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Abstract Fungi of the Phialocephala fortinii sensu lato–
Acephala applanata species complex (PAC) are ubiquitous
endophytic colonizers of tree roots in which they form
genotypically diverse communities. Measurement of the
colonization density of each of the fungal colonizers is a
prerequisite to study the ecology of these communities. Up
to now, there is no method readily available for the
quantification of PAC strains co-colonizing the same root.
The new DNA quantification method presented here is
based on the amplification of microsatellites by competitive
polymerase chain reaction (PCR). The method proved to be
suitable to detect and quantify at least two strains within
one single sample by the addition of a known amount of
mycelium of a reference strain before DNA extraction. The
method exploits the correlation between the reference/target
ratio of light emitted during microsatellite detection (peak
ratio) and the reference/target ratio of mycelial weights to
determine the biomass of the target strain. Hence, calibra-
tion curves were obtained by linear regression of the peak
ratios on the weight ratios for different mixtures of
reference and target strains. The slopes of the calibration
curves and the coefficients of determination were close to 1,
indicating that peak ratios are good predictors of weight
ratios. Estimates of fungal biomass in mycelial test mixtures
of known composition laid within the 95% prediction
interval and deviated on average by 16% (maximally 50%)

from the true biomass. On average, 3–6% of the root
biomass of Norway spruce seedlings consisted of mycelial
biomass of either one of two inoculated PAC strains.
Biomass estimates obtained by real-time quantitative PCR
were correlated with the estimates obtained by the
microsatellite-based method, but variation between the
two estimates from the same root was high in some
samples. The microsatellite-based DNA quantification
method described here is currently the best method for
strainwise estimation of endophytic biomass of PAC fungi
in small root samples.

Introduction

Pathogenic and beneficial microorganisms are essential forces
shaping plant communities. In addition to mycorrhizal fungi,
plants are associated with fungal endophytes, which can
occupy different niches from the roots to the needles or leaves
[26, 27]. Symbiotic relationships between endophytes and
plants exist on a continuum from mutualism to antagonism
[19]. Mutualistic relationships can change into antagonistic
ones and vice versa if conditions change [19]. Switching
endophyte behavior from one type of relationship to another
depends on the predisposition of the host tissue, environ-
mental factors, and the extent of colonization. It has been
postulated that plant tissues die as soon as the endophyte’s
density of colonization exceeds a certain threshold value
[22].

Dark septate endophytes (DSE) [23] are ubiquitous
fungal colonizers of apparently healthy plant roots [1, 6,
10–12, 18, 20, 24]. Phialocephala fortinii sensu lato, which
comprises several reproductively isolated cryptic species [8,
9], and the closely related Acephala applanata were
identified as the major components of DSE communities
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in tree roots. Members of the P. fortinii s.l.–A. applanata
species complex (PAC) occur sympatrically, often adjacent
to each other or intermingled in the same root segment
where they compete for space and nutrients [9, 21]. In
forest ecosystems, communities of PAC form persistent
complex networks [14]. PAC can behave as commensals,
mutualists, or opportunistic pathogens depending on genet-
ic traits and environment and may affect plant performance
and plant communities’ composition [9]. Understanding the
mechanisms shaping PAC communities is important for the
interpretation of ecosystem responses to environmental
change. We hypothesize that inter- and intraspecific
competition among PAC strains is a key factor in
community dynamics of these dominant root colonizers.

However, testing this hypothesis requires proper measure-
ment of biomass of co-occurring PAC strains. Several methods
were described allowing to quantify the extent of microbial
colonization in host tissues such as real-time quantitative
polymerase chain reaction (PCR) [2], competitive PCRs [30]
or pyrosequencing [3, 25]. A real-time quantitative PCR
assay specific for PAC species was developed recently [28].
However, the quantification of conspecific individuals or of
closely related species by PCR-based quantification methods
is complicated by the low level of DNA polymorphisms. For
example, sequences of several coding and non-coding
genomic loci of PAC were identical on the intraspecies and
even on the interspecies level [16, 29]. In contrast,
pronounced length differences were observed in micro-
satellites at the intra- and interspecies level of PAC.

