
74 BioTechniques Vol. 37, No. 1 (2004)

SHORT TECHNICAL REPORTS

INTRODUCTION

Following the allotransplantation of 
solid organs, cells of donor origin per-
sist in the peripheral circulation and tis-
sues of the recipient. This phenomenon, 
termed donor microchimerism, is pos-
tulated to be paramount to the develop-
ment of donor-specific hyporesponsive-
ness and graft acceptance (1,2). PCR 
amplification of the sex-determining re-
gion of the Y chromosome (SRY gene) 
is commonly used in male to female 
donor-recipient transplant pairs to detect 
persistent donor (male) cells in recipient 
(female) blood and tissues post-trans-
plantation (2–7). However, several stud-
ies have demonstrated that the qualitative 
presence or absence of donor microchi-
merism bears no association with clini-
cal outcomes, including allograft accep-
tance (8–12). Indeed, our preliminary 
results in a porcine model of intestinal 
transplantation indicate that a threshold 
level of microchimerism is necessary 

for the induction of donor-specific hy-
poresponsiveness (13). Previous efforts 
to define the extent of microchimerism 
have typically employed variations of 
standard PCR methodology that permit, 
at best, the generation of semiquantita-
tive data (14). This inherent limitation 
of standard PCR methodology occurs 
because minute differences in any of the 
multiple variables that affect amplifica-
tion efficiency can dramatically alter the 
product yield, thus precluding accurate 
quantification, and by extension, mean-
ingful comparisons of levels of micro-
chimerism between samples. Therefore, 
the development of a bona fide quantita-
tive PCR assay, capable of determining 
the precise level of donor cells persisting 
within recipient tissues, is an essential 
technical prerequisite for the study of 
microchimerism. Fortunately, PCR can 
be adapted to provide truly quantitative 
information without sacrificing its high 
degree of sensitivity.

We developed a quantitative com-

petitive PCR (QC-PCR) assay, based 
on our previously published methods 
(15,16), in which the unknown amount 
of native SRY DNA in the sample 
is coamplified with an SRY-specific 
competitor DNA template as an inter-
nal control. Because the same prim-
ers recognize both the target and the 
competitor template (CT), any variable 
influencing the amplification reaction 
similarly affects both the target and 
CT. Thus, the relative abundance of 
the coamplified products remains con-
stant, even under different conditions 
of amplification efficiency. Although 
highly accurate, the necessity of run-
ning a panel of PCRs with CT amounts 
above and below the equivalence point 
to generate a graph (15,17,18) for each 
individual sample is quite laborious 
and therefore impractical for the analy-
sis of multiple samples. To address this 
problem, we have designed a more rap-
id, quantitative PCR technique to de-
termine the degree of microchimerism 
in sex-mismatched transplant recipi-
ents. Our modified QC-PCR method is 
based on the generation of a standard-
ized “master” curve.

In this report, we describe and vali-
date a QC-PCR method whereby the 
generation of a single standard curve 
permits the degree of donor microchi-
merism to be precisely quantified in 
DNA samples extracted from a variety 
of recipient tissues.

MATERIALS AND METHODS

Primer and Competitor Design

Primers were designed to enable 
specific amplification of a 266-bp 
segment of the sex-determining re-
gion of the pig Y chromosome (SRY 
gene), 5′-AGTGGTAGAGAGAGTGG-
CCAGGATCGTG-3′ and 5′-TGTGC-
CCTCTCTCCCTTGCGACGAGGT-
3′. The slightly longer CT was created 
by the insertion of a short DNA frag-
ment (34 bp) into the native SRY gene 
sequence in a multistep, PCR-di-
rected process using complementary 
internal oligoprimers (5′-GGCCC-
GCCCGGAACAAGAAGAACT-
GGGATGCAAGTGGAAAAT-3′ and 
5′-CGGGCGGGCCATGATGTATAG-
GCCACTTGCTGATCTCTGAGT-3’). 
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The persistence of donor cells in recipient circulation and peripheral tissues post-transplan-
tation has been demonstrated in solid organ allotransplantation and xenotransplantation 
models. Although this state of microchimerism has been postulated as the basis for graft 
acceptance, chimerism has not been directly linked to the maintenance of peripheral toler-
ance or prevention of rejection. Studies have demonstrated that the qualitative presence or 
absence of donor microchimerism bears no association with graft acceptance. Our prelimi-
nary work suggests that there is a threshold chimerism necessary for the induction of donor-
specific hyporesponsiveness. Because the kinetics of donor cell accumulation and distribu-
tion in allograft recipients are largely unknown, quantitative analyses are needed to evaluate 
chimerism’s significance to donor-specific tolerance. We developed a quantitative, competi-
tive PCR assay to precisely measure the amount of chimerism in male to female transplant 
pairs by targeting the sex-determining region of the Y chromosome (SRY gene). Traditionally, 
this technique requires that serial known amounts of an SRY-specific competitive template 
(CT) be coamplified with a constant amount of sample DNA to determine the equivalence 
point of the relative band intensities of the PCR products. However, running a panel of PCRs 
with CT amounts above and below the equivalence point to generate a standard curve for ev-
ery sample is laborious. Here we describe the generation of a single standard curve that per-
mits the rapid and reliable quantification of microchimerism after coamplification of sample 
DNA with a single amount of CT.
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The 300-bp CT was then ligated into 
the TOPO TA Cloning® Vector (Invit-
rogen, Carlsbad, CA, USA), a plasmid 
clone containing the CT insert was 
extracted from an overnight bacterial 
culture with a Wizard® Plus Miniprep 
DNA Purification System (Promega, 

