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Identification of fungal pathogens in a patient with acute myelogenic leukemia
using a pathogen detection array technology
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ABSTRACT
Invasive zygomycosis in immunocompromised patients results in a high mortality rate, and early
identification is crucial to optimize therapy and to reduce morbidity. However, diagnosing specific species
of zygomycetes fungi possess challenge in the clinical laboratories. A need for a rapid and sensitive
diagnostic tool for early recognition of a zygomycetes fungus in clinical samples to the species level will
lead to prompt and accurate therapy and the PathoChip provides one such platform. We utilized a
pathogen array technology referred to as PathoChip, comprised of oligonucleotide probes that can detect
all the sequenced viruses as well as known pathogenic bacteria, fungi and parasites and family-specific
conserved probes, thus providing a means for detecting previously uncharacterized members of a family.
We rapidly identified a zygomycetous fungus, Rhizomucor pusillus, an otherwise challenge for the clinical
laboratories, predominantly in a patient with acute myelogenous leukemia. This report highlights the
value of PathoChip as a diagnostic tool to identify micro-organisms to the species level, especially for
those difficult to identify in most clinical laboratories. It will also help clinicians to obtain a critical snapshot
of the infection profile of a patient to plan treatment strategies.
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Introduction

Zygomycosis, an infection caused by fungi in the class zygomy-
cetes occurs in immunocompromised states, as a result of either
therapy or underlying disease.1,2 Invasive infection due to these
molds results in a high mortality rate, and early identification is
crucial to optimizing therapy. However, it has been a challenge
to diagnose specific species of zygomycetes fungi in the clinical
laboratories using phenotypic methods.3 Difficulty in the recog-
nition of microscopic differences among species and the lack of
tester strains to perform mating studies, make the detection of
species specific zygomycetes fungi impossible in the clinical lab-
oratories and so most rely on identification of the genus. In
zygomycosis, identification of species is very important from
the therapeutic perspective. Studies have shown in vitro suscep-
tibility to anti-fungal agents to vary within the zygomycetes
family and thus, identification of the species provides clues for
optimization of treatment.4 Thus, molecular assays were devel-
oped to identify specific species of zygomycetes. These include
sequencing of internal transcribed spacer (ITS) region,5-8 28S
rRNA 9 and non-sequencing based tests like polymerase chain
reaction (PCR) with restriction fragment length polymorphism
(RFLP),10,11 real- time PCR using melting curve analysis,12

multiplex PCR using specific DNA probes in a microarray
based assay,13 and PCR assay using the Luminex xMAP hybrid-
ization method.14 While, the sequencing based assays have
become more popular to identify fungal species, most of the

species identification using sequencing was done from culture
isolates, though direct sequencing from tissue has shown some
success.5,8,9,15,16 Although these molecular methods could
detect species of a particular zygomycetes genus, they are lim-
ited by their detection range of pathogenic fungi, which is an
important limiting factor in the context of diagnosis of invasive
fungal infections. Further, the sensitivity of detection of fungal
species by PCR or sequencing is very low in formalin fixed tis-
sues compared to fresh tissues,16 thus making diagnosis from
fixed tissue section unreliable. More recently, to specifically
identify species of fungi/zygomycetes, a combined approach of
both morphologic and molecular testing methods have been
explored when a histological diagnosis is not always possible.15

Neither of the 2 methods is rapid and sensitive and both are
restricted by limitations to identify only a small range of
species.

A rapid and sensitive diagnostic tool for early recognition of
a zygomycetes fungus in clinical samples (using fresh or fixed)
to the species level will lead to prompt accurate therapy. This
reduces morbidity and ensures the best chance of survival.
PathoChip provides one such platform17 using a microarray-
based approach containing probe sets for parallel DNA and
RNA detection of viruses, bacteria, fungi, parasites and other
human pathogenic microorganisms. The current version of the
PathoChip has 60,000 probes per array, representing all known
viruses, 250 helminths, 130 protozoa, 360 fungi and 320 bacte-
ria.17 The array contains 2 types of probes: unique probes for
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each specific virus and microorganism, and conserved probes
which target genomic regions that are conserved between
members of a family of viruses, thereby providing a means for
detection of previously uncharacterized members of the family.
The PathoChip screening technology includes an amplification
step that allows detection of microorganisms and viruses pres-
ent in low genomic copy number in samples and also frag-
mented genomes extracted from formalin-fixed paraffin
embedded archival tissues. We have used the PathoChip to
detect microorganisms associated with different cancer samples
that are obtained as paraffin fixed tissues.17 Thus, PathoChip
allows multiple clinical samples to be rapidly and sensitively
screened for the presence of microbial agents. There are 37,704
specific probes for pathogenic microorganisms, including 896
specific probes (from 28s rRNA, ITS, 18S rRNA genes) for the
fungal species available in the GenBank.17

Using the PathoChip, we detected a zygomycetous fungal
species, Rhizomucor pusillus from FFPE samples obtained from
a patient with acute myelogenous leukemia. The results of the
PathoChip screen were further validated by PCR, sequencing
and staining.

