.900 0.756 -0.144 -16.000 0.818 0.608 -0.210 -25.723 0.900 0.756 -0.144 =~16.000
0.90 0.70 0.00 0.00 0.900 0.900 0.000 0.000 0.863 0.863 0.000 0.000 0.926 0.926 0.000 0.000
0.90 0.70 0.00 0.05 0.900 0.845 -0.055 -6.094 0.863 0.793 -0.070 -8.165 0.926 0.884 -0.042 -4.555
0.90 0.70 0.00 0.10 0.900 0.797 -0.103 -11.489 0.863 0.733 -0.130 -15.097 0.926 0.846 -0.081 -8.713
0.90 0.70 0.05 0.00 0.900 0.879 -0.021 -2.294 0.863 0.836 -0.027 -3.117 0.926 0.911 -0.016 -1.697
0.90 0.70 0.05 0.05 0.900 0.824 -0.076 -8.444 0.863 0.766 -0.097 -11.217 0.926 0.868 ~0.059 -6.351
0.90 0.70 0.05 0.10 0.%500 0.775 -0.125 -13.894 0.863 0.707 -0.156 -18.103 0.926 0.828 -0.098 -10.607
0.90 0.70 0.10 0.00 0.900 0.861 -0.039 -4.289 0.863 0.813 -0.050 -5.783 0.926 0.897 -0.030 -3.190
0.90 0.70 0.10 0.05 0.900 0.806 -0.094 -10.494 0.863 0.744 -0.119 -13.839 0.926 0.853 -0.074 =-7.937
0.90 0.70 0.10 0.10 0.900 0.756 -0.144 -16.000 0.863 0.684 -0.179 -20.693 0.926 0.813 -0.114 -12.285

(SMC) Simple matching coefficient; (J) Jaccard’s coefficient; (NL) Nei and Li’s coefficient. (s) Total similarity; (p) proportion of similarity due to

shared positive RAPD bands; (f,) probability of false positives; (f,) probability of false negatives.

the estimated value. Once the bias is
known, it can be used to determine
whether the RAPD protocol has been op-
timized sufficiently to provide accurate
enough estimates of the similarities.
With certain DNA samples, however, ad-
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equate optimization may not be possi-
ble. All is not lost, though, in these cases.
A companion paper®® will discuss cor-
recting for the bias in genetic similarity
coefficients when estimates of the pro-
portions of false positives and false neg-

atives are available from replicate obser-
vations.
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