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Special Report 

Exogenous Controls Increase Negative Call Veracity in Multiplexed,  
Quantitative PCR Assays for Phakopsora pachyrhizi 
James S. Haudenshield, United States Department of Agriculture–Agricultural Research Service (USDA-ARS); and Glen L. 
Hartman, USDA-ARS and Department of Crop Sciences, University of Illinois, Urbana 61801 

Abstract 
Haudenshield, J. S., and Hartman, G. L. 2011. Exogenous controls increase negative call veracity in multiplexed, quantitative PCR assays for 
Phakopsora pachyrhizi. Plant Dis. 95:343-352. 

Quantitative polymerase chain reaction (Q-PCR) utilizing specific 
primer sequences and a fluorogenic, 5′-exonuclease linear hydrolysis 
probe is well established as a detection and identification method for 
Phakopsora pachyrhizi and P. meibomiae, two rust pathogens of soy-
bean. Because of the extreme sensitivity of Q-PCR, the DNA of single 
urediniospores of these fungi can be detected from total DNA extracts 
of environmental samples. However, some DNA preparations unpre-
dictably contain PCR inhibitors that increase the frequency of false 
negatives indistinguishable from true negatives. Three synthetic DNA 
molecules of arbitrary sequence were constructed as multiplexed inter-
nal controls (ICs) to cull false-negative results by producing a positive 
signal to validate the PCR process within each individual reaction. The 
first two, PpaIC and PmeIC, are a single-stranded oligonucleotide 

flanked by sequences complementary to the primers of either the P. 
pachyrhizi or P. meibomiae primary assay but hybridizing to a unique 
fluorogenic probe; the third contains unique primer- and probe-binding 
sequences, and was prepared as a cloned DNA fragment in a linearized 
plasmid. These ICs neither qualitatively nor quantitatively affected 
their primary assays. PpaIC and PmeIC were shown to successfully 
identify false-negative reactions resulting from endogenous or exoge-
nous inhibitors, and can be readily adapted to function in a variety of 
diagnostic Q-PCR assays; the plasmid was found to successfully vali-
date true negatives in similar Q-PCR assays for other soybean patho-
gens, as well as to function as a tracer molecule during DNA extraction 
and recovery. 

 

Negative results frequently do not generate the sensational im-
pact of positives and, as such, may not as often elicit the “prove it” 
response. In diagnostic quantitative polymerase chain reaction (Q-
PCR) assays, false negatives can be produced by multiple factors: 
operator error during reaction assembly, physical component fail-
ure (leaking reaction tube, wear and damage to fiber optics and 
moving parts, and so on), spoiled reagents, off-target priming of a 
competing nonfluorogenic amplicon, or inhibitors to the PCR 
chemistry carried through (or introduced by) the DNA isolation 
process (chelating agents, detergents, proteases, phenolics, particu-
lates, immobilants, and so on; 2,12,14,18,19). With environmental 
samples or inconsistent tissue specimen types, the presence of 
inhibitors can be particularly vexing, because they may occur spo-
radically and unpredictably, despite identical sample handling and 
processing procedures, and may be nonuniformly distributed 
among assay replicates. Field diagnostics, as well as our ongoing 
research projects on Phakopsora pachyrhizi, require extraction of 
the potential pathogen DNA from spores or mycelium in soil or 
fresh, decaying, or dried plant tissues, and from various artificial 
substrates such as cellophane tape and carbohydrate capture media. 
Crop security, conscientious disease management, commercial 
liability, and sound scientific research all demand confidence in the 

validity of a negative result. Unfortunately, many researchers and 
diagnostic laboratories, including those working with soybean rust, 
do not have available specific internal controls (ICs) to reveal false 
negatives when they occur. 

A variety of approaches have been devised to identify false 
negatives, because they are a common and problematic quality 
issue in PCR-based diagnostics. One approach is to amplify, ei-
ther in parallel or in multiplex, an endogenous target sequence 
expected to be ubiquitously present, independent of primary tar-
get occurrence, such as a housekeeping gene in assays for muta-
tions elsewhere in the genome (20) or for the presence of engi-
neered transgenes (4,11), or a host gene in assays for a pathogen 
in samples of host tissue (13). Such endogenous-target ap-
proaches have the added benefit of affirming the integrity of the 
DNA (or RNA) extracted from the specimen. However, they 
suffer the liability of possible interference with the primary assay 
if the endogenous target is present in excess over the anticipated 
quantity of primary target, unless amplification of the excess 
target is limited by reducing the supply of corresponding primers. 
They are also impractical when screening environmental samples 
where an endogenous target may not be present in uniform 
quantities, if at all. Another approach is to include (as a spiked, 
exogenous reagent) a secondary, co-amplified target, as in gel-
based, 32P-labeled quantifications (1,2,10) or real-time quan-
tifications (21). This approach offers a controlled, unique IC 
target, positively present in the assay, whose amplification will 
attest to the validity of the assay itself. Such ICs may be deriva-
tive of (8,24) or unrelated to the sequence of the primary target 
(17) or be completely artificial (21) and, for some applications, 
are available commercially (e.g., Exogenous Internal Positive 
Control Kit; Applied Biosystems, Foster City, CA). Unfortu-
nately, there appears to be reluctance in the literature to reveal 
the sequences of these exogenous Q-PCR IC targets, making 
difficult the adoption of otherwise inexpensive ICs, an obstacle 
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further compounded by the expense and limited fluorochrome 
types of the commercial products. 

Some researchers, when faced with PCR inhibitors, have had 
success by dilution of the DNA sample, modifications to the 
extraction protocol (16), or addition of suppressors of inhibition, 
such as bovine albumin (12). Although the dilution method is 
straightforward and often effective, it does not address a number of 
the potential causes of false negatives (e.g., operator error or 
component failure). Furthermore, dilution has the consequence of 
reducing the target DNA concentration and may be impractical if 
the target is expected to be rare, such as with certain environmental 
or clinical samples. If the target is diluted beyond the validated 
range of the assay in order to eliminate inhibition, all that has been 
achieved is masking of the weak positive as a negative. Despite the 
utility of relieving agents and improved extraction methodology, 
again, such measures do not positively validate the PCR process in 
negative reactions, and the veracity of negative calls may remain 
questionable if known weak positives yield occasional negative 
results. 

We describe and demonstrate the function of three artificial 
DNA IC target molecules (with their matching primers and probes) 
to cull false-negative calls in fluorogenic, 5′-exonuclease linear 
hydrolysis (TaqMan) assays for P. pachyrhizi and P. meibomiae (5) 
and Fusarium virguliforme (6) by producing a positive signal, 
thereby validating the PCR process. Because TaqMan chemistry 
utilizes fluorescent reporters having discrete spectral properties, it 
is amenable to multiplexing, and several assays may be combined 
in a single reaction vessel, each assay being independently tracked 
by its unique fluorescent probe. The P. pachyrhizi internal control 
(PpaIC) is a single-stranded synthetic oligonucleotide IC target, 
arranged as a core sequence flanked by regions complementary to 
the primers of the P. pachyrhizi assay itself, affording simplicity in 
reaction assembly. The P. meibomiae internal control (PmeIC) is a 
similar oligonucleotide target, having the same core sequence but 
flanked by regions complementary to the primers of the P. mei-
bomiae assay. Both ICs are short enough to be directly synthesized 
at minimal cost, and both utilize the same fluorescent probe, fur-
ther reducing reagent costs. The Haudenshield and Hartman inter-
nal control (HHIC) is a longer synthetic, double-stranded DNA 
carrying regions complementary to independent primers and a 
unique probe, and cloned into a plasmid for convenient production. 
HHIC has proven useful when multiplexed into the F. virguliforme 
assay and, as a general-purpose assay, it is not limited to any spe-
cific primary target. An abstract of preliminary results of this pro-
ject has been published (9). 

