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The exponential growth of pathogen nucleic acid sequences available in public domain databases has invited their
direct use in pathogen detection, identification, and surveillance strategies. DNA microarray technology has offered
the potential for the direct DNA sequence analysis of a broad spectrum of pathogens of interest. However, to
achieve the practical attainment of this potential, numerous technical issues, especially nucleic acid amplification,
probe specificity, and interpretation strategies of sequence detection, need to be addressed. In this report, we
demonstrate an approach that combines the use of a custom-designed Affymetrix resequencing Respiratory Pathogen
Microarray (RPM v.1) with methods for microbial nucleic acid enrichment, random nucleic acid amplification, and
automated sequence similarity searching for broad-spectrum respiratory pathogen surveillance. Successful
proof-of-concept experiments, utilizing clinical samples obtained from patients presenting adenovirus or influenza
virus-induced febrile respiratory illness (FRI), demonstrate the ability of this approach for correct species- and
strain-level identification with unambiguous statistical interpretation at clinically relevant sensitivity levels. Our
results underscore the feasibility of using this approach to expedite the early surveillance of diseases, and provide
new information on the incidence of multiple pathogens.

[Supplemental material is available online at www.genome.org. REPI software is freely available at http://nrlbio.nrl.
navy.mil/downloads/repi.zip.]

The critical need for advanced infectious diagnostic and surveil-
lance systems has taken on a new urgency with increased con-
cerns over bioterrorism agents as well as natural pathogens (e.g.,
Bacillus anthracis, coronavirus, avian influenza virus). A DNA mi-
croarray platform that can simultaneously detect and character-
ize many different types of human pathogens that cause similar
symptoms provides considerable potential for both medical use
and national defense purposes (Bodrossy and Sessitsch 2004; Cle-
land et al. 2004). DNA microarrays do this by simultaneously
interrogating hundreds to thousands of immobilized probe DNA
oligonucleotides, where each probe provides a single query for a
known sequence that is unique for an organism or trait. Using

DNA microarrays for pathogen detection has gained prominence
leading to an explosive growth of research (Bryant et al. 2004).

The effective use of microarrays for pathogen detection re-
quires the optimization of several factors, such as sample ampli-
fication, probe specificity, and interpretation strategy in order to
obtain unambiguous and reproducible results (Striebel et al.
2003). A major technical hurdle that limits the straightforward
application of DNA microarrays to broad-spectrum pathogen di-
agnostics has been the requirement of specific amplification re-
agents and protocols (primarily PCR) to amplify chosen targets
prior to microarray hybridization (López et al. 2003; Striebel et al.
2003). A few random amplification strategies in conjunction
with spotted microarrays have been developed using multiple
rounds of amplification to detect a broad spectrum of pathogens
in complex biological samples (Wang et al. 2002; Vora et al.
2004).

Another hurdle to using spotted microarrays is that the de-
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sign of specific oligonucleotide probes for pathogen identifica-
tion is dependent on assumptions regarding target sequence
composition. Long (50–70mer) oligonucleotide probes used in
most prior studies have the disadvantage of decreased specificity
(threshold for differentiation at 75%–87% sequence similarity),
making it necessary to target multiple markers and rely on hy-
bridization patterns for pathogen identification, which can lead
to unquantifiable errors (Bodrossy and Sessitsch 2004). Neverthe-
less, these microarrays have provided a successful platform for
screening a large number of pathogens at a viral family level via
the use of highly conserved and hybridization mismatch-tolerant
70mer oligonucleotides (Wang et al. 2002, 2003). An additional
problem with this format is that cross-hybridization occurs when
two sequences share a high degree of similarity (Kothapalli et al.
2002). Careful data interpretation is needed to differentiate sub-
types of pathogens using spotted microarrays and hybridization
patterns. This approach does not produce direct genomic se-
quence as an output, but requires manual isolation and conven-
tional DNA sequencing of captured pathogen targets (Wang et al.
2003). Thus, it is obvious that any incorporation of these con-
cepts into a broad-spectrum diagnostic device for hundreds of
pathogenic microorganisms and their variants will require a sig-
nificant reduction in design, processing, and analysis steps.

The exponentially increasing availability of microbial se-
quences makes it possible to envision the use of direct sequence
for routine pathogen diagnostics and surveillance; however, this
requires that pathogen sequence information be rapidly ob-
tained. “Resequencing” microarrays use “tiled” sets of 105 to 106

probes of either 25mers or 29mers, containing one perfectly
matched and three mismatched probes per base for both strands
of target genes (Hacia 1999). This array-based format, combined
with specific PCR, has proven ideal for single nucleotide poly-
morphism (SNP) genotyping and phylogenetic analysis (Kozal et
al. 1996; Gingeras et al. 1998; K. Wilson et al. 2002; W. Wilson et
al. 2002; Wong et al. 2004). Because several types of variations
(especially insertion/deletion or frequent multiple substitutions)
in pathogen sequence can perturb hybridization patterns, these
approaches used differential measures of specific pathogen hy-
bridization patterns to identify individual sequence variants.
That is, identifications require a priori knowledge of a differential
hybridization pattern that is empirically determined in control
experiments. Even when control experiments are carried out,
these characteristic and conserved hybridization patterns do not
always occur with highly diverse pathogen targets obtained from
clinical specimens.