The new DNA quantification method presented here is
based on the amplification of microsatellites by competitive
PCR, which is a very precise quantification tool [30]. The
amplicons are separated by capillary electrophoresis and
detected fluorometrically. Retention times differ among
strains due to strain specific allele lengths. Consequently,
the light emission peak of each strain appears at a different
position on the fluorogram making detection of each strain
possible. The area under the peak is proportional to the
DNA amount in the original sample. This area-under-the-
peak ratio, called “peak ratio” hereafter, from reference to
target strain is proportional to the biomass ratio of these two
strains, allowing estimation of biomass of the target strain.

Naef et al. [13] successfully estimated biomass of single
fungal strains by microsatellite-based competitive PCR. We
extended the “dual” system of Naef et al. [13] to a “triple”
system. This allows biomass estimation of two strains of the
same or different species co-occurring in one sample by the
addition of a known amount of mycelium of a third strain.
We tested the “triple” system using roots of Picea abies
(Norway spruce) seedlings colonized simultaneously by two
PAC strains comparing endophyte biomass estimates obtained
by the newly developed microsatellite-based quantification
method with those obtained by real-time quantitative PCR.

Methods

Fungal Strains, Culture Conditions, and Mycelium
Mixtures Used for Calibration

Multiplex and singleplex PCR for the amplification of
microsatellites of PAC has been developed recently, and
allele data are available for more than 5,000 PAC strains
[16]. Several highly polymorphic microsatellite loci are
known, allowing discrimination of many PAC strains
within and among PAC species. Suitability of four loci
(mPF_043, mPF_049, mPF_142B, and mPF_860B) for
DNA quantification was tested initially [16], but only locus
mPF_142B was developed further because this locus
produced fewest stutter bands. Four PAC strains with
different alleles at microsatellite locus mPF_142B [15]
were chosen to develop the “triple” system (Table 1).
Strains were cultivated for 2 weeks in 100-ml Erlenmeyer
flasks containing 50 ml malt broth (15 g l−1 malt extract) on
a shaker at 20°C and 80 rpm. The mycelium was harvested
and lyophilized. The freeze-dried mycelium of each of two
target strains (target strains 1 and 2) was mixed according
to the weight ratios (m1/m2) 1:14, 3:12, 5:10, 7:8, 9:6, 11:4,
13:2, and 14:1, and a constant amount of 15 mg mycelium
(mr) of a third strain (reference strain) was added. The total
weight of all three strains was kept constant at 30 mg.
Mycelial mixtures were homogenized and DNA extracted
as described previously [7].

Amplification of Microsatellites by Competitive PCR

Locus mPF_142B was amplified by PCR according to
Queloz et al. [15] in 15 μl volumes containing 2 μl 1:50 or
1:500 diluted DNA, 50 mM KCl, 10 mM Tris–HCl,
1.5 mM MgCl2, 200 μM dNTPs (Amersham Pharmacia
Biotech), 0.4 μM of each primer (F, GCTTTCACATCAC-
CATCCAG; R, GGTGAGTTGGTTGCGAGTTT) and
0.3 U Taq polymerase (Amersham Pharmacia Biotech).
The running conditions were 2 min at 94°C followed by 36
cycles of denaturation for 30 s at 94°C, annealing for 30 s
at 53°C, and extension for 30 s at 72°C (followed by a final
extension step of 10 min at 72°C).