Madison, WI, USA), and the DNA 
yield was measured by a spectropho-
tometer. A stock solution of 1 ng/μL of 
CT was prepared, from which the de-
sired dilutions were obtained.

DNA Amplification

DNA was extracted from 0.5–1.0 g 
of tissue or 15 cm3 of peripheral blood, 
according to the methods of Maniatis 
et al. (19), using phenol-chloroform 
and ethanol precipitations. Chimeric 
DNA samples (1000 ng) were prepared 
by mixing male genomic DNA with 
female genomic DNA to achieve final 
male DNA concentrations ranging from 
10% to 0.001%. Serial dilutions of CT 
were prepared from the stock solution 
(amounts ranging from 1 to 0.0000001 
pg). PCR was carried out in 50-μL re-
action mixtures, including 1.2 μM (80 
ng) each of sense and antisense prim-
ers, 200 μM dNTP, 2 mM MgCl, 2.5 
U of Taq DNA polymerase, and 5 μL 
of 10× reaction buffer (750 mM Tris-
HCL, pH 8.8, 200 mM (NH4)2SO4, 
0.1% Tween® 20). Amplification was 
performed in a Perkin Elmer Gene-
Amp® 2400 Thermal Cycler (Applied 
Biosystems, Foster City, CA, USA), 
with a 7-min denaturation at 94°C fol-
lowed by 35 cycles of 15 s at 94°C, 15 
s at 65°C, 30 s at 72°C, and a final 10-
min extension at 72°C. PCR products 
(10 μL) were then resolved by electro-
phoresis on a 2.5% agarose gel (Roche 
Applied Science, Montreal, QC, Cana-
da) stained with ethidium bromide.

Generation of Standard Curve

The SRY primers were used to 
coamplify male DNA and CT. The 
amount of male genomic DNA used 
was held constant at 0.1 ng (equivalent 
to 15 diploid cells or copies of the SRY 
gene) admixed with female DNA for a 
total of 1000 ng chimeric DNA (0.01% 
male DNA) per reaction tube, while the 
CT varied over a range from 0.033 to 
0.00001 pg in 11 separate reactions. 

The PCR products were resolved on a 
2.5% agarose gel and scanned under 
ultraviolet (UV) light using the Alpha 
Imager 2000 Digital Imaging System 
(Alpha Innotech, San Leandro, CA, 
USA), with careful attention paid to the 
avoidance of band saturation.

Transplantation Model

Orthotopic small bowel transplan-
tations using male donor and female 
recipient outbred pigs were performed 
as previously described (13). Blood 
samples were collected at interval days 
post-transplantation, and tissue samples 
were procured at autopsy.

RESULTS AND DISCUSSION

Our QC-PCR method relies on the 
coamplification of the native SRY gene 
from pig genomic DNA and an artifi-
cial variant containing a 34-nucleotide 
insertion (the CT). The absolute mini-
mum limits of detection for both the 
SRY DNA and the CT were first indi-
vidually determined following the opti-
mization of PCR conditions. The limits 
of detection were found to be a concen-
tration of 0.0003% (male to female ra-
tio of 1:3 × 105) for the SRY gene and 
a dilution of 0.000001 pg for the CT, 
respectively. We then performed a ti-
tration with a constant amount of male 
genomic DNA (0.1 ng in a 10,000-fold 
excess of female DNA) and known 
amounts of the CT. When the ampli-
fications were analyzed by agarose 
gel electrophoresis, as expected, both 
the 266-bp band representing the SRY 
DNA and the 300-bp band correspond-
ing to the amplified CT product were 
visualized (Figure 1A). A standard 
curve was generated by plotting the log 
of the CT/SRY band intensity ratio on 
the y-axis against the log of CT dilu-
tions in picograms on the x-axis (Fig-
ure 1B). The observed linearity (r2 = 
0.992) indicates a constant relationship 
between the SRY and CT amplification 
efficiencies (20). The regression equa-
tion of the line is y = 0.6605x + 2.9805. 
Because the amplification kinetics of 
both CT and SRY DNA are highly sim-
ilar, it is valid to conclude that equal 
PCR product band intensities can oc-
cur only when the starting amounts of 