Materials and Methods 
DNA preparation. Soybean (Glycine max (L.) Merr.) reference 

DNA was prepared as described, (3) with the following modifica-
tions: Leaf tissue of cv. Williams 82 was first lyophilized and then 
1 g was powdered in a mortar and pestle. After resuspending the 
first isopropanolic precipitate, 25 µg of RNase A was added and the 
material was incubated at 37°C for 30 min. The final ethanol-
washed DNA pellet was resuspended in 5 mM Tris, pH 8, and then 
extracted once with a 25:24:1 mixture of phenol/chloroform/ 
isoamyl alcohol (P-3803; Sigma-Aldrich, St. Louis). DNA in the 
aqueous phase was precipitated with ethanol and centrifuged, and 
the pellet was air dried. The final DNA pellet was resuspended in 
10 mM Tris and 1 mM EDTA (pH 8) and a yield of 1.55 mg of 
DNA was determined spectrophotometrically (Nanodrop 1000; 
NanoDrop Products/Thermo Fisher Scientific, Wilmington, DE). 
From this G. max DNA, a dilution series was prepared in a diluent 
(DIL; 5 mM Tris buffer, pH 8, containing sheared carrier salmon 
sperm DNA at 1 µg/ml; Ambion, Austin, TX) to make 20 ng/µl, 2 
ng/µl, 200 pg/µl, 20 pg/µl, and 2 pg/µl, and aliquots were dispensed 
and frozen at –80°C. 

Soybean rust reference DNA was prepared from urediniospores 
of P. pachyrhizi isolate 07FL-1 collected from soybean leaves, heat 
killed at 55°C for 16 h, and vigorously suspended in 0.05% 
(vol/vol) Tween-20 before microscopic enumeration in a hemacy-

tometer. The spores were then extracted using the FastDNA Spin 
Kit and FastPrep FP120A instrument (MP Biomedicals, Solon, 
OH) in eight Lysing Matrix A tubes (garnet sand and one 0.25-in. 
ceramic sphere) with 1 ml of cell lysis solution–yeast (CLS-Y) 
extraction buffer (included with the kit) plus 1 µg of salmon DNA 
as a carrier per tube, and homogenized for 40 s at a speed of 6 m/s. 
Eluates were pooled, chilled at 4°C overnight, and centrifuged at 
16,000 × g for 10 min., and a clarified supernatant was recovered. 
Based upon volumetric recovery and the initial microscopic spore 
quantification, the resulting DNA solution represented 2,621 spore-
equivalents (SEq) per microliter (quantification by spectropho-
tometry was not feasible because of the low amount of rust DNA 
and the presence of carrier salmon DNA). From this material, se-
rial dilutions were prepared in DIL to make 100, 10, 1, 0.1, and 
0.01 SEq/µl, and aliquots were dispensed and frozen at –80°C. 
DNA of P. meibomiae was a provided by R. Frederick (Frederick, 
MD), and 1 µg was suspended in 5 mM Tris, pH 8; stored frozen at 
–20°C; and serially diluted with DIL to concentrations of 5,000, 
500, 50, 5, and 0.5 pg/µl, as needed. 

Reference DNA of F. virguliforme, the soybean sudden death 
syndrome pathogen, was prepared from approximately 4 cm2 of 
dense mycelial mat of isolate MONT-1 cut from the surface of 
potato dextrose agar divided among three tubes and extracted using 
the FastDNA method above, except that no salmon DNA was 
added, and the tubes were homogenized twice in the FastPrep in-
strument with an intervening 1 h of incubation on ice. The Fast-
DNA eluates were pooled (0.75 ml) and frozen at –20°C. When 
thawed, 0.25 ml of 5 M ammonium acetate was added and DNA 
was precipitated with an equal volume of isopropanol and sedi-
mented at 16,000 × g for 10 min. The recovered pellet was air 
dried and suspended in 0.5 ml of 5 mM Tris, pH 8, and a concen-
tration of 51.7 µg/ml was determined using the Nanodrop instru-
ment. From this stock and using a saline diluent (S-DIL; DIL plus 
1 mM NaCl), a dilution series was prepared at 106, 105, 104, 106, 
100, and 10 fg/µl. 

When extracting P. pachyrhizi DNA from dry leaf tissue, 12 G. 
max leaflets showing heavy sporulation by P. pachyrhizi (collected 
in Vietnam during 2008 and heat killed for 12 h at 50°C; provided 
by T. A. Pham) were ground in a mortar and pestle to produce a 
fine powder. Samples (50 mg) of this powder were placed in each 
extraction tube with 1 ml of CLS-Y (or 0.8 ml of CLS-VF with 0.2 
ml of protein precipitation solution [PPS]) extraction buffer as 
supplied with the FastDNA kit and processed according to the 
method above, except that no salmon DNA was added. The tubes 
were homogenized twice in the FastPrep instrument with an inter-
vening 1 h of incubation on ice. After elution and storage overnight 
at 4°C, approximately 80 µl of clarified supernatant was recovered. 
To observe the impact of any inhibitors on quantification, the 
DNAs were diluted 1:20 and 1:100 with DIL, and bovine serum 
albumin (BSA) was added to the reactions where the 1:100 dilu-
tions were assayed. When extracting DNA from archival tissue, 
samples of approximately 1 cm2 exhibiting uredinia were taken 
from specimens provided by J. Hennen: “SR-1” (P. pachyrhizi on 
G. max, collected in Taiwan 1983) and “SR-4” (P. meibomiae on 
G. max, collected in Brazil, 1986). The leaf samples were placed 
directly into extraction tubes and processed as for powdered leaf 
tissue, using the CLS-VF/PPS extraction buffers, and the 80 µl of 
clarified supernatant was used either undiluted or with a 1:10 dilu-
tion in DIL. 

PpaIC and PmeIC. An arbitrary core sequence of 42 nucleotide 
(nt) residues was designed for hybridization to a 25-base oligonu-
cleotide probe (Core-Cy5; 5′ Cy5-labeled and 3′ IowaBlack-
quenched) at a Tm similar to that of the probe used in the P. pachyr-
hizi and P. meibomiae assays (SBR-FAM; 5′ FAM-labeled and 3′ 
IowaBlack-quenched), and flanked by primer-binding sequences 
complementary to the primers for those same assays (Ppm1 and 
Ppa2 for P. pachyrhizi, or Ppm1 and Pme2 for P. meibomiae) 
creating 87- and 85-nt targets, respectively (Table 1). Tms were 
calculated using the VectorNTI 7 software package, (Invitrogen, 
Carlsbad, CA) and the OligoAnalyzer 3.1 internet application 
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(Integrated DNA Technologies [IDT], Coralville, IA). These 
oligonucleotide targets were synthesized commercially, with addi-
tional polyacrylamide gel electrophoresis (PAGE) purification 
provided by the vendor (IDT). Based upon the yield determined by 
the vendor, a 1 fM working stock (600 copies/µl) was prepared in 
DIL. 