Microsatellite Fragment Analysis

Fifteen-fold diluted triplicates were prepared from each
PCR reaction: 4 μl of the dilutions were mixed with 9.05 μl
Hi-Di™ formamide and 0.25 μl GeneScan™ 500 LIZ™
(Applied Biosystems). Fragment lengths and the peak area,
i.e., the amount of PCR product, of each fragment, were
measured using an ABI 3730xl DNA analyser (Applied
Biosystems) and analyzed using the GeneMapper v. 4.0
software (Applied Biosystems) [16].
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The mycelial weight ratios (mr/m1 and mr/m2) and the
corresponding peak ratios of the amount of the PCR
products (pr/p1 and pr/p2) were determined for each
combination of strains. Two multiple linear regressions
were performed per strain combination (full models). One
of the regressions served to estimate the coefficients βi
considering strain 1 (m1) to be quantified (target strain) and
strain 2 as “additional” strain (m2), i.e.:

pr=p1ð Þ ¼ b0 þ b1» mr=m1ð Þ þ b2» mr=m2ð Þ: ð1Þ
The other regression served to estimate the coefficients

βi considering strain 2 (m2) to be quantified and strain 1 as
“additional” strain (m1), i.e.:

pr=p2ð Þ ¼ b0 þ b1» mr=m1ð Þ þ b2» mr=m2ð Þ: ð2Þ
Residual analyses were performed and transformations

made as needed. The terms β2*(mr/m2) in Eq. 1 and β1*(mr/
m1) in Eq. 2 were included to test for possible disturbing
influences of the additional strain on the amplification of
the microsatellite of the target strain during competitive
PCR. Ideally, β2 and β1 do not deviate significantly from
zero (i.e., indicating no disturbing influence) in Eqs. 1 and
2, respectively, reducing the equations to equations of
simple regression lines (reduced models):

pr=p1ð Þ ¼ b0 þ b1» mr=m1ð Þ ð3Þ
and

pr=p2ð Þ ¼ b0 þ b2» mr=m2ð Þ ð4Þ
which can then be used as calibration curves. The 95%
prediction intervals were calculated for each calibration curve.
The software R was used for all statistical analyses [17].

Testing the “Triple” System with Mycelial Mixtures

To test the method, freeze-dried mycelia of three strains (A, B,
and C) were mixed at weight ratios of approximately 3:8:19
and 1:1:1 in different combinations and a total dry weight of
30 mg. Cultivation and harvest of strains, DNA extraction,
PCR, and microsatellite fragment analysis followed the
protocols described above. Fungal biomass was estimated
using the established calibration curves, and estimates were
compared with the true weights by regression analysis.

Testing the “Triple” System with Colonized Norway Spruce
Roots

Norway spruce seedlings were grown in 1:1 vermiculite–
peat mixtures (v/v) colonized by PAC according to
Tellenbach et al. [28] with the following modifications.
Instead of 50-ml Falcon tubes, 100-ml polypropylene tubes
(Semadeni, Ostermundingen, Switzerland) were used and
the sterile vermiculite–peat was colonized by two simulta-
neously inoculated PAC strains (Table S1). Norway spruce
seedlings were harvested after 4 months of incubation in a
phytotron [16 h day (120–140 μEm−2 s−1)/8 h night,
temperature (22°C/15°C), and relative humidity (RH
45%)]. Roots were rinsed free from substrate, and seven
5-mm-long root segments were excised from each of three
main roots per seedling. The resulting 21 segments per
seedling were pooled, freeze-dried, and weighed. Freeze-
dried roots and 3 mg of freeze-dried mycelium of the
reference strain, added as internal standard, were mixed
and homogenized. DNA was extracted from the homog-
enate and subjected to competitive microsatellite PCR
and, thereafter, to fragment analysis. The biomass was
estimated using the calibration curves and results
displayed as boxplots [5]. Analysis of variance (ANOVA)
was used to test for effects of strains, species, and strain
combination on the endophytic biomass of each strain. For
comparison, the DNA extracts were subjected to PAC-specific
real-time quantitative PCR according to Tellenbach et al. [28]
to quantify the whole PAC DNA. Regression analysis and
robust line fitting using the LOESS algorithm with α=0.5
[4] were used to compare the mycelial biomass estimates
obtained by real-time quantitative PCR and the microsatellite
method.