In this study, our overall objective was to demonstrate the
utility of a resequencing microarray approach for simultaneous
detection of respiratory pathogens in a format that can be used in
a clinical environment without requiring the design of pathogen-
specific PCR primers (W. Wilson et al. 2002) or fixed hybridiza-
tion patterns (Gingeras et al. 1998). We chose to use a custom-
designed Affymetrix resequencing Respiratory Pathogen Micro-
array (RPM v.1). Furthermore, we developed a method for
automatic assembly of incomplete and disconnected pathogen
sequence data into cumulative sequences amenable for similar-
ity-based (e.g., Basic Local Alignment Search Tool-BLAST,
Altschul et al. 1990) identification. The combination of a rese-
quencing microarray with the application of statistical metrics to
the raw output of the assay can allow unambiguous and repro-
ducible sequence-based pathogen identification from clinical
specimens. Our results demonstrate the feasibility of this ap-
proach for correct species- and strain-level identification with

unambiguous statistical interpretation of adenovirus and influ-
enza A strains at clinically relevant sensitivity levels. This report
further suggests the feasibility of using this technology for broad-
spectrum surveillance of respiratory pathogens, while providing
new information on the incidence of pathogen coinfection.

Results

Specificity of the RPM v.1 chip

The accuracy of RPM v.1 chips for sequence-specific pathogen
detection was validated using clinical and/or controlled labora-
tory samples. Samples were amplified with either pathogen-
specific PCR or random amplification strategies and then hybrid-
ized to the arrays. To test whether prototype tile regions could be
used for the identification of a broad number of variants
without relying on predetermined hybridization patterns, we
used febrile respiratory illness (FRI)-causing adenoviruses (HAdV)
as our model system. The capability of the RPM v.1 to dis-
criminate HAdV serotypes was tested by interrogating degenerate
PCR amplicons (Lin et al. 2004) from different HAdV strains
that were fully sequenced by members of the Epidemic Outbreak
Surveillance (EOS) Consortium. The amplicons were hybridized
to the chip, and GDAS software (Affymetrix Inc.) was used to
generate sequence calls by comparing the respective hybridiza-
tion intensities. The parameters of the nucleotide base call algo-
rithm (Cutler et al. 2001) within GDAS were set to allow the
maximum number of base calls (Permissive Base Calling Algo-
rithm Setting, Supplemental data). Once generated, the primary
nucleotide sequence produced was filtered and subjected to se-
quence similarity searching using the Respiratory Pathogen Iden-
tifier (REPI) software developed by our group. For this report, we
examined the results from REPI and counted a sample positive
for a specific pathogen if at least one subsequence from the
pathogen’s prototype tile region produced BLAST returns where
the return with lowest expected (E) value was a match for the
specific pathogen. E-values from multiple records that have the
same score but indicate different strains generate ambiguous
strain identification, but could still be unambiguous at the sero-
type level. This approach allows one or more individual subse-
quences to be used for pathogen identification without relying
on the design of strain-specific probes and hybridization pattern
recognition (Gingeras et al. 1998), and permits highly variable
hybridization patterns to produce the same order of sequence
rankings.

Our results demonstrate that the tile regions of HAdV-4,
HAdV-5, and HAdV-7 of RPM v.1 can differentiate various FRI-
associated HAdV strains (Table 1), and prove that prototype tile
regions can be used for identifying a broad range of variants.
Strain-level identification was obtained in all cases except for
subgroup B2 strains that were identified only as belonging to that
subgroup. In a similar fashion, the remaining tiled regions on the
RPM v.1 were successfully validated with the exception of those
for West Nile virus. For these validation tests, control laboratory
strains (Table 2; Supplemental data) were used, except in the case
of influenza A virus H5N1 tiled regions. Instead, total RNA ob-
tained from a patient infected with influenza A-H5N1 in South-
east Asia was used for validating the H5N1 tile regions (Table 1).
Each pathogen was validated with at least three independent
amplifications. Our results reproducibly revealed that prototype
reference regions exhibited little or no discernible cross-
hybridization, and interference from one pathogen with one of
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the others never caused an erroneous identification. Similar re-
sults were obtained with either specific or random amplification
(data not shown). No false positives were obtained due to micro-
array base call or analysis errors.

RPM v.1 process development

For resequencing (i.e., genotyping) applications, the Affymetrix
GeneChip system and attendant protocols were optimized for
highly accurate detection of SNPs by using specific PCR amplifi-
cation. In order to achieve unbiased pathogen detection with
RPM v.1, a random amplification strategy was developed. Rather
than the random amplification protocols previously developed
that require multiple amplification steps (Wang et al. 2002; Vora
et al. 2004), a protocol that removes human nucleic acid (NA)
first and then uses a single amplification step was developed.
This protocol was combined with back-end automated sequence
similarity searching to further simplify the microarray-based di-
agnostic strategy. This process allows for sensitive and unbiased

microarray-based identification of
respiratory tract pathogens (Fig. 1).
Two common respiratory viral
pathogens known to cause FRI out-
breaks at military training facilities,
HAdV-4 (DNA virus) and influenza
A virus (negative-strand RNA virus),
were used to test this process in a
clinically relevant system. Assay
sensitivity and specificity assess-
ments were based on clinical nasal
washes and throat swab samples
obtained from the Naval Health Re-
search Center (NHRC), San Diego,
CA, or Lackland Air Force Base, San
Antonio, TX.