HHIC. An artificial insert sequence was constructed, carrying 
unique primer and probe hybridization sequences having Tms com-
patible with the P. pachyrhizi assay (Table 1). A 23-nt 5′ HEX-la-
beled, 3′ IowaBlack-quenched probe was utilized. The insert se-
quence was commercially synthesized (IDT) as two partially com-
plementary (shown below in italics) oligonucleotides (73 and 78 
nt), with purification by PAGE: 5′-CACGCCTAGG ACG-
AGAACTC CCACATCGAG CTTGACGCAA ACGACCACGC 
CAGGACCATG GCAAACATCA ACA-3′ and 5′-CAATCAGCGG 
GTGTTTCAGC ACAAGGCGTT GCGCTCGGTG TTGATGTTTG 
CCATGGTCCT GGCGTGGTCG TTTGCGTC-3′. The two oligo-
nucleotides were annealed to one another and made double-
stranded using the Klenow Fill-In Kit (Stratagene, La Jolla, CA). 
The full-length 111-bp fragment was purified with the QIAquick 
PCR spun column kit (Qiagen, Valencia, CA), cloned, and trans-
formed into Escherichia coli for production, using the StrataClone 
Blunt PCR Cloning Kit (Stratagene). A single colony containing 
the insert was selected, its plasmid was purified by alkaline lysis 
(22), and the identity of the insert was confirmed by sequencing 
(W. M. Keck Biotechnology Center, University of Illinois). The 
sequence of the 3,580-bp plasmid, pJSH-B14, was analyzed using 
the NEBcutter internet application (New England Biolabs, Ipswich, 
MA) to identify a unique restriction site (XmnI) present only in the 
backbone of the plasmid. After linearization with XmnI (New Eng-
land Biolabs), the double-stranded DNA was repurified using the 
QIAquick PCR spun column kit, and a spectrophotometric esti-
mate of concentration was made. Based upon a calculated molecu-
lar mass estimate of 2,300 kDa, a solution of pJSH-B14 at 
approximately 106 copies/µl was prepared in S-DIL, and then 
further diluted to approximately 0.2 copies/µl. In all, 90 replicate 
5-µl samples were drawn and amplified by Q-PCR for 45 cycles to 
make a determination of actual copy concentration, based upon the 
fraction of negative reactions and utilizing Poisson statistical 
analysis (7,21,23). A 1-fM working stock was prepared in S-DIL 

for use as an IC. pJSH-B14 was deposited as Addgene plasmid 
20145; the sequence and culture are available at http://www.
addgene.org/Glen_Hartman (or directly from the authors). 

GmGAPDH and F. virguliforme assays. As a measure of the 
amount of amplifiable genomic G. max DNA recovered from soy-
bean tissues, a novel Q-PCR assay for the endogenous housekeep-
ing gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was developed and optimized for multiplexing under our amplifi-
cation conditions (data not shown), using the G. max GAPDH 
sequence available in GenBank (accession number AF061564). 
The primers and 5′ HEX-labeled, 3′ IowaBlack-quenched probe 
(Table 1) were synthesized by IDT, and they were used at the fol-
lowing final concentrations: GmG-14F and GmG-14R, 600 nM; 
GmG-14HEX, 200 nM. A dilution series of G. max DNA (quanti-
fied by Nanodrop) yielded a linear standard curve in the range of 
100 ng to 10 pg per reaction. A further dilution toward extinction 
(1 pg/assay) with 95 replicates and a Poisson statistical analysis 
(data not shown) indicated a concentration of 1.26 target molecules 
per picogram of DNA and thus, assuming an estimated genome 
size of 950 Mbp, a single-copy gene for the assay. To test the func-
tionality of the HHIC control in the context of a Q-PCR assay for a 
nonrust soybean pathogen, that of F. virguliforme was selected (6). 
The primers (Table 1) were synthesized by IDT and the 5′ FAM-
labeled, 3′ MGB-quenched probe (Table 1) by Applied Biosystems, 
and they were used at the following final concentrations: Fsg-q-1F 
and Fsg-q-1R, 900 nM; Fsg-q-1FAM, 200 nM. In F. virguliforme 
assays, the same cycling conditions were used as for P. pachyrhizi, 
except the final concentration of MgCl2 was 3 mM, as provided by 
the Invitrogen Supermix without adjustment. 

Q-PCR conditions. Platinum Quantitative PCR SuperMix-UDG 
(Invitrogen) was used for all amplifications, in a Stratagene 
MX3005P real-time thermal cycler. A 25-µl reaction volume was 
prepared and the following thermal profile was employed: 2 min at 
60°C, 2 min at 95°C, and 40 cycles of 15 s at 95°C and 30 s at 
60°C. Cycle threshold values were determined using the adaptive 
baseline or automatic threshold settings of the instrument, with 
filter gain settings adequate to keep fluorescence detection within 
the dynamic range of the sensor. A reference DNA dilution series 
was used to compare results among samples as needed, and be-
tween runs. ROX reference dye was included at 50 nM and MgCl2 

Table 1. Primers, probes, and internal control target DNA sequences used in this studya 

Name Tm
b Tm

c Sequence 

Ppm1d 52.2 62.5 GCAGAATTCA GTGAATCATC AAG 
Ppa2d 52.4 63.1 GCAACACTCA AAATCCAACA AT 
Pme2d 52.8 62.8 GCACTCAAAA TCCAACATGC 
HHIC-Fwd 55.7 65.9 CTAGGACGAG AACTCCCACA T 
HHIC-Rev 53.1 62.2 CAATCAGCGG GTGTTTCA 
GmG-14F 55.0 65.2 CATCGGAGGG AAGTATGAAA GG 
GmG-14R 54.5 64.9 GTACAATGCA TGATGGTGGC 
Fsg-q-1Fe 55.7 65.7 GATACCCAAG TAGTCTTTGC AGTAAATG 
Fsg-q-1Re 55.5 65.8 TTAATGCCTA GTCCCCTATC AACAT 
SBR-FAMd 59.0 67.5 FAM-CCAAAAGGTA CACCTGTTTG AGTGTCA-IBFQ 
Core-Cy5 60.1 68.2 Cy5-TGCTTAGGAC GAGAACTCCC ACATC-IBRQ 
HHIC-HEX 59.6 68.8 HEX-TCGGTGTTGA TGTTTGCCAT GGT-IBFQ 
GmG-14HEX 59.7 68.5 HEX-TTTGTGGGTG ACAACAGGTG ATGG-IBFQ 
Fsg-q-1FAMe 50.6 58.8 FAM-TGAATGCCAT AGGTCAGAT-MGBNFQ 
PpaICf  