Results

Microsatellite Fragment Analysis, Regression Analyses,
and Calibration Curves

Differences between the three replicated measurements of
the peak areas were minimal and amounted to maximally
2.5%. Regression of the peak ratios (pr/p1 or pr/p2) on the
two mycelial weight ratios (mr/m1 and mr/m2) using Eqs. 1

ETH-strain
numbera

Strain label Species Host Allele length at locus
mPF_142B (bp)

6_2_7vb A Phialocephala subalpina Vaccinium myrtillus 174

6_37_6vb B Phialocephala subalpina Vaccinium myrtillus 162

7_45_5b C Phialocephala fortinii s.s. Picea abies 154

7_63_4 D Phialocephala fortinii s.s. Picea abies 152

Table 1 PAC strains included
in this study

a Fungus culture collection of ETH
Zurich, Institute of Integrative Bi-
ology, Section Forest Pathology &
Dendrology, Zurich, Switzerland
b Strain used to test the method
with mycelial mixtures
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or 2 resulted in no significant influence of the additional
strain in 12 of 24 comparisons (Table 2). This allowed
reduction to monofactorial models, and thus, coefficients
of calibration curves (regression lines) and 95% prediction
intervals in two-dimensional space could be determined
(Fig. 1). The fit of the models was best when the ratios
were ln-transformed. The other 12 combinations were
significantly influenced by the additional strain (Table 2).
The 12 calibration curves resulting from the regressions
with no significant influence of the additional strain
(shown in the upper half of Table 2) allowed estimation
of mycelial weights of both strains in five of the six
possible mixtures of two of the four strains. No estimation
was possible for mixtures of strain D and B independently
of which of the two strains was the target or additional
strain, respectively, because both the target and the
additional strain always had a significant influence (see
footnote a in the lower half of Table 2). The coefficients of
determination (R2) were close to 1, and 9 out of 12 slopes
of the regression lines did not deviate significantly from 1
(Fig. 1; Table 2).

Biomass Estimation of Single Strains in Strain Mixtures

The triple system allowed estimating biomass of each strain
in mixtures of two strains accurately. The estimated values
deviated on average by 16% from the true ones with a
maximum deviation of 50% in one single case. However,
the estimated values were all within the 95% prediction
interval (Fig. 2).

Quantification of PAC Biomass in Norway Spruce Roots

Fungal biomass could be estimated using an internal
standard (reference strain) and the appropriate calibration
curve. Fungal biomass was measured in gram mycelial dry
weight per gram root dry weight (Table S1). The median
mycelial biomass of either one of the two inoculated PAC
strains varied between approximately 3% and 6% of the
root biomass (Fig. 3). The density of root colonization
depended on the species. It was significantly higher for P.
subalpina strains (p=0.01054). In contrast, stimulating or
inhibitory effects on endophytic colonization were inde-
pendent on the combination of strains used for inoculation
(p≥0.1447). There was a highly significant relationship
between estimates of endophytic fungal biomass obtained
by real-time quantitative PCR and those obtained by the
microsatellite method (Fig. 4, p=0.008). However,
deviations between the estimates were high and tended
to increase with increasing biomass (Fig. 4). The line
fitted using the LOESS algorithm indicates that the linear
fit is unreliable at endophytic biomasses exceeding
approximately 0.004 g.

Discussion

We were able to develop a precise fungal biomass
estimation method using microsatellite-based competitive
PCR. In contrast to Naef et al. [13], the method allows to
differentiate and estimate endophytic biomass of two fungal
strains in the same plant tissue. It is even possible to
differentiate biomass of conspecific strains. Quantification
of strains within the same species, interacting in plant
tissues, is an essential tool to study the complex and diverse
community structure of PAC species in ecosystems.

Although accuracy of competitive PCR is assumed to
exceed that of any other quantitative PCR procedure,
including real-time quantitative PCR [30] (see below), the
method has some weaknesses: (a) disturbing influence of
the additional strains DNA during competitive PCR due to
differences in length and nucleotide composition of the
target sequences, (2) non-correlatedness of DNA amount
and biomass, and (3) bias induced by a large difference in
biomass of reference and target strain.