CT and SRY substrate are identical. 
Therefore, when CT/SRY band intensi-
ties are equal (y = 0), the antilog of x 
gives the starting amount of CT prior to 
amplification, which is also the starting 
amount of the SRY DNA. Applying the 
equation in this manner, the calculated 
amount of SRY DNA in 100 pg of male 
genomic DNA interpolated from this 
plot is 0.0000307 pg (0.0000307%), 
with a coefficient of variation (cv) of 
7.31% on three replicate experiments.

To assess the internal consistency 
of QC-PCR kinetics over a wide range 
of starting amounts, two additional ex-
periments were performed using 1 and 
10 ng of male genomic DNA admixed 
with 1000 ng of female DNA as sub-
strate. These mixtures, representing 
0.1% and 1% male DNA content, were 
coamplified with CT amounts rang-
ing from 0.01 to 0.00001 pg and 0.1 to 
0.0001 pg, respectively. The linearity 
of coamplification was confirmed, as 
indicated by the respective r2 values of 
0.992 and 0.994. The SRY amounts in 
picograms were calculated using the 
respective linear equations generated 
by each graph (when y = 0, antilog of 
x = CT amount prior to amplification 
= SRY amount in picograms; Figure 
1C). SRY amounts of 0.000293 and 
0.00313 pg were detected using 1 and 
10 ng of male DNA, respectively. Ex-
pressing these values as the percent of 
male genomic DNA occupied by the 
SRY gene yields values of 0.0000293% 
and 0.0000313%, results that are highly 
consistent with the initial determination 
of 0.0000307%.

Thus, the kinetics of amplification 
between the CT and SRY substrates re-
mained constant over a 2 log-fold range 
of starting amounts. This vital property 
of QC-PCR permits the use of a single 
master standard curve to quantify the 
male DNA concentration in multiple 
blood and tissue samples obtained from 
female chimeras post-transplantation. 
Moreover, once this master curve has 
been generated, only a single QC-PCR, 
yielding both a CT and SRY product, 
needs be performed.

To test the practical application of 
our master standard curve methodol-
ogy, we analyzed liver tissue harvested 
from a female recipient of a male intes-
tinal graft for the degree of donor mi-
crochimerism. As a basis of compari-
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son, we first determined the amount of 
SRY DNA in the sample using the con-
ventional approach of coamplification 
of SRY DNA in the sample with vari-
ous dilutions of CT (0.0001, 0.00001, 
and 0.000001 pg), followed by the gen-
eration of a standard curve (Figure 2, 
A and B). The resultant linear regres-
sion equation (y = 0.5871x + 2.8543) 
was then used to calculate the amount 
of SRY in the usual fashion (when y = 
0, antilog of x = SRY amount in pico-
grams). The amount of SRY DNA pres-
ent in the tissue sample by this method 
was determined to be 0.0000137 pg. 
Because we have previously demon-
strated that the SRY gene occupies 
0.0000307% of male genomic DNA, 
we can calculate a total of 44.625 pg 
of male genomic DNA in the sample. 
Furthermore, because 1000 ng of DNA 
were harvested from the liver of the re-
cipient female in this experiment, the 
degree of donor microchimerism can 
be expressed as 0.0045%.

We then applied our master stan-
dard curve methodology to calculate 
the percent of microchimerism in the 
same liver tissue sample. Because we 
have shown that the kinetics of ampli-
fication for CT and SRY DNA remains 
constant over a wide range of starting 
substrates, any of the conventional 
standard curves depicted in Figure 1C 
can be transformed into the master 
standard curve. The selected standard 
curve is transformed by replotting the 
data points obtained from the competi-
tive PCR using a modified x-axis that 
reflects the amount of male DNA used 
as substrate in the original serial coam-
plifications. For the standard curve de-
picted in Figure 1B, this modification 
produces the master standard curve 
that is defined by the new regression 
equation y = 0.6605x + 4.3016, where 
y = log (CT/SRY) band intensities and 
x = log [CT amount (pg)/male DNA 
amount (pg)] (Figure 2C). This re-
gression equation can subsequently be 
used to calculate the amount of male 
DNA in any tissue sample procured 
from a female chimera because the 
only unknown in this equation is the 
male DNA amount (pg), and the only 
requirement is a single coamplification 
of the sample with a CT amount that 
yields both SRY and CT PCR products. 
Scanning the middle lane of the gel in 