71.1 
 

77.1g 
GCAGAATTCA GTGAATCATC AAGCATGCTT AGGACGAGAA CTCCCACATC GAGCTGGACA 
TCTGCATTGT TGGATTTTGA GTGTTGC 

PmeICf  
71.6 

 
77.2g 

GCAGAATTCA GTGAATCATC AAGCATGCTT AGGACGAGAA CTCCCACATC GAGCTGGACA 
TCTGCGCATG TTGGATTTTG AGTGC 

HHICf,h  
73.7 

 
78.7g 

CACGCCTAGG ACGAGAACTC CCACATCGAG CTTGACGCAA ACGACCACGC CAGGACCATG 
GCAAACATCA ACACCGAGCG CAACGCCTTG TGCTGAAACA CCCGCTGATT G 

a All were resuspended and stored in 5 mM Tris, pH 8. 
b Utilizing default specifications: 50 mM Na+, 0.25 µM oligonucleotide, no Mg++, no dNTPs. 
c Specifying 50 mM Na+, 0.25 mM dNTPs, and the concentration of Mg++ and oligonucleotide used in the assay. 
d Sequence given by Frederick et al. (5). 
e Sequence given by Gao et al. (6). Stabilization by the MGBNFQ affects Tm, but is not considered here. 
f Primer-binding regions underlined, probe-binding regions double-underlined. 
g Assuming 0.1 nM oligonucleotide, and for the sequence of the amplicon only. 
h Sequence of the HHIC construct only, carried by pJSH-B14. 
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was adjusted to a final concentration of 7 mM. Primers for PpaIC 
and PmeIC were added to a final concentration of 300 nM and 
SBR-FAM was used at a final concentration of 100 nM (5), 
whereas the HHIC primers and both IC probes were used at em-
pirically determined, optimal (data not shown) concentrations as 
follows: HHIC-Fwd, 600 nM; HHIC-Rev, 200 nM; HHIC-HEX, 
200 nM; and Core-Cy5, 150 nM. Then, 50 ymole (30 copies) of IC 
target was added to each reaction. When BSA (Fraction V; Fisher 
Scientific, Pittsburgh) was included to relieve inhibition, it was at a 
final concentration of 400 ng/µl. All reagents, excluding test DNA 
and test inhibitors, were combined as a cocktail with sufficient 
water to bring the volume to 15 µl, then dispensed into reaction 
tubes containing 10 µl of test DNA (plus water or test inhibitors). 
When inhibitors were spiked into Q-PCR reactions, they were pre-
pared as a 5× solution in 5 mM Tris, pH 8, and added to the reac-
tion tube to make the following final concentrations: 20 and 4 mM 
EDTA (E7889; Sigma-Aldrich); sodium dodecyl sulfate (SDS; BP-
166; Fisher Scientific); pectin (citrus; P-9135; Sigma-Aldrich); and 
xylan (beechwood; X4252, Sigma-Aldrich) at 100 and 20 µg/ml; 
and humic acid (sodium salt; H16752; Sigma-Aldrich) at 2 and 0.4 
µg/ml. Aerosol-resistant pipette tips and nucleic acid-free, DNase-
free molecular biology-grade reagents and water were used 
throughout, to reduce the potential for contamination. Low-binding 
microcentrifuge tubes and pipette tips reduced the potential for 
DNA loss. Statistical analyses were conducted using the general-
ized linear model (PROC GLM in SAS 9.1.3; SAS Institute, Cary, 
NC). 

Interference testing. Serial dilutions of DNA from P. pachyrhizi 
and P. meibomiae established standard curves representing the 
performance of those assays in our laboratory. To test for potential 
interference of the Ppa and Pme assays by the components of the 
IC reactions, parallel standards were assayed to which were added 
5 µl of (i) 0.01 fM PpaIC (target only), (ii) 0.01 fM PmeIC (target 
only), (iii) 10 fM pJSH-B14 (linearized plasmid target only), (iv) 1 
µM Core-Cy5 (probe only), (v) 1 µM HHIC-HEX probe + 3 µM 
HHIC-Fwd primer + 1 µM HHIC-Rev primer, and (vi) functional 
IC reaction for P. pachyrhizi or P. meibomiae, according to the 
primary target being assayed. To assess the potential of the HHIC 
reaction as a universal internal control, it was included as a multi-
plexed reaction in an assay for an unrelated soybean pathogen, F. 
virguliforme. Serial dilutions of DNA from F. virguliforme were 
used to establish a standard curve representing the performance of 
that assay. To a comparable dilution series, the pJSH-B14 target, 
primers, and probe were included. In similar experiments, the inde-
pendent HHIC assay was tested for interference by components of 
the P. pachyrhizi, P. meibomiae, PpaIC, and PmeIC reactions. A 
dilution series of linearized pJSH-B14 was prepared as a reference 
standard to create a standard curve of 105, 104, 103, 102, and 10 
copies of the target. To parallel reactions, 5 µl of the following 
mixtures were added: (i) 1 µM Core-Cy5 (probe only), (ii) 1.5 µM 

each of primers (Ppm1, Ppa2, and Pme2) + 0.5 µM SBR-FAM 
probe, and (iii) 10 fM each of PpaIC target and PmeIC target. 

Recovery estimations. Two extraction buffers were utilized to 
compare the extraction efficiency and assess the presence of inhibi-
tors from leaf specimens: CLS-Y and CLS-VF. Samples of rust-
infected, heat-killed, powdered leaf tissue were extracted from five 
replicates using each of the buffers. Each replicate had been spiked 
with 2.6 × 105 copies of linearized pJSH-B14 from a stock solution 
that was also used to prepare a standard curve; thus, there were 
three different DNA types present: pathogen (P. pachyrhizi), tracer 
(pJSH-B14), and host (G. max). Three Q-PCR assays were (sepa-
rately) performed on these samples: P. pachyrhizi, to compare the 
yield of fungal DNA from plant tissue with either of the two ex-
traction buffers; HHIC, to assess the overall efficiency of DNA 
recovery between the two buffers; and GmGAPDH, to compare the 
yield of plant DNA using the two buffers. The extractives were 
diluted 1:20 and assayed without BSA or diluted 1:100 and assayed 
with added BSA. 

Results 
In TaqMan Q-PCR, the kinetics of DNA amplification are ob-

servable during the PCR process by virtue of an increase in 
fluorescence caused by probe hydrolysis, paralleling the amount of 
amplicon generated, eventually entering the dynamic range of 
detection of the Q-PCR instrument, and finally crossing the thresh-
old of detection (over background). The number of thermal cycles 
required to surpass this threshold is termed the Ct, and is a logarith-
mic function of the number of initial copies of the target amplicon; 
for example, if 8,000 initial copies results in a Ct value of 27, then 
1,000 initial copies will result in a Ct value of 30. In serial dilu-
tions, we found that the linearity of this relationship often ex-
ceeded a coefficient of correlation (R2) of 0.98; typically, 0.99 or 
better. 

The internal control assays did not interfere with the per-
formance of the primary assays. A standard curve prepared from 
serial dilutions of DNA from P. pachyrhizi and P. meibomiae was 
not affected by the components of the IC reactions (Figs. 1 and 2). 
When utilized as a exogenous internal control for the F. virguli-
forme assay, the HHIC assay components similarly exhibited no 
impact. In every case, there was no significant (P > 0.13) differ-
ence among the standard curve and the test assays (slope, intercept, 
and linearity; Table 2A to C), indicating no interference with the 
primary assay. 

Similarly, none of the rust primers, rust FAM probe, or IC tar-
gets had a statistically significant (P > 0.3) impact on the standard 
curve of the HHIC assay (Table 2D; Fig. 3), indicating no interfer-
ence. In the presence of Core-Cy5 probe, the sensitivity of the 
HHIC assay was significantly (P < 0.0001) decreased by a factor 
of 10 (the y-intercept was increased by 3.5 cycles), although slope 
and linearity were maintained (Table 2D; Fig. 3). 