Preferential amplification of the target locus of one or
several strains during competitive PCR can be reduced by
the selection of strains that possess alleles of similar length.
However, the more similar the allele length, the more
difficult the discrimination of the light emission peaks
during detection, thus making it more difficult to properly
measure the area under the different peaks. The additional
strain had a disturbing influence on the amplification of the
other two strains in 67% of the samples if the smallest
length difference among the alleles of the three strains was
only 2 bp (i.e., between strain C and D) compared to only
33% of the samples if the length difference was ≥8 bp.
Thus, strains and microsatellite loci must be chosen
carefully, and the best trade-off between equal probabilities
of getting amplified during competitive PCR and measur-
ability must be sought. A difference of 20 bp between the
target and competitor allele is considered to be a good
compromise [30], and allele distances between strains
should be as equal as possible.

The method described here allows quantification of
DNA, but biomass and DNA do not necessarily correlate,
since cell sizes differ depending on the strain, cell type,
and/or culture conditions. For example, microsclerotial cells
are small compared to hyphal cells [6, 20, 28]. Thus, the
DNA amount relative to biomass is higher in micro-
sclerotial than in hyphal cells. Therefore, the type and
composition of the mycelium must be taken into consider-
ation when interpreting biomass estimates. Ideally, strains
used for dual inoculations should either be equally good
producers of microsclerotia or not produce them at all to
improve comparability of biomass estimates for the two
strains. No microsclerotia were observed for our strains
either in liquid culture or in root segments. Thus, our strains
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Table 2 Parameterization of the calibration curves

Target
strain

Reference
strain

Additional
strain

Model R2 Intercept β0 Slopes p (slopes=0) p (slope=1)