To enhance detection sensitiv-
ity, separate human DNA and RNA
subtraction pathways coupled with
random NA amplification were de-
veloped. For DNA targets (e.g.,
HAdV-4), the isolated total NA from
nasal wash or throat swab speci-
mens was first subjected to McrBC
enzymatic digestion at methylated
CpG sites (Panne et al. 1999), re-
ducing the human genomic DNA to
a manageable size (�10 kb), fol-
lowed by the subtraction of repeti-
tive sequences using Cot-1 human
DNA (Fig. 1). The remaining DNA
was subjected to whole-genome
amplification (Lovmar et al. 2003)
and routinely allowed full or partial
detection of the E1A, hexon, and fi-
ber genes at target concentrations
of 103 copies/µL of the starting
clinical sample. For RNA pathogen
targets, non-human RNA species
were enriched by the capture and
removal of human 18S rRNA, 28S
rRNA, and polyadenylatedmRNAs

(MICROBEnrich, Ambion Inc.). Subsequent amplification of the
enriched RNA, using a modified random reverse transcription
PCR from a previously described method (Wang et al. 2002,
2003; Kessler et al. 2004) led to reproducible detection sensitivi-
ties of 2.5 � 10�3 plaque-forming units/µL of influenza A virus
in previously frozen nasal wash specimens. In comparison to the
detection sensitivity without subtraction (adenovirus, 106 cop-
ies/µL; influenza A virus, 250 plaque-forming units/µL of the
starting clinical sample), the combination of human NA back-
ground subtraction and random amplification of the remaining
NA in clinical samples greatly increased the detection sensitivity
without multiple amplification steps.

Capability of RPM v.1 for multiple pathogen detection

After successful proof-of-concept experiments, we tested the ca-
pability of RPM v.1 to discriminate pathogens. Figure 2B shows a
raw data image generated by the hybridization of HAdV-4 (pro-
totype strain RI-67) whole-genome random amplicons to the
RPM v.1. It is of significance that no cross-hybridization resulted

Table 1. Differentiation of various FRI-causing pathogens with RPM v.1

Sample Strains Strain identification by RPM v.1

HAdV-4 RI-67 HAdV-4 (AY594253)a

HAdV-4 vaccine CL68578 HAdV-4 vaccine strain (AY594254)
HAdV-4 FS_Air Force HAdV-4 US Air Force field strain (AY599837)
HAdV-4 FS_Navy HAdV-4 US Navy field strain (AY599835)
HAdV-5 Adenoid 75 HAdV-5 field strain (AY601635)
HAdV-1 Adenoid 71 HAdV-1 (AF534906)
HAdV-2 Adenoid 6 HAdV-2 (AC_000007)
HAdV-7 Gomen HAdV-7 (AY594255)
HAdV-7a vaccine 55142 HAdV-7 (AY594256)
HAdV-3 GB HAdV-3 (AY599834)
HAdV-3 FS HAdV-3 US Navy field strain (AY599836)
HAdV-16 Ch. 79 HAdV-16 (AY601636)
HAdV-21 AV-1645 [128] HAdV-21 (AY601633)
HAdV-11 Slobitski HAdV B2 subgroup membersb

HAdV-14 De Wit HAdV B2 subgroup membersb

HAdV-34 Compton HAdV B2 subgroup membersb

HAdV-35 Holden HAdV B2 subgroup membersb

Bacillus anthracis AMES B. anthracis-AMES (AE017024)
Bordetella pertussis B. pertussis-Tohama I (BX640422)
Chlamydia pneumoniae C. pneumoniae CWL029 (AE001652)
Influenza A-H1N1 PR/8/34 Influenza A/PR/8/34 (H1N1) (AF389211)
Influenza A-H3N2 Influenza A/New York/198/2003 (H3N2) (CY001014)
Influenza A-H5N1 Influenza A/Thailand/3(SP-83)/2004 (H5N1) (AY577314)
Influenza B Influenza B/Tehran/80/02 (AJ784042)
Francisella tularensis SCHU4 F. tularensis-SCHU4 (AJ749949)
Human coronavirus 229E Human coronavirus 229E (AF304460)
Human coronavirus OC43 Human coronavirus OC43 (AY391777)
Rhinovirus 89 41467 Gallo Human rhinovirus type 89 (M16248)
Lassa virus Lassa virus (M15076)
Mycoplasma pneumoniae M. pneumoniae (AB024618)
Neisseria meningitidis Murray N. meningitidis-serogroup A (AL162752)
Parainfluenza virus 1 C-35 Human parainfluenza virus 1 (M31228)
Parainfluenza virus 3 C 243 Human parainfluenza virus 3 (M18760)
RSV A A-2 Human RSV A (AY911262)
RSV B B WV/14617/85 Human RSV-B1 wild type (AF013254)
Streptococcus pneumoniae S. pneumoniae (AE007483, AE008540)
Yersinia pyogenes Rosenbach S. pyogenes M1 GAS (AE006625)
Variola major virus Variola major virus (X69198)
Y. pestis D27 Y. pestis KIM (AF053947, AE013824)
Ebola virus Zaire Ebola virus-Mayinga (AF086833)

aGenBank accession numbers obtained from BLAST results are shown in parentheses. Each sample was
validated with at least three independent amplifications.
bSample showed the following multiple accession numbers, BK001454, AJ250783, AJ250786, AY271307,
tied with highest probability score. All the found matches in each sample indicate subgroup B2 adenovirus
members.
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in base calls outside of the HAdV-4 tiled region. Similarly, a raw
data image generated by the hybridization of randomly ampli-
fied NA from a clinical nasal wash sample was identified as in-
fluenza A virus (A/Fujian/411/2002) type H3N2 (Fig. 2C).