Fig. 1. Noneffect of internal control reagents on Phakopsora pachyrhizi standard 
curve. Least-squares best-fit line is drawn for each; slope, y-intercept, R 2, and 
standard errors are given in Table 2. Ct = cycle threshold. 

Fig. 2. Noneffect of internal control reagents on Phakopsora meibomiae standard 
curve. Least-squares best-fit line is drawn for each; slope, y-intercept, R 2, and 
standard errors are given in Table 2. Ct = cycle threshold. 
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The PpaIC and PmeIC reactions were intended to be qualitative 
rather than quantitative; because the IC targets were present in very 
low amounts (30 copies per reaction), they were expected to yield 
Ct values of approximately 35 in true-negative reactions and no Ct 
value in false-negative reactions. Because the Core-Cy5 probe for 
those reactions exhibited a moderate suppression on amplification 
of the HHIC amplicon, it was possible that adventitious presence 
of the pJSH-B14 target might have an inhibitory effect on the IC 
reaction. A test was performed to confirm that presence of the 
pJSH-B14 target (30,000 copies/reaction) would not affect the 
kinetics of amplification of the PpaIC and PmeIC targets when 
they were assayed as a dilution series (data not shown). 

PpaIC and PmeIC reactions effectively validated true nega-
tives and identified false negatives in the presence of PCR-in-
hibitory agents. Two commonly employed methods of overcom-
ing the effects of PCR inhibitors are dilution of the sample (and, 
thus, any intrinsic inhibitor) and addition of relieving agents such 
as BSA. The PpaIC reaction was functionality tested to discrimi-
nate between true and false negatives in a P. pachyrhizi assay con-
taining several commonly found inhibitors, and with attempted 
relief by dilution of the inhibitor, addition of BSA, or both dilution 
and BSA. The inhibitors tested were EDTA, humic acid, pectin, 
xylan, and SDS. Because the IC target was present in such low 
amounts, the primary assay frequently dominated the amplification 
in positive reactions where inhibition was absent; the true-negative 
status of a control reaction was validated by amplification of the IC 
in the absence of inhibitors (Fig. 4A). The inhibitory effect of 20 
mM EDTA or SDS at 100 ppm was observed to be relieved by 1:5 
dilution but not by the addition of BSA (Fig. 4B and C), which 
remained falsely negative. In contrast, the false-negative result 
induced by humic acid at 2 ppm was not corrected by 1:5 dilution 
but was clearly positive when BSA was added (Fig. 4D). Pectin 
was found to partially inhibit Q-PCR when present at 100 ppm 
and, whereas dilution at 1:5 resulted in substantial relief, the inclu-
sion of BSA was ineffective (Fig. 4E). The false-negative result 
observed when xylan was included at 100 ppm was corrected by 
either 1:5 dilution or by addition of BSA (Fig. 4F). Similar find-

ings were observed in a parallel assay for 10 pg of P. meibomiae 
DNA, using the PmeIC reaction (data not shown). 

PpaIC and PmeIC confirmed the diagnostic results for P. 
pachyrhizi and P. meibomiae in preserved specimens. Dried 
soybean leaf specimens infected with soybean rust (SR-1 and SR-
4) were extracted and the results of Q-PCR diagnoses were com-
pared with the reported identities of the fungi as determined by 
classical means. A serial dilution of purified reference DNA from 
P. pachyrhizi and P. meibomiae was used to assess performance of 
the assay with and without added BSA (Fig. 5A and B), and to 
establish a standard curve to quantify the yield of any fungal DNA 
isolated (data not shown). At the concentration used, despite the 
formation of a visible precipitate in the reaction tube during the 
PCR cycling, BSA had no impact on the amplification curves of 

Table 2. Impact of internal control reagents on standard curves of assays for Phakopsora pachyrhizi, P. meibomiae, Fusarium virguliforme, and pJSH-B14 
DNAa 

Assay Treatment Slope (m) sem
b Intercept (b) seb

c R2 

A       
P. pachyrhizi None –3.49 0.06 30.3 0.09 0.998 
P. pachyrhizi PpaIC targetd –3.44 0.03 30.2 0.05 0.999 
P. pachyrhizi PmeIC targetd –3.40 0.02 30.2 0.03 1.000 
P. pachyrhizi High pJSH-B14 targete –3.39 0.03 30.1 0.05 0.999 
P. pachyrhizi Core-Cy5 probe –3.43 0.03 30.2 0.06 0.999 
P. pachyrhizi HHIC primers & HEX probe –3.37 0.03 30.1 0.05 0.999 
P. pachyrhizi Functional PpaIC reaction –3.44 0.03 30.2 0.05 0.999 

B       
P. meibomiae None –3.41 0.04 32.1 0.09 0.999 
P. meibomiae PpaIC targetd –3.37 0.03 32.0 0.07 0.999 
P. meibomiae PmeIC targetd –3.36 0.02 32.0 0.05 1.000 
P. meibomiae High pJSH-B14 targete –3.43 0.02 32.1 0.04 1.000 
P. meibomiae Core-Cy5 probe –3.38 0.02 32.0 0.05 1.000 
P. meibomiae HHIC primers & HEX probe –3.42 0.02 32.2 0.04 1.000 
P. meibomiae Functional PmeIC reaction –3.36 0.03 32.0 0.06 0.999 

C       
F. virguliforme None –3.35 0.04 32.7 0.13 1.000 
F. virguliforme High pJSH-B14 targete –3.32 0.03 32.7 0.09 0.999 
F. virguliforme Functional HHIC reaction –3.34 0.02 32.7 0.05 1.000 

D       
HHIC None –3.41 0.06 37.9 0.24 0.997 
HHIC Core-Cy5 probe –3.52 0.08 41.4 0.31 0.996 
HHIC Ppm1, Ppa2, Pme2 primers & SBR-FAM probe –3.35 0.07 37.8 0.25 0.997 
HHIC PpaIC & PmeIC targetsd –3.24 0.04 37.5 0.15 0.999

 

a Cycle threshold = m(log10[quantity]) + b. 
b Standard error of the slope. 
c Standard error of the y-intercept. 
d N = 30 copies per reaction. 
e N = 30,000 copies per reaction. 