Figure 1. Generation of the conventional standard curve. (A) Agarose gel electrophoresis of the 
coamplification of 0.1 ng of male genomic DNA (male DNA mixed with female DNA at a ratio of 1:104) 
with serial competitive template (CT) amounts ranging from 0.033 to 0.00001 pg. The gel shows two 
PCR products per lane, representing the CT (larger fragment, 300 bp) and SRY gene (smaller product, 
266 bp). (B) Standard curve generated from the gel shown in panel A. The band intensity is assayed by 
scanning densitometry, and the graph is generated by plotting the log CT/SRY band intensity against the 
log CT amount. (C) Standard curves generated from amplifications containing three initial concentra-
tions of male DNA substrate. Standard curve (i) represents the data from panel B (0.1 ng male DNA); (ii) 
and (iii) correspond to 1 and 10 ng male DNA, respectively.
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Figure 2A, which resulted from using 
0.00001 pg of CT substrate in the PCR, 
yields a CT/SRY band intensity ratio of 
0.83. Substituting the appropriate val-
ues into the regression equation gives 
log 0.83 = 0.6605 log [0.00001 pg/male 
DNA amount (pg)] + 4.3016. Solving 
for the male DNA amount gives a re-
sult of 43.16 pg, equivalent to 0.0043% 
male DNA in the 1000 ng of liver tis-
sue. Thus, the master standard curve 
methodology yields a virtually identi-
cal degree of microchimerism to that 
obtained by the conventional method, 
without the need for multiple coampli-
fications for each sample analyzed. 

In total, we performed 26 small 
bowel transplants, and DNA was ex-
tracted not only from liver but also 
from spleen, thymus, and skin procured 
at autopsy, in addition to blood samples 
collected at select intervals postopera-
tively. The SRY amount was calculated 
for each sample using both the conven-
tional standard curve technique and the 
new master curve strategy. Altogether, 
in excess of 100 direct comparisons 
were made, yielding virtually identical 
results each time (cv < 8). In Table 1, 
representative data from two animals 
are presented, showing that the master 
standard curve method reliably quanti-
fies the male donor microchimerism in 
native recipient female tissues, inde-
pendent of the source of DNA (tissue 
type) and experimental condition.

One potential critique of our meth-
odology is that since the slope of the 
standard curve reflects the relative ef-
ficiencies of amplification of the SRY 
and CT templates, ideally, a standard 
curve with a slope of 1 would be gen-
erated (20). However, this painstak-
ing exercise would require the testing 
of many different CT to find one with 
identical amplification efficiency to 
that of the target DNA substrate and 
is clearly unnecessary for most practi-
cal applications. Our standard curve 
resulted in a slope less than 1, indicat-
ing a higher amplification efficiency 
of the SRY substrate compared to the 
CT. Therefore, although the amount 
of starting SRY substrate interpolated 
from the curve is precisely quantified, 
it has not been corrected for differences 
in amplification efficiency between the 
CT and SRY substrates. Nonetheless, 
the constant amplification kinetics be-

tween the SRY gene and CT permits 
reliable, quantitative comparisons of 
the levels of donor microchimerism be-

tween samples, both between recipients 
and from an individual recipient over 
time. Thus, this technique fulfills the 

Figure 2. Quantification of male DNA amount by conventional standard curve analysis and the 
master curve strategy. (A) Electrophoresis of 1000 ng of DNA extracted from a female liver post-trans-
plantation submitted to standard PCR with SRY-specific primers and coamplified with competitive tem-
plate (CT) of (1) 0.0001, (2) 0.00001, and (3) 0.000001 pg, respectively. Scanning densitometry of the 
product bands generated ratios of 3.20, 0.83, and 0.21, respectively. (B) A conventional standard curve 
of the data shown in panel A, in which data are plotted as the log CT/SRY band intensity ratio versus 
the amount (amt) of CT used. (C) The master standard curve, generated from the conventional standard 
curve in panel B by the inclusion of male DNA amount added to the denominator on the x-axis. 
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necessary methodological prerequisites 
for the analysis microchimerism and 
thereby allows a meaningful assess-
ment of the kinetics, extent, and impact 
of microchimerism on both recipient 
immunological function and on the ex-
perimental means used to achieve it. 