In addition to accurately identifying single pathogenic spe-
cies, Figure 2D provides an example of another benefit of using
this protocol for pathogen detection—the ability to detect co-
infections without using reference control hybridizations for
comparison. A throat swab specimen collected from a symptom-
atic patient previously vaccinated against HAdV-4 and HAdV-7
was shown to harbor adenovirus-specific DNA that hybridized
specifically to the HAdV-5 and HAdV-7 prototype regions. The
result of our analysis for subsequences from the HAdV-5 E1A
gene (Fig. 3A) indicated the presence of HAdV-5 as expected.
However, our analysis of the subsequences from the HAdV-7 E1A
prototype region revealed that the subsequences were a match to
HAdV-21 and not HAdV-7 (Fig. 3B; annotated genome sequence
of HAdV-21, GenBank accession number AY601633). Similar re-
sults were also obtained from the HAdV-7 hexon and fiber gene
prototype regions and strongly suggested the presence of two
adenoviral species, HAdV-5 and HAdV-21. This finding was veri-
fied by several independent conventional and molecular adeno-
virus identification methods (G.J. Vora, B. Lin, K. Gratwick, C.E.
Meador, C. Hansen, C. Tibbetts, D.A. Stenger, M. Irvine, D. Seto,
A. Purkayastha, et al., in prep.).

For influenza virus strains, it is important not only to dis-

tinguish subtypes but also to identify the differences associated
with significant shifts of the subtype from year to year. The
accuracy of our microarray to identify these variations was dem-
onstrated for an influenza A virus (Fig. 3C). Visual examination
of the hybridization of amplicons from a clinical sample on
the influenza A virus hemagglutinin (H1) gene prototype
sequence correctly identified the presence of an influenza A
virus. Sequence-based REPI analysis revealed the identity of
the virus to be most nearly identical to subtype A/Madrid/1082/
2001, another H1N1 strain that had been circulating during
the same flu season as the A/New Caledonia/20/99 vaccine
strain. This identification corresponded to identifica-
tion made based on the sequence obtained using the conven-
tional DNA sequencing. For every other clinical sample identified
as influenza A virus H3 or H1 whose sequence was obtained using
conventional DNA sequencing methods, the two methods iden-
tified strains that corresponded with each other (data not
shown). The accuracy of the sequence information produced by
the RPM v.1 for typing-level identification has been established
and was not affected by either the reduced stringency settings of
the Affymetrix base-calling algorithm or by the methods used to
randomly amplify the pathogen targets from clinical specimens.
A more detailed analysis of the accuracy of this microarray for
specific strain identification compared with conventional se-
quencing for several influenza A and B strains is covered in a
separate paper (Wang et al. 2006).

Table 2. Strain-level identification of samples collected from patients with febrile respiratory illness symptoms

Sample ID
Collection

date
Titer

(pfu/�L)
Random

amplification
Multiplex

PCR Strain identification

NW20031114-03.7 Nov. 2003 1250 Pa ND A/New York/61A/2003 (H3N2)
NW20031113-0302 Nov. 2003 1000 P ND A/New York/61A/2003 (H3N2)
NHRC30481 Feb. 2000 250 P P A/France/11/00 (H3N2)
NHRC49110 Nov. 2001 250 P P A/Madrid/1082/2001 (H1N1)
NW20031113-04.2 Nov. 2003 16 P ND A/New York/40/2003 (H3N2)
NW20031114-05-02 Nov. 2003 63 P ND A/New York/40/2003 (H3N2)
NW20031114-10.2 Nov. 2003 0.025 N P A/New York/40/2003 (H3N2)
NHRC21136 Dec. 2003 0.025 N P A/New York/61A/2003 (H3N2)
NW20030304-01 Mar. 2003 0.025 P P A/New Caledonia/20/99 (H1N1)
NW20030304-02 Mar. 2003 0.025 P P A/New Caledonia/20/99 (H1N1)
NHRC49129 Feb. 2001 0.025 P P A/Madrid/1082/2001 (H1N1)
NW20030203-06 Mar. 2003 0.0025 P (HA, M) P A/New Caledonia/20/99 (H1N1)
NHRC39108 Jan. 2001 0.0025 P P A/New Caledonia/20/99 (H1N1)
NW20030206-11 Feb. 2003 0.0025 P (HA, M) P A/New Caledonia/20/99 (H1N1)
NHRC48920 Jan. 2004 0.001 N P (M, NA) A/New York/40/2003 (H3N2)
NW20031114 Nov. 2003 ND P ND A/New York/61A/2003 (H3N2)
NW20031120-11 Nov. 2003 ND ND P A/New York/40/2003 (H3N2)
NW20030203-02 Mar. 2003 ND P P (M, NA) A/New Caledonia/20/99 (H1N1)
NW20031120-04 Nov. 2003 ND P ND A/New York/40/2003 (H3N2)
NW200304-02.01 Mar. 2003 ND ND P A/New Caledonia/20/99 (H1N1)
NW20030218-03 Feb. 2003 ND ND P (M) A/New Caledonia/20/99 (H1N1)
239078 Mar. 2003 ND P P HAdV-4 USAF Field Strain
818141 Mar. 2003 ND P P HAdV-4 USAF Field Strain
866242 Mar. 2003 ND P P HAdV-4 USAF Field Strain
988168 May 2003 ND P P HAdV-4 USAF Field Strain
042579 Sep. 2003 ND P P HAdV-4 USAF Field Strain
711863 Jun. 2004 ND P P HAdV-4 USAF Field Strain
719764 Jun. 2004 ND P P HAdV-4 USAF Field Strain
910664 Jun. 2004 ND P P S. pyogenes
NHRC1191 Jun. 1998 ND P P HAdV-7 US Navy Field Strain
NHRC21096 Oct. 2003 ND P P HAdV-4 USAF Field Strain; HAdV-3 US Navy Field Strain
NHRC21103 Nov. 2003 ND P P HAdV-4 USAF Field Strain
NHRC21105 Nov. 2003 ND P P HAdV-3 US Navy Field Strain