Fig. 3. Effect of Core Cy5 probe on Haudensheild and Hartman internal control 
(HHIC) assay with pJSH-B14 dilution series standard curve. Least-squares best fit 
line equation is shown for the reference standards (lower) and the result with Core 
Cy5 probe (upper); slope, y-intercept, R 2, and standard errors are given in Table 2.
Ct = cycle threshold. 
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the reference DNA in either the P. pachyrhizi or P. meibomiae as-
say (Fig. 5A and B), and indistinguishable standard curves were 
produced. DNA extracted from both specimens was not initially 
amplified by an assay for P. pachyrhizi (Fig. 5C1 and D1); how-
ever, the failure of the PpaIC to amplify in those reactions sug-
gested the presence of a residual PCR inhibitor contaminating the 
DNA preparation. When diluted 1:10, or when BSA was added, 
this inhibition was overcome in extracts from specimen SR-1, and 

amplification indicated the presence of P. pachyrhizi DNA (Fig. 
5C2 to 4); whereas, for extracts from specimen SR-4, dilution (but 
not BSA alone) overcame the inhibition, and the IC reaction 
yielded a positive signal in the absence of amplification of the pri-
mary target (Fig. 5D2 to 4), confirming its status as a true negative 
(i.e., as not containing DNA from P. pachyrhizi). Similarly, when 
assayed for P. meibomiae, DNA extracted from both specimens 
was not initially amplified (Fig. 5E1 and F1), and the failure of the 

 
 

 

Fig. 4. Detection of false-negative results and relief of polymerase chain reaction(PCR) inhibition by bovine serum albumin (BSA) added to the reaction mixture, or by dilution 
of the inhibitory compound. Phakopsora pachyrhizi DNA (5 spore-equivalents) was added to each reaction, along with 30 copies of the PpaIC target and test inhibitor EDTA
(20 and 4 mM); humic acid (2 and 0.4 ppm); and pectin, xylan, and sodium dodecyl sulfate (SDS) (100 and 20 ppm). Abscissa, number of PCR cycles; ordinate, fluorescence
(derivative, relative to ROX reference [not shown]). Data shown are averages of two reactions. 
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PmeIC to amplify in those analyses again reflected false-negative 
results. When diluted 1:10 or when BSA was added, amplification 
of the IC but not the primary target in extraction of specimen SR-1 
(Fig. 5E2 to 4) confirmed its status as a true negative (i.e., as not 
containing DNA from P. meibomiae). In contrast, dilution of (but 
not addition of BSA to) extracts of specimen SR-4 exhibited suc-
cessful amplification of P. meibomiae, the primary target (Fig. 5F2 
to 4). The observation that an unidentified inhibitor, relievable by 

BSA, was present in the extract of specimen SR-1 and not SR-4 is 
an example of the unpredictability of inhibition and the unreliabil-
ity of a single relief method to overcome such inhibition in actual 
biological samples. These diagnostic results were in complete 
agreement with the previous determinations of pathogen identity 
made by classical microscopic observation. 

pJSH-B14 functioned as a tracer DNA in evaluating purifica-
tion recoveries with the HHIC assay. When the extracts were 

 

Fig. 5. Detection of false-negative results and relief of polymerase chain reaction (PCR) inhibition in extracts of archival leaves by sample dilution or with bovine serum 
albumin (BSA) added to the reaction mixture. A, Reactions contained 500, 50, 5.0, or 0.5 spore-equivalents of Phakopsora pachyrhizi DNA to establish standard curves, and 
the corresponding cycle threshold (Ct) values (without BSA) are given. B, Reactions contained 500, 50, 5.0, or 0.5 pg of P. meibomiae DNA to establish standard curves, and 
the corresponding Ct values (without BSA) are given. C and D, Primary assay is for P. pachyrhizi. E and F, Primary assay is for P. meibomiae. C and F, Quantity of target DNA 
found in the reaction, as calculated using the standard curve in A or B, is given. Abscissa, number of PCR cycles; ordinate, fluorescence (derivative, relative to ROX reference
[not shown]). 
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diluted only 1:20, PCR was completely inhibited in all reactions 
for those samples where CLS-Y was used (Table 3); in contrast, 
samples using CLS-VF gave a recovery of 32% for pJSH-B14, and 
host and fungal DNA were readily detected. Further dilution, with 
BSA added to the reaction, relieved inhibition, and quantification 
of the pJSH-B14 tracer for CLS-Y and CLS-VF extracts showed 
recovery averaging 51 and 42%, respectively (after correction for 
volumetric losses). Quantification of host DNA using the 
GmGAPDH assay revealed an average yield increase of 22% for 
CLS-Y over CLS-VF extracts, paralleling the recovery increase for 
pJSH-B14. In contrast, quantification of fungal DNA using the P. 
pachyrhizi-specific assay revealed a 95% yield increase over CLS-
VF when CLS-Y was used. These data indicate that, whereas CLS-
VF results in a preparation that requires less dilution to avoid false 
negatives by inhibitors, it also results in a much lower yield of 
fungal DNA. Whether this is owing to preferential extraction of 
DNA from mycelium, spores, or both from the infected tissue was 
not determined. 

Discussion 
The results demonstrate that none of the IC reactions or reaction 

components interfered with the performance of the primary assays 
(PpaIC in P. pachyrhizi, PpmIC in P. meibomiae, and HHIC in F. 
virguliforme) as measured by slope, y-intercept, and coefficient of 
correlation of test versus control assays. We did observe that, when 
the HHIC assay is run as a primary assay (e.g., in recovery experi-
ments), the Core-Cy5 probe has potential to reduce the sensitivity 
of that assay and, therefore, should not be multiplexed when HHIC 
is being quantified. Both PpaIC and PmeIC constructs were shown 
to be effective at providing a positive signal in otherwise negative 
Q-PCR reactions and could thereby discriminate between false- 
and true-negative calls, as did the HHIC in F. virguliforme and 
other pathogen assays. It is noteworthy that, because only approxi-
mately 30 molecules of IC target were included in multiplexed 
reactions for qualitative purposes, they did not yield a positive 
signal until well after 32 amplification cycles (greater than 4 × 109-
fold increase). This offered two important benefits. First, it poten-
tially improved sensitivity to inhibitory compounds because, if 
reaction efficiency declined or polymerase decayed significantly, 
there would have been insufficient amplification for IC detection; 
thus, a false negative could be called. Second, the IC reaction 
would offer minimal competition with the primary assay for poten-
tially limiting dNTPs. In reactions where the primary target was 
present in larger amounts, quantification could be accurately 
achieved and the IC did not amplify because reagents had been 
consumed by amplification of the primary targets. Nevertheless, 
any of these three IC assays could be performed independently 
with a higher quantity of target template, for the purpose of 
measuring the extent of PCR inhibition using the ΔCt method (5) 
as a replacement for the Meloidogyne javanica β-actin assay and 
target. 

In routine diagnostics, validated sample-processing methods and 
validated assay protocols are required for reliable and reproducible 
testing. Thus, “Standard Operating Procedures” are usually estab-
lished and Quality Management practices such as ISO-9001, ISO-
17025, ISO-20838, and ISO-21569 (http://www.iso.org) may be 

adopted. Unfortunately in some situations, despite exhaustive 
preparation, “real-world” deployment may offer unforeseen and 
unpredictable challenges. In the results shown in Figure 5, for 
example, soybean leaf specimens were identically handled and 
extracted, yet the SR-4 specimen yielded a preparation that con-
tained an inhibitor of Q-PCR that was not relievable by BSA alone, 
whereas the SR-1 preparation was readily amplified when BSA 
was added to the reaction. This may be reflective of a difference in 
host genotype, health, leaf age, environmental response, or preser-
vation of the tissue at the time of collection, 23 to 26 years ago, 
and none of these factors were controllable at the time of our 
analysis. When testing specific inhibitors as additives to Q-PCR 
reactions, some inhibitors (EDTA and SDS) were more amenable 
to relief by dilution than by BSA addition, whereas another inhibi-
tor (humic acid) was more amenable to relief by BSA supplement 
than by dilution. Furthermore, inhibitors such as xylan could be 
relieved by either method. Some inhibitors such as pectin may 
have only partial activity and merely reduce the sensitivity of the 
reaction without blocking it. Although an investigation of the bio-
chemical mechanisms of inhibition is beyond the scope of this 
report, these cumulative results demonstrate the importance of 
robust DNA purification methods, of not relying upon a single 
inhibitor-avoidance technique, and of the value in using an IC to 
identify false-negative calls. 