Chimerism is a very dynamic pro-
cess, with donor DNA concentrations 
in native recipients that can vary greatly 
both between tissues and over time. It is 
therefore highly desirable that a quan-
titative assay using a single standard 
curve be able to accurately determine 
levels of microchimerism over this 
entire range. By virtue of the constant 
amplification kinetics between the SRY 
and the CT demonstrated in this paper 
over a wide range of male DNA start-
ing concentrations, the standard curve 
methodology that we describe here per-
mits rapid, sensitive, and reliable quan-
tification over the whole range of mi-
crochimerism using a single PCR. This 
methodology facilitates the analysis of 
kinetics of microchimerism post-trans-
plantation with respect to outcomes and 
regimens implemented in any experi-
mental setting where male-to-female 
transplant pairs are used.

Real-time PCR has emerged as a 
precise and reproducible technique for 
the quantification of gene expression 
that may be more rapid and efficient 
than the application we propose. How-
ever, real-time PCR is neither afford-
able nor accessible to most individual 
investigators. Furthermore, although 
the design of the master standard curve 
may appear time-consuming and cum-
bersome at the outset, with real-time 
PCR, the design of primers and probes 

and the optimization conditions also re-
quire a large investment of time and a 
lot more money. As such, the gel-based 
QC-PCR technique, using the master 
curve strategy described in this paper, is 
a reliable, sensitive, and cost-effective 
approach for the individual investiga-
tor needing to quantify gene expression 
rapidly, while avoiding the consump-
tion of scarce amounts of DNA. 
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Table 1. Comparison of Conventional Standard Curve and Master Standard Curve Applications for Quantitative Anal-
ysis of Male DNA in Various Tissues 

Female Tissue 
(1000 ng DNA)

Male DNA 
Conventional Std. Curve

(pg)

Male DNA 
Master

Std. Curve
(pg)

CV

Nonimmuno- 
suppressed

Immuno- 
suppressed

Nonimmuno- 
suppressed

Immuno- 
suppressed

Nonimmuno- 
suppressed

Immuno- 
suppressed

Liver       2.21 44.95       2.12 43.16 2.93 2.87
Spleen     11.90 22.80     13.30 24.70 7.86 5.66
Thymus       5.01 22.89       4.56 23.22 6.65 1.01
Skin     18.06 42.87     18.35 42.91 1.13 0.07
Blood 4798.09 25.72 5272.40 23.22 6.66 7.22
Methodologies were compared for a nonimmunosuppressed and an immunosuppressed (receiving low-dose cyclosporine A) female recipi-
ent post-intestinal transplant. DNA was extracted from female recipient liver, spleen, thymus, skin, and blood procured at autopsy for each 
animal. The male DNA amount was calculated for each sample using both techniques as described in Figure 2, and the coefficient of varia-
tion (CV) was determined. Std., standard.
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The phage is used as a scaffold to display recombinant libraries of peptides, which provides 
the means to rescue and amplify peptides that bind target macromolecules. Many reports 
showed that the T7 phage display method can be used to obtain a ligand-binding peptide for 
tissue-targeted therapies in adult animals.  In utero tissue targeting of fetal tissues may help 
in the correction of many genetic and metabolic diseases. Here we demonstrate the distribu-
tion and detection of T7 phage displaying the C-X7-C peptide library in mouse fetal tissues 
after systemic injection of T7 phage into pregnant mouse tail vein. T7 phage was recovered 
from fetal tissues 15 min after injection of T7 phage. Our results suggest that T7 phage may 
be a useful tool in selecting the tissue-specific ligand-binding peptide for fetal tissues. This 
approach may be helpful in designing in utero tissue-targeted therapies.

INTRODUCTION

Prenatal in utero gene transfer may 
eventually become a useful approach 
for the correction of various genetic 
disorders. This method of gene transfer 
may prove to be advantageous in rap-
idly replicating fetal cells and may also 
be less likely to induce a host immune 
response to a vector or transgene prod-
uct due to the less well-developed state 
of the fetal immune system. The phage 
display method of combinatorial chem-
istry has become a very popular means 
of searching ligands with high affini-

ties to a given target (1–3). Phage dis-
play is a powerful method for selecting 
and engineering polypeptides with the 
desired binding specificities (4,5), and 
phage display peptide libraries are com-
monly used to obtain defined peptide 
sequences interacting with a specific 
molecule. In this system, peptides in as 
many as 109 permutations are expressed 
on the phage surface by fusion to one of 
the phage surface proteins, and the de-
sired peptides are selected on the basis 
of binding to the target molecule (6). In 
vivo phage display is a powerful meth-
od to identify organ- and tissue-specific 
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