a(P) Positive; (ND) not done; (HA) hemagglutinin; (M) matrix; (NA) neuramindase; these are shown in parentheses when only one or two of the three
tiled regions were positive in the assay.
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Preliminary clinical study

A preliminary clinical study was performed with samples col-
lected from the NHRC and EOS team at Lackland Air Force Base.
For comparison, two amplification strategies, random amplifica-
tion and multiplex PCR, were employed with the microarray for
the same set of clinical samples. As shown in Table 2, 21 influ-
enza A virus culture-positive (15 nasal wash and six throat swab)
samples were tested using both random and multiplex PCR am-
plification methods. Using multiplex PCR, 13 out of 13 samples
were correctly diagnosed in comparison to the culture method.
While using random amplification, 15 out of 18 samples were
identified. RPM v.1 not only identified the samples as H3N2 and
H1N1 subtype but also differentiated these samples, demonstrat-
ing the potential of the resequencing microarray. Using the hem-
agglutinin gene sequence as an example, sample NW20031114–
03.7 collected in November 2003 was identified as A/New York/
61A/2003, a relative of the dominant strain (A/Fujian/411/2002)
for the 2003–2004 flu season, while sample NHRC30481, col-
lected in February 2000, was identified as A/France/11/00 (H3N2)
strain, a relative of the dominant strain (A/Panama/2007/99) for
the 1999–2000 flu season. It is not surprising to see that samples
collected from the same geographic region in the same season
usually contained similar strains. Similar BLAST search results
were observed from sequences generated for samples in which
both random amplification and multiplex PCR were done, fur-
ther suggesting that random amplification methods correspond
well with multiplex PCR (Table 2). In addition, our assay cor-
rectly identified and typed 11 clinical samples (9-HAdV-4,
1-HAdV-3/HAdV-4 coinfection, and 1-Streptococcus pyogenes)
when compared with traditional culture detection methods
(Table 2). Two clinical samples that tested negative using con-
ventional methods also did not have any pathogens detected
when tested with our microarray (data not shown). These results
demonstrate the ability of our microarray-based diagnostic to

correctly identify and type clinically relevant HAdV and influ-
enza A strains in a manner consistent with conventional culture
detection.

An additional study was carried out with clinical samples
collected from the NHRC to further assess the utility of the mi-
croarray-based diagnostic for respiratory pathogen detection.
The samples (n = 41) consisted of negative and positive throat
swabs in viral transport medium from subjects with clinically
documented respiratory illness. At the sites of collection, the
samples were tested using conventional methods and sent to us
in a coded fashion for testing. The experiments were conducted
by two independent investigators, and the sample identities were
revealed only after the resulting assessments had been finalized.
The comparison demonstrated a complete concordance between
our method and conventional methods for 19 of 21 samples
(Table 3) for HAdV-4–positive clinical samples, and 20 of 20
negative samples. The failure to detect pathogens present in two
HAdV-4 samples in this test and three influenza A samples in the
first study, and the five false negatives, was probably due to the
insufficient sensitivity of the current method. However, no false–
positive results were obtained due to microarray base call or
analysis errors. Future efforts will focus on improving assay sen-
sitivity.

Discussion

We have demonstrated a straightforward approach that capital-
izes on the ever-increasing availability of pathogen nucleic acid
sequences that will provide strain-level information without re-
lying on fixed hybridization patterns and does not rely on spe-
cific oligonucleotide sequences to amplify for specific targets.
This approach not only allows simultaneous detection and dif-
ferentiation of common circulating respiratory pathogens at
clinically relevant sensitivity levels, but also enables us to iden-
tify coinfections and rarely encountered or typically unexpected
pathogens. This technology does not require a priori knowledge
of a differential hybridization pattern for pathogen identifica-
tion. Thus, it is not necessary to build up a database of reference
hybridization patterns through control experiments for differen-
tiating subtypes of pathogens. Also, the false–positive rate caused
by cross-hybridization when two sequences share a high degree
of similarity was greatly reduced through this approach. In >300
experiments for all validated tiled sequences on the RPM v.1, no
false–positive results were obtained when using clinical samples,
and no misidentifications were made when using controlled
laboratory samples (Table 1; Supplemental Fig. 1). Another sa-
lient benefit of this technique is demonstrated in the case of
complex mixture samples, i.e., HAdV coinfection and Flu Vac-
cine (data not shown); the microarray not only distinguished the

Figure 1. RPM v.1 process diagram. This diagram shows the process
for each step when using RPM v.1 with a random amplification strategy
for clinical samples.