Having observed the degree of inhibition present after DNA 
purification from rust-infected leaves, we examined the potential 
for using a more robust DNA purification method. The FastDNA 
Spin kit commonly used to extract DNA from environmental and 
tissue specimens included several buffer options, with the follow-
ing recommendations by the manufacturer: CLS-Y for yeast, algae, 
and fungi; CLS-VF for plant tissue; and CLS-TC for animal tissue, 
bone, and bacteria. In extracting fungal DNA from infected plant 
tissue, it was unclear which option would yield the best results, and 
anecdotal reports suggested that CLS-Y used for fungal extraction 
from leaf material would yield a green-brown tinted eluate and 
exhibit increased PCR-inhibition, absent if CLS-VF was chosen. 
We tested this by comparative extractions of uniformly powdered 
dry leaf tissue from rust-infected plants, each spiked with pJSH-
B14, and assayed for host DNA, pathogen DNA, and recovered 
pJSH-B14. The results shown in Table 3 demonstrate that, although 
there was less inhibition in extractives using CLS-VF, the overall 
yield of fungal DNA was much higher when CLS-Y was used. In 
the assays for both GmGAPDH and HHIC utilizing high dilution 
and BSA, the CLS-Y buffer yielded approximately 22% more 
DNA compared with CLS-VF, and this may reflect an improved 
binding of DNA to the glassmilk matrix in CLS-Y. Thus, the 
extraction improvement for fungal DNA offered by CLS-Y over 
CLS-VF is approximately 60% [96,800/(49,600 × 1.22) = 1.60]. 
However, further dilution and the addition of BSA to the Q-PCR 
reaction did not substantially increase the observed quantity of P. 
pachyrhizi DNA when CLS-VF was employed, suggesting that it 
may represent a cleaner or more robust extraction chemistry. 

Other researchers, faced with the problem of false negatives, 
have taken steps such as those outlined in the introduction. We did 
develop our own assay for a host housekeeping gene but do not use 
it here as an internal control because host DNA is not present when 

Table 3. Recovery of DNA from 50 mg of powdered leaf tissue using two extraction buffers (five replicates each) 

 Samplea 

Buffer (dilution)b pJSH-B14 (copies/mg of tissue)c GmGAPDH (ng/mg tissue) Phakopsora pachyrhizi (SEq/mg of tissue)d 

CLS-Y (1:20) 0 0 0 
CLS-VF (1:20) 1,650 (sd = 7.2%) [32% recovery] 302 (sd = 1.3%) 45,900 (sd = 5.4%) 
CLS-Y (1:100) 2,660 (sd = 23%) [51% recovery] 490 (sd = 3.9%) 96,800 (sd = 5.6%) 
CLS-VF (1:100) 2,170 (sd = 20%) [42% recovery] 401 (sd = 1.1%) 49,600 (sd = 4.4%) 

a Standard deviation (sd) in parentheses. 
b Cell lysis solution–yeast (CLS-Y) and CLS-VF (for plant tissue) + protein precipitation solution are two of several alternative buffers offered by the

FastDNA Spin kit. 
c pJSH-B14 at 5,200 copies/mg of tissue was added. 
d SEq = spore-equivalents. 
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urediniospores are to be quantified from environmental samples. 
Instead, we elected to use an exogenous target. Although the IC 
described by Honeycutt et al. (10) was at first appealing as a 
model, it was not designed for Q-PCR (i.e., it had no probe-bind-
ing sequence), and it was somewhat longer than we prefer for this 
purpose; the necessity of reoptimizing the primers and finding a 
suitable probe eliminated any empirical savings by its use. Simi-
larly, the IC described by Cone et al. (1) predated Q-PCR technol-
ogy and used natural Drosophila DNA sequences. In a few in-
stances, Q-PCR ICs were derived from natural sequences (2,8); 
however, in addition to the potential pitfalls related to using natural 
DNAs, the nucleotide sequence of the IC target molecule (in these 
examples, carried by a plasmid) was not revealed in the publica-
tion, and no reference to an archival repository was given. Further, 
one of those ICs was derived from a select agent (Bacillus an-
thracis), which may restrict its availability to a narrow field of 
investigators. Rosenstraus et al. (21) developed a series of IC mole-
cules that contained a unique probe-binding region, flanked by 
primer-binding sequences identical to the primer sequences of a 
series of primary assays, and cloned the intact oligonucleotides 
into pUC18, for use in Q-PCR. Unfortunately, they did not reveal 
the proprietary nucleotide sequence data, thus denying free use of 
their intellectual property to the wider sciences. Finally, there is at 
least one exogenous internal control kit commercially available 
(Applied Biosystems), however, it utilizes not only proprietary 
target and primer sequences but also a limited spectral range of 
fluorescent probes. As a result, many workers find themselves 
without readily available ICs, and either omit them entirely or 
“make do” with parallel assays to assess potential inhibition. For 
example, the M. javanica β-actin gene assay and cloned β-actin 
gene fragment were used to evaluate inhibition in samples to be 
tested for the soybean fungal pathogen Phialophora gregata in 
separate reactions (17), but that clone is not widely available and 
there is potential for interference by sequence homologues that 
might be adventitiously present. 

To facilitate better diagnostic and discovery research at a nomi-
nal cost, we have developed IC assays and corresponding targets of 
artificial sequence that may have wide utility. Clearly, PpaIC and 
PmeIC will be useful mainly in soybean rust testing, but their 
shared core oligonucleotide sequence may be augmented by the 
primers corresponding to various other Q-PCR assay targets to 
readily produce a matching IC at a trivial expense, utilizing the 
same core probe. One nanomole of IC oligo is sufficient for over 
1012 reactions. We have already adapted the core sequence to pro-
duce ICs ranging in length from 80 to 96 nt for use with several 
other pathogen genera in our laboratory (data not shown). In con-
trast, HHIC carries its own unique primer-binding regions and, 
thus, has potential for immediate use in a broad range of multi-
plexed Q-PCR assays when a natural IC against false negatives is 
unavailable. Furthermore, because the HHIC sequence is part of a 
3,600-bp plasmid, when employed as an exogenous DNA tracer 
during assay and extraction method development and process im-
provement studies, it can be expected to behave as endogenous 
double-stranded DNA. We have also employed this plasmid as a 
calibrator molecule in relative Q-PCR (data not shown), with 
analysis by the ΔΔCt method (6,15). One microgram of linearized 
pJSH-B14 is sufficient IC for over 109 reactions. 