β1 β2 β1 β2

Strain combinations without significant influence of the additional strain

A B C Full 0.9983 0.17897 1.03429 −0.06197 <2×10−16* 0.23893

A B C Reduced 0.9983 0.23542 1.003498 <2×10−16* 0.348749

A C D Full 0.9704 −0.47646 0.81053 0.08656 0.000261* 0.315632

A C D Reduced 0.9702 −0.32616 0.97482 2.72×10−12* 0.288321

A D B Full 0.9867 −0.09045 1.28025 −0.44079 8.33×10−08* 0.0767

A D B Reduced 0.9842 0.32862 1.05801 3.25×10−14* 0.054032

B A C Full 0.998 −0.15579 0.96549 0.09406 <2×10−16* 0.1136

B A C Reduced 0.9978 −0.24148 1.01282 <2×10−16* 0.110554

B C A Full 0.9907 −0.5037 1.03925 −0.03545 <2×10−16* 0.328

B C A Reduced 0.9907 −0.56147 1.06752 <2×10−16* 0.002836*

B D C Full 0.9944 0.13957 0.92174 −0.07558 4.93×10−16* 0.0656

B D C Reduced 0.9936 0.01857 0.99161 <2×10−16* 0.31286

B D A Full 0.9605 0.3037 1.2595 −0.1222 3.42×10−05* 0.273

B D A Reduced 0.9596 0.09045 1.03398 2.29×10−11* 0.272114

C A D Full 0.9704 0.47646 0.89709 −0.08656 1.17×10−7* 0.31563

C A D Reduced 0.9702 0.32616 0.97482 2.72×10−12* 0.288321

C A B Full 0.994 0.29497 1.02598 −0.05029 3.03×10−15* 0.0628

C A B Reduced 0.9932 0.21309 0.9365 <2×10−16* 0.000451*

C B A Full 0.9904 0.49292 0.9889 0.04198 4.60×10−12* 0.256

C B A Reduced 0.9902 0.56134 1.06435 <2×10−16* 0.004604*

D B A Full 0.9557 −0.2843 1.1266 0.1137 1.94×10−7* 0.339

D B A Reduced 0.9558 −0.08543 1.02934 4.35×10−11* 0.307599

D B C Full 0.9944 −0.13957 0.84615 0.07558 5.46×10−10* 0.0656

D B C Reduced 0.9936 −0.01857 0.99161 <2×10−16* 0.31286

Strain combinations with significant influence of the additional strain

A B D Full 0.9936 −0.4149 1.41257 0.31415 2.36×10−13* 1.48×10−5*

A B D Reduced 0.9734 0.14543 1.13845 1.22×10−12* 0.048513*

A C B Full 0.9941 −0.30762 0.98947 0.05586 <2×10−16* 0.0411*

A C B Reduced 0.993 −0.21668 0.94594 <2×10−16* 0.002072*

A D C Full 0.9403 −0.23 0.2308 0.27109 0.2351 0.0161*

A D C Reduced 0.912 0.21816 0.7259 5.47×10−9* 5.146902×10−5*

Ba A D Full 0.9934 0.35217 1.63712 −0.28388 9.12×10−11* 0.0000314*

B A D Reduced 0.9755 −0.1521 1.11188 6.91×10−13* 0.01108461*

Ba C D Full 0.9948 −1.1418 1.0701 −0.4058 3.8×10−13* 0.0042*

B C D Reduced 0.9925 −0.80358 0.86603 <2×10−16* 1.432868×10−8*

C B D Full 0.9948 1.1418 0.66435 0.40581 1.62×10−9* 0.0042*

C B D Reduced 0.9925 0.80358 0.86603 <2×10−16* 1.432868×10−8*

C D B Full 0.9752 1.28137 0.58876 −0.14841 5.25×10−09* 0.0253*

C D B Reduced 0.9695 1.0455 0.72285 <2×10−16* 4.67659×10−10*

C D A Full 0.9973 0.24646 1.16818 −0.57973 1.47×10−12* 1.29×10−05*

C D A Reduced 0.9888 0.77397 0.87185 2.84×10−15* 1.119510×10−5*

Da A B Full 0.9861 0.1718 0.7963 0.5382 0.0000181* 0.0379*

D A B Reduced 0.9818 −0.34213 1.06598 8.54×10−14* 0.045915*

D A C Full 0.9403 0.23 0.50189 −0.27109 0.000135* 0.01609*

D A C Reduced 0.912 −0.21816 0.7259 5.47×10−09* 5.146902×10−5*

Da C B Full 0.9752 −1.28137 0.44035 0.14841 0.00146* 0.02528*
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behaved similarly under the used experimental conditions
and, therefore, comparability of biomass estimates is given.

Furthermore, the addition of high amounts of reference
mycelium to low amounts of target mycelium can cause

biomass estimates to be less accurate. The closer the
reference/target weight ratio is to 1, the more accurate
estimation of the target’s biomass, i.e., the narrower the
prediction interval (Fig. 1). However, the lowest amount of
powdery freeze-dried mycelium that can accurately be
weighed manually, i.e., without the aid of a micromanip-
ulator, is 3 mg. Thus, the reference mycelium weighs 3 mg,
which is usually much more than the weight of endophytic
mycelium in plant tissues (Fig. 3). Consequently, the
reference/target weight ratio is strongly skewed towards
values >>1, possibly leading to a bias in quantification of
low amounts of target mycelium [30]. To avoid this bias,
DNA extraction from a multiple of 21 root pieces would be

Table 2 (continued)

Target
strain

Reference
strain

Additional
strain

Model R2 Intercept β0 Slopes p (slopes=0) p (slope=1)

β1 β2 β1 β2

D C B Reduced 0.9695 −1.0455 0.72285 <2×10−16* 4.67659×10−10*

D C A Full 0.9973 −0.24646 0.58845 0.57973 4.72×10−09* 1.29×10−05*

D C A Reduced 0.9888 −0.77397 0.87185 2.84×10−15* 1.119510×10−5*

Coefficients and p values resulting from both the full (Eqs. 1 and 2) and the reduced regression models (Eqs. 3 and 4) for each possible
combination of strains. α=0.05 was used as significance level

*p≤α
a Combination of target and additional strain for which no calibration curves could be established
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itive microsatellite PCR of DNA extracted from freeze-dried myceli-
um of strains B (target strain), D (reference strain), and C (additional
strain) mixed at different weight ratios. Triplicates of the PCR
products were prepared for fragment analysis. The logarithmic ratios
of the amount of PCR products (i.e., peak ratios) (y ¼ pD=pB) were
plotted against the logarithmic mycelial weight ratios (x ¼ mD=mB).
The solid line represents the regression line fitted to the data points
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slope (β1) being 1, and estimation of the mycelial weight ratio with
95% prediction interval for a supposed peak ratio of 1.5 are also
displayed

0.005 0.010 0.015 0.020

0.
00

5
0.