Table 3. Evaluation of RPM v.1 for pathogen detection in clinical
samples collected from patients with febrile respiratory illness
symptoms

Adenovirus 4

Culture + Culture �

RPM v.1 + 19 0
RPM v.1 � 2 20
Sensitivity 90.4%
Specificity 100%
Overall agreement 95.1%
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presence of two or more coinfectants, but also identified them
correctly at the strain level. In all cases, the interpretation of a
pathogen’s identity is much more straightforward.

While this system demonstrates remarkably low false–
positive rates (a high specificity), the system remains somewhat
limited in sensitivity as indicated by the false negatives. The sen-

sitivity of the current system can detect
adenovirus at target concentrations of
103 copies/µL of the starting clinical
sample and influenza A virus at
2.5 � 10�3 plaque-forming units/µL us-
ing a combination of human NA back-
ground subtraction and random ampli-
fication of the remaining NA. Due to the
use of specific primers and the exponen-
tial amplification of PCR, it is not sur-
prising to see that the multiplex PCR is
more sensitive than random amplifica-
tion. Limitations in sensitivity can result
in false negatives, especially if a patient
is tested early or late in the infection or
the pathogen of interest does not typi-
cally shed in high titer, such as HAdV or
influenza A virus. Our future work will
focus on improving assay sensitivity us-
ing more complete subtraction of back-
ground human DNA and RNA. Never-
theless, this assay may still be useful for
some applications. This assay is not yet
optimized for detailed strain-level iden-
tification, speed (∼12–16 h), or cost
($400 per chip, ∼$20 per pathogen spe-
cies) relative to that desired for rapid in-
fectious disease diagnostics. Improve-
ments to processing methods (Lin et al.
2004) and the use of the next generation
of resequencing chips will increase se-
quence content while substantially de-
creasing cost and time.

In comparison to the current state
of the art, which would require multiple
diagnostic tests to discern the offending
agent, our assay is able not only to look
for the most commonly occurring infec-

tious agents, but also to survey for less common pathogens in a
single test. The ability to order a single assay for effective differ-
ential diagnosis among the majority of pathogens causing FRI
syndrome will increase the number of diagnoses made with far
fewer assays. In a public health or an epidemic outbreak scenario,
the ability to rapidly identify less common pathogens among a

Figure 2. Random amplification and resequencing microarray-based identification of two common
respiratory tract viral pathogens. (A) RPM v.1 design overview. The tiled sequence regions for each of
the targeted respiratory tract pathogens have been color-coded (left). (B) Hybridization profile of the
HAdV-4 prototype strain RI-67. (C) Identification of an H3N2 influenza A virus (A/Fujian/411/2002)
from Lackland AFB clinical nasal wash sample #NW20031114–03–7. (Upper arrow) Tile region for
hemagglutinin (H3), (lower arrow) tile regions for neuraminidase (N2) and matrix. The black region
interspersed between the two arrows constitutes the tile regions for hemagglutinin (H5) and neur-
aminidase (N1). (D) Identification of an HAdV-5/HAdV-21 coinfection in NHRC clinical throat swab
sample #7151. The arrows on the right of each image are color coded according to the legend on the
far left.

Figure 3. Examples of primary sequence data generated by the hybridization of randomly amplified targets to RPM v.1 tiled probe sets. Clinical throat
swab sample NHRC #7151 was found to contain an adenoviral coinfection (Fig. 2D), as hybridization to the HAdV-5 E1A tiled prototype sequence region
resulted in the identification of HAdV-5 E1A (A), whereas the sequence generated via hybridization to the HAdV-7 E1A tiled prototype sequence region
suggested the presence of HAdV-21 (B). (C) Amplicons generated from clinical throat swab sample NHRC #49110 hybridized to the influenza A virus
(A/New Caledonia/20/99) hemagglutinin (H1) gene prototype sequence but were identified (via REPI analysis) as influenza A virus (A/Madrid/1082/
2001) H1N1. (*) Single nucleotides that differentiate the experimental sequence from the tiled prototype sequence.
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background of seasonal FRI will enable more effective identifica-
tions, leading to a better response to a naturally occurring epi-
demic outbreak or even a bioterrorism event. This information,
combined with clinical symptom data and confirmatory labora-
tory tests, will result in more accurate disease reporting, de-
creased disease exposure, and improved outcomes for individuals
and public health. Because viral agents cause most infections of
the respiratory tract, it is satisfying that we could detect and type
both DNA and RNA viruses from clinical samples using random
amplification methods at clinically relevant sensitivity levels
(Couch et al. 1966; Boivin et al. 2003). The success of the RPM v.1
has already led to the development and initial testing of a RPM
v.2 that now includes 54 bacterial and viral species. Our future
work will focus on improving sensitivity and assay speed in order
to achieve high-throughput capability, which will provide a cost-
effective diagnostic platform for pathogen detection and epi-
demic surveillance.