PpaIC and PmeIC utilize the primer sequence of the primary as-
say; therefore, the control amplification will always be thermally 
compatible with the primary reaction. However, if a primary assay 
is inefficient or generates an amplicon significantly longer than 
those of our ICs, it may suffer some change in detection limit, and 
modifications to the IC sequence might be required for successful 
multiplexing. We designed the IC probes to have melting points 
matching those of our primary assay probes (Table 1). Assay de-
sign considerations generally link the Tm of the probe to that of the 
primers and, as such, other assay probes may deviate thermally in 
this regard, necessitating modification of the CoreIC sequence to 
achieve probe binding and release of the fluorescent reporter. This 
is similar to the challenge presented by designing higher degrees of 

multiplex (several primary targets at once), wherein all assays need 
to be compatible. Although we used Cy5 (for PpaIC and PmeIC) 
and HEX (for HHIC) as fluors in this work, the same core probe 
sequence can be synthesized with any available reporter dye, to 
suit the needs of the investigators and equipment. Any of the ICs 
might also be used in diagnostic endpoint TaqMan PCR although, 
for that purpose, a greater quantity of IC template would need to be 
spiked in, perhaps 3,000 copies per reaction, to yield a substantial 
endpoint signal. With the sequence information we provide here, 
an appropriate IC assay to validate true-negative results and detect 
false-negative calls may be devised for a broad spectrum of Q-PCR 
applications in minutes, and at relatively low cost. 

Acknowledgments 
We thank C. R. Bowen for assistance with statistical analyses and interpreta-

tion, J. Hennen and T. A. Pham for archival rust-infected specimens, and the 
United Soybean Board for financial support. 

Literature Cited 
1. Cone, R. W., Hobson, A. C., and Huang, M. L. W. 1992. Coamplified posi-

tive control detects inhibition of polymerase chain reactions. J. Clin. Micro-
biol. 30:3185-3189. 

2. Courtney, B. C., Smith, M. M., and Henchal, E. A. 1999. Development of 
internal controls for probe-based nucleic acid diagnostic assays. Anal. Bio-
chem. 270:249-256. 

3. Dellaporta, S. L., Wood, J., and Hicks, J. B. 1983. A plant DNA miniprepa-
ration: version II. Plant Mol. Biol. Rep. 1:19-21. 

4. Ding, J., Jia, J. Yang, L., Wen, H., Zhang, C., Liu, W., and Zhang, D. 2004. 
Validation of a rice specific gene, sucrose phosphate synthase, used as the 
endogenous reference gene for qualitative and real-time quantitative PCR 
detection of transgenes. J. Agric. Food Chem. 52:3372-3337. 

5. Frederick, R. D., Snyder, C. L., Peterson, G. L., and Bonde, M. R. 2002. 
Polymerase chain reaction assays for the detection and discrimination of the 
soybean rust pathogens Phakopsora pachyrhizi and P. meibomiae. Phytopa-
thology 92:217-227. 

6. Gao, X., Jackson, T. A., Lambert, K. N., Li, S., Hartman, G. L., and Nib-
lack, T. L. 2004. Detection and quantification of Fusarium solani f. sp. gly-
cines in soybean roots with real-time quantitative polymerase chain reac-
tion. Plant Dis. 88:1372-1380. 

7. Griffiths, K., Emslie, K., and Vesey, G. 2004. Absolute copy numbers for 
DNA controls. In: Bti, www.biotech-online.com. 

8. Hartman, L. J., Coyne, S. R., and Norwood, D. A. 2005. Development of a 
novel internal positive control for TaqMan based assays. Mol. Cell. Probes 
19:51-59. 

9. Haudenshield, J. S., and Hartman, G. L., 2008. Synthetic internal control 
sequences to increase negative call veracity in multiplexed, quantitative 
PCR assays for Phakopsora pachyrhizi. (Abstr.) Phytopathology 98:S66. 

10. Honeycutt, R., Sobral, B. W., and McClelland, M. 1997. Polymerase chain 
reaction (PCR) detection and quantification using a short PCR product and 
a synthetic internal positive control. Anal. Biochem. 248:303-306. 

11. Jeong, S. C., Pack, I. S., Cho, E. Y., Youk, E. S., Park, S., Yoon, W. K., Kim, 
C. G., Choi, Y. D., Kim, J. K., and Kim, H. M. 2007. Molecular analysis 
and quantitative detection of a transgenic rice line expressing a bifunctional 
fusion TPSP. Food Control 18:1434-1442. 

12. Jiang, J., Alderisio, K. A., Singh, A., and Xiao, L. 2005. Development of 
procedures for direct extraction of Cryptosporidium DNA from water con-
centrates and for relief of PCR inhibitors. Appl. Environ. Microbiol. 
71:1135-1141. 

13. Kellog, D. E., Sninsky, J. J., and Kwok, S. 1990. Quantitation of HIV-1 
proviral DNA relative to cellular DNA by the polymerase chain reaction. 
Anal. Biochem. 189:202-208. 

14. Kontanis, E. J., and Reed, F. A. 2006. Evaluation of real-time PCR amplifi-
cation efficiencies to detect PCR inhibitors. J. Forensic Sci. 51:795-804. 

15. Livak, K. J., and Schmittgen, T. D. 2001. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2–ΔΔCt method. Methods 
25:402-408. 

16. Malvick, D. K., and Grunden, E. 2005. Isolation of fungal DNA from plant 
tissues and removal of DNA amplification inhibitors. Mol. Ecol. Notes 
5:958-960. 

17. Malvick, D. K., and Impullitti, A. E. 2007. Detection and quantification of 
Phialophora gregata in soybean and soil samples with a quantitative, real-
time PCR assay. Plant Dis. 91:736-742. 

18. McDevitt, J. J., Lees, P. S. J., Merz, W. G., and Schwab, K. J. 2007. Inhibi-
tion of quantitative PCR analysis of fungal conidia associated with indoor 
air particulate matter. Aerobiologia 23:35-45. 

19. Nolan, T., Hands, R. E., Ogunkolade, W., and Bustin, S. A. 2006. SPUD: a 
quantitative PCR assay for the detection of inhibitors in nucleic acid 
preparations. Anal. Biochem. 351:308-310. 

20. Noonan, K. E., Beck, C., Holzmayer, T. A., Chin, J. E., Wunder, J. S., 
Andrulis, I. L., Gazdar, A. F., Willman, C. L., Griffith, B., Von Hoff, D. D., 
and Roninson, I. B. 1990. Quantitative analysis of MDR1 (multidrug resis-



352 Plant Disease / Vol. 95 No. 3 

tance) gene expression in human tumors by polymerase chain reaction. 
Proc. Natl. Acad. Sci. USA 87:7160-7164. 

21. Rosenstraus, M., Wang, Z., Chang, S. Y., DeBonville, D., and Spadoro, J. P. 
1998. An internal control for routine diagnostic PCR: design, properties, 
and effect on clinical performance. J. Clin. Microbiol. 36:191-197. 

22. Sambrook, J., and Russell, D. W. 2001. Pages 1.32-1.34 in: Molecular 
Cloning: A Laboratory Manual, 3rd ed. Cold Springs Harbor Laboratory 

Press, Cold Spring Harbor, NY.  
23. Stenman, J., and Orpana, A. 2001. Accuracy in amplification. Nat. Biotech-

nol. 19:1011-1012. 
24. Ursi, J. P., Ursi, D., Ieven, M., and Pattyn, S. R. 1992. Utility of an internal 

control for the polymerase chain reaction. Application to detection of My-
coplasma pneumoniae in clinical specimens. Acta Pathol. Microbiol. Immu-
nol. Scand. 100:635-639. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black Ink - ISO Coated v2 300% \050ECI\051)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for submission to The Sheridan Press. Configured for Adobe Acrobat Distiller v8.0 02-28-07.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