01
0

0.
01

5

Estimated mycelial weight [g]

T
ru

e 
m

yc
el

ia
l w

ei
gh

t [
g]

y = -0.0012 + 0.9923x
R2 = 0.9764, p(slope = 1) = 0.5872

Figure 2 Test for the suitability of calibration curves. True versus
estimated mycelial weight of strain A. The calibration curve described
on the first line of Table 2 was used to estimate the mycelial weight
based on the amount of DNA received by competitive PCR
amplification of microsatellite locus mPF_142B. The dashed lines
indicate the 95% prediction interval. The slope of the regression line
does not deviate significantly from 1 (p=0.5872)

Fungal Biomass Estimation in Strain Mixtures 681



a solution. Additionally, taking more samples from the
same root system increases accuracy of the weight-ratio
estimates of the two strains colonizing the same root
system.

Although real-time quantitative PCR and the micro-
satellite method were applied to the same DNA extracts,
some of the fungal biomass estimates obtained by the two
methods deviated strongly from each other (Fig. 4). This is
mainly due to the wide confidence intervals of the estimates
observed with either method [28]. For example, if the
estimates obtained by the two methods for the same extract
deviate from the true value in opposite directions, the
difference between the two estimates can become very
large. An important advantage of the microsatellite method
is the presence of a known amount of mycelium of a
reference strain as internal standard in each reaction tube
during PCR. The amount of light emitted by the reference
strain during detection is proportional to the light emitted
by the target strain(s). This allows more accurate estimation
of the target strains biomass. In contrast, in real-time
quantitative PCR, the standard runs separately in a different
reaction tube. Therefore, disturbing effects (e.g., substances
inhibiting PCR) may affect targets and standard differently.
This could lead to larger deviations between estimates and
true values compared to the deviations obtained with the
microsatellite method. Additionally, the real-time quantita-
tive PCR method consists of two PCRs, a pre-PCR with 15
amplification cycles and the real-time quantitative PCR
itself, whereas for the microsatellite method, only one PCR

with 36 amplification cycles is needed. Thus, although the
initial DNA amount is the same for both methods, the DNA
amount after PCR differs between the two methods. Since
each PCR run adds some variation, nested real-time
quantitative PCR probably generates more variation than
the microsatellite method. For all these reasons, we
consider the microsatellite method to provide more accurate
estimates of endophytic fungal biomass than real-time
quantitative PCR. Similarly, Naef et al. [13] found that
competitive PCR based on microsatellite sequences is more
accurate than the real-time quantitative PCR method.
Comparing our method with that of Naef et al. [13], we
benefit from the highly polymorphic microsatellites allow-
ing us to distinguish not only among species but also
among conspecific strains. The extension of the dual to the
triple system may be useful for those working with fungal
communities.

The newly developed method offers the possibility to
study colonization of roots inoculated with known PAC
strains. Not only detection and differentiation of PAC
strains are possible but also quantification. On average
and depending on the PAC species, approximately 3–6% of
the root biomass consisted of mycelial biomass of either
one of the two inoculated PAC strains (Fig. 3). In the
future, this method can become very useful to study
dynamics and performance of PAC strains inoculated into
plant communities in natural habitats. Because of possible
extension to a multidimensional system, the application
spectrum will increase.
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Figure 4 Regression of the estimates of endophytic fungal biomass
obtained by the microsatellite method on those obtained by real-time
quantitative PCR. The solid line indicates linear fit; the dashed line
indicates LOESS fit with α=0.5
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