Methods

RPM v.1 design
The RPM v.1 (Fig. 2A) was designed primarily to test the hypoth-
esis that a single tiled region could act as a prototype for the
identification of a broad number of variants without relying on
predetermined hybridization patterns. Prototype regions were se-
lected to allow for both efficient hybridization and unique iden-
tification of most or all of a subtype of pathogenic species. (For
probe tiling information of RPM v.1, see Supplemental Table 1).
Two pathogens, HAdV and influenza A virus (H1N1, H3N2 and
H5N1), were treated in much more detail. They were selected
based upon recent outbreak information (Erdman et al. 2002;
Kolavic-Gray et al. 2002; Thompson et al. 2003). Based on this,
partial sequences from the E1A, hexon, and fiber genes contain-
ing diagnostic regions of adenovirus serotypes HAdV-4, HAdV-5,
and HAdV-7 were tiled for the detection of all FRI-causing human
adenoviruses. Similarly, tiled regions for influenza A virus detec-
tion were comprised of partial sequences from the hemagglutinin
gene (subtypes H1, H3, and H5), the neuraminidase gene (sub-
types N1 and N2), and the matrix gene. In addition to HAdV and
influenza A virus, the current RPM design permits discrimination
of 12 other common respiratory pathogens, and six Centers for
Disease Control and Prevention category A bio-terrorism patho-
gens (Table 1) known to cause FRI, i.e., “flu-like” symptoms at
early stage of infection.

Prototype strains
Detailed descriptions of all prototype and field strains used in
this study and their sources are listed in Supplemental Table 2.

Clinical samples
Throat swabs were collected at the Molecular Biology Laborato-
ry–NHRC (San Diego, CA) from patients with FRI symptoms and
immediately placed in 2-mL cryogenic vials containing 1.5 mL of
viral transport medium (VTM) to maintain the viral particles dur-
ing transport. Nasal washes from the EOS team at Lackland Air
Force Base were collected from basic military trainees with FRI
symptoms. In both instances, samples were tested at the site of
collection using conventional detection techniques and submit-
ted for microarray-based detection in a masked fashion. The col-
lection and transport of all clinical samples complied with the
Wilford Hall Medical Center protocol for clinical investigation
(FWH20020124H). Nucleic acid were extracted from clinical

Figure 4. (A) REPI logic diagram. The algorithm expands subsequences
to the maximum length within the constraints of the allowable no-call (N)
percentage (here, 25%). Each subsequence was submitted for BLAST
analysis. (B) A sample REPI output (truncated) for Lackland AFB clinical
nasal wash sample #NW20031114 that unambiguously identified influ-
enza A virus type H3N2.
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samples using the MasterPure DNA purification kit (Epicentre
Technologies) following the manufacturer’s recommended pro-
tocol with slight modification; we omitted the RNase digestion
step. Informed consents were obtained from all participants after
the nature and possible consequences of the studies were explained.

Subtractive random amplification strategy
Bead-based subtraction steps were carried out to remove human
genomic DNA and RNA from clinical samples. For human DNA
removal, Cot Human DNA (Roche Applied Science), consisting
largely of rapidly annealing repetitive elements, was labeled at
the 3� end with biotin-N6-ddATP (PerkinElmer Life Science, Inc.)
with Terminal Transferase (New England Biolabs Inc.). Extracted
NA from clinical samples was digested with 10 U of McrBC (New
England Biolabs Inc.) for 20 min, then mixed with biotinylated
Cot Human DNA. The reaction mixtures were brought to a final
volume of 75 µL with a final concentration of 4� SSC and 0.2%
SDS. The reaction mixtures were incubated for 10 min at 95°C,
then slowly cooled to 65°C and incubated for 1 h. Streptavidin-
coated magnetic beads (Bioclone Inc.) were then added to the
mixture to capture hybridized human DNA. The enriched DNA
in the supernatant was transferred to a fresh tube. Finally, DNA
was precipitated with ethanol and subjected to a random ampli-
fication procedure (see below). For human RNA background sub-
traction, the MICROBEnrich (Ambion Inc.) kit was used follow-
ing the manufacturer’s recommended protocol. RNA was precipi-
tated with ethanol, then subjected to the random amplification
procedure.

Random amplification for DNA samples was carried out
with either bacteriophage �29 DNA polymerase or the modified
random amplification protocol from previously published papers
(Wang et al. 2002, 2003). Briefly, DNA amplification utilizing
bacteriophage �29 DNA polymerase with random hexamers was
performed according to the instructions of the GenomiPhi DNA
Amplification Kit (Amersham Biosciences Corp.). DNA amplifi-
cation utilizing modified random amplification was performed
with an initial round of DNA synthesis using Sequenase version
2.0 DNA polymerase (United States Biochemical) and primer D,
followed by PCR amplification with primer E. For RNA amplifi-
cation, viral samples were amplified by a modified version of a
random PCR protocol (Wang et al. 2002, 2003; Kessler et al.
2004). Briefly, 10 µL of total RNA was reverse transcribed by using
primer D and superscript III reverse transcriptase (Invitrogen
Corp.) and was then amplified by PCR with primer E. The ran-
dom PCR reaction was carried out in a Peltier Thermal Cycler-
PTC225 (MJ Research Inc.) with 40 cycles of: 30 sec at 94°C, 30
sec at 40°C, 30 sec at 50°C, 120 sec at 72°C; and a final extension
for 7 min at 72°C.

For analysis of clinical specimens, samples were subjected to
both DNA and RNA subtraction and amplification, then the am-
plified products were combined and subjected to purification
and processing prior to hybridizing to the RPM v.1.

Multiplex RT–PCR
For influenza A viruses multiplex RT–PCR, the hemagglutinin,
neuraminidase, and matrix genes were amplified with three sets
of segment-specific primers (Bm-HA-1/Bm-NS-890R, Ba-Na-1/Ba-
Na-1413R, and Bm-M-1/Bm-M-1027R; Hoffmann et al. 2001) and
the HotStarTaq Multiplex PCR kit (Qiagen, Inc.). The amplifica-
tion reaction was carried out in a Peltier Thermal Cycler-PTC225
(MJ Research Inc.) with an initial activation step for 15 min at
95°C, followed by 40 cycles of: 30 sec at 94°C, 90 sec at 58°C, 90
sec at 72°C; and a final extension for 10 min at 72°C. For adeno-
virus multiplex PCR, the amplification was carried out as previ-
ously described (Lin et al. 2004).

Microarray hybridization and processing
Microarray hybridization and processing were carried out accord-
ing to the manufacturer’s recommended protocol (Affymetrix
Inc.). After scanning, GCOS software is used to reduce the raw
image (.DAT) file to a simplified file format (.CEL file) with in-
tensities assigned to each of the corresponding probe positions.
Finally, GDAS software is used to apply an embedded version of
the ABACUS (Cutler et al. 2001) algorithm to produce an esti-
mate of the correct base calls, comparing the respective intensi-
ties for the sense and antisense probe sets. To increase the per-
centage of base calls, we adjusted the parameters to allow the
most permissive base calling (permissive setting, Supplemental
data). The sequences from base calls made for each tiled region of
the resequencing array then were exported from GDAS as the
FASTA-formatted files.

Resequencing Pathogen Identifier (REPI)
The Resequencing Pathogen Identification (REPI) software was
developed and designed to filter the output of the FASTA file and
perform sequence similarity searches using the NCBI BLASTN
algorithm. The algorithm first removes control sequences, since
they are intended only to indicate correct operation and are spe-
cifically designed by Affymetrix to be nonsense sequence; there-
fore, they will never have relevant returns. Next the sequence is
evaluated for subsequences of usable data that will return a sig-
nificant return from BLAST. A prototype tiled sequence is evalu-
ated starting from the first base call. A window, m bases long,
slides along the sequence searching for the first area that scores
25% or better, which is computed by dividing the total of valid
bases in the window by the window’s length, m (Fig. 4A). Now
that the start of usable data is determined, the program moves
the window forward, searching for the location at which the
window score is <25%. Once the end of the subsequence is
found, beginning and trailing n’s are trimmed. Any subsequence
<20 nucleotides (nt) is discarded. Subsequences >50 nt are ac-
cepted. Subsequences 20–50 nt in length are accepted if the total
number of n’s in the sequence is �60% of the total subsequence
length. The evaluation of the sequence continues in this manner,
generating as many subsequences as needed to represent all us-
able data of the sequence. All accepted subsequences are queried
against a public database (e.g., GenBank) and other nonpublic
sequences using the BLAST algorithm. The output of this pro-
gram discards subsequences that only have returns with an ex-
pected (E) value >1.0 � E�9 and only displays for each subse-
quence records having an E-value <1.0 � E�9. Raw BLAST out-
puts (subsequence length, database identifier, bit score, and
E-value) for each parsed subsequence were saved and ranked in
order of descending bit scores (Fig. 4B). In addition, a number of
statistics on the subsequence are computed for user analysis, in-
cluding the subsequence percentage of the target sequence, the
subsequence length, the number of subsequence base calls, and
the percentage of subsequence base calls. The REPI Java program
is included in the Supplemental data.12

Quantification of HAdV-4 and influenza A viruses
For sensitivity assessments, real-time PCR assays were conducted
on an iCycler instrument (Bio-Rad Laboratories) or R.A.P.I.D.
LightCycler (Idaho Technology Inc.) to determine the number of
adenovirus genomes in each sample. The findings for the

12Patent pending. This software embodies subject matter that is or may be
claimed in one or more patent applications and/or issued patents. Please con-
tact the Technology Transfer Office at the U.S. Naval Research Laboratory if
you are interested in obtaining a license.
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samples were compared with those for 10-fold serial dilution of
HAdV-4 prototype genomic DNA templates of known copy num-
ber (101 to 106 copies) by using Ad4hexon-F5, Ad4hexon-R4 with
TaqMan probe (Ad4P2). HAdV-4 genomic copy number was cal-
culated by measuring the DNA concentration from purified viral
DNA and using the following conversion factor: 0.384 fg = a
single adenoviral genome of ∼35 kb (Saitoh-Inagawa et al. 1996).

Similar assays were carried out to determine the plaque-
forming units/µL of influenza A virus in each sample by using
primers AMP-For and AMP-Rev (Stone et al. 2004) in the manner
described in the publication.

Sequencing confirmation
Conventional sequencing result of influenza strains were pro-
vided by Luke T. Daum at the Air Force Institute for Operational
Health ([AFIOH] San Antonio, TX).
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