The patient, a 47 year old male who presented to the hospi-
tal of University of Pennsylvania with relapsed acute myeloge-
nous leukemia (AML) (containing inv(16)(p13.1q22) and FLT3
D835 mutation). He received induction chemotherapy and was

subsequently neutropenic (ANC D 0). He developed sudden
onset of bilateral lower extremity weakness which rapidly pro-
gressed to T4 paraplegia and acute urinary retention. Both
serum galactomanann and b-D-glucan were negative prior to
surgery. Imaging studies (MRI) showed an epidural mass lesion
at T4-T5 with prevertebral and paravertebral extension. He was
taken to the operating room for resection of the epidural mass
and an emergent T4-5 laminectomy for cord compression. Tis-
sue from this procedure did not show infectious etiologies in
their differential and thus microbiologic studies were not per-
formed on this sample. However, staining of the tissue revealed
angioinvasive fungal infection (Fig. 4). Therefore, to rapidly
identify the invasive fungus, formalin fixed paraffin embedded
(FFPE) tissue section was provided for PathoChip analysis.

Results

PathoChip screen identified Rhizomucor pusillus as the
predominant agent in the patient sample

Accession analysis for all the signals from the hybridization of
the PathoChip were first completed for the patient sample to
see which organisms showed high accession signals in the
patient sample screened. Accession signals determine the aver-
age hybridization signal of all the probes per accession. Out of

Figure 1. Accession analysis of samples screened by PathoChip. Figure A shows the accession signal (average Cy3 signal for probes-average Cy5 signal for probes/acces-
sion) of 6001 accesions of PathoChip metagenome, represented as bar graph. The organisms showing high accession signal (>5000) are numbered. Figure B shows the
top hit accessions detected in the patient sample in decreasing order of accesion signals. Figure C represents the comparative accesion signals in cancer versus the
control.
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the 6001 organisms only 17 accessions or organisms showed
accession signals >5000 (Fig. 1A and B). This suggests that the
majority of the associated probes in the PathoChip were
detected for those particular organisms. Probes of Rhizomucor
(zygomycetes) and Rhodotorula laryngis (Basidiomycetes) were
detected with the highest accession signals of >20,000 (Fig. 1B,
left panel). Probes of ascomycetous fungi (Cladosporium, Pie-
draia, Cladophialophora), parasites (Diplidium and Hymenole-
pis) and viroid were detected with accession signals ranging
from >10,000 to 20,000 (Fig. 1B, middle panel). Other ascomy-
cetous strains of Cladosporium, Cladophialophora, Fonsecaea
and Phialophora along with the zygomycete Absidia blake-
sleeana and the Basidiomycete Rhodotorula cassicolla were
detected with accession signals raging from >5000-10,000
(Fig. 1B, right panel). Organisms detected in the patient with
accession signal less than 5000 included skin fungus Malassezia,
yeast Geotrichum and species ofMucor (Fig. 1C). Accession sig-
nal analysis of the control sample was also carried out, and
accession signals of those organisms that were detected in the
patient were compared to that of the control (Fig. 1C and
Table 1). We detected genomic signatures of species of Rhizo-
mucor with the highest accession signal (Fig. 1 and Table 1)
and importantly, the accession analysis of the control sample
did not detect any species of Rhizomucor (Fig. 1C and Table 1).
Except for Hymenolepis diminuta, others seem to have much
higher accession signal in the patient sample compared to con-
trol (Fig. 1C and Table 1). Of those probes with lower (<5000)
accession signal detected in the patient sample, the probes of
Geotrichum and Mucor were found only to be associated with
the patient and not with control, while probes of the skin

fungus Malassezia were also detected in the control samples
(Fig. 1C and Table 1).

MAT analysis of the patient sample identified individual
probes of the same organisms that were detected by accession
analysis. Hybridization signals (Cy3-Cy5) of the probes for
those organisms in the patient sample were then compared to
that in the control sample, represented as a heat map in Fig. 2.

Individual probes of Rhizomucor (both Rhizomucor pusillus
and Rhizomucor miehei) detected by MAT analysis, showed
very high hybridization signal (Cy3-Cy5 >3000) in the patient
screen and not in the controls (Fig. 2). All or few probes of
related fungal organisms (other zygomycetes like Absidia and
Mucor) were also detected by the PathoChip screen in the
patient sample and not in the control (Fig. 1, Fig. 2), thus fur-
ther suggesting an association of zygomycete infection in the
patient. Fungal probes of Rhodotorula, Cladosporium, Clado-
phialophora, Phialophora, Fonsecaea and Piedraia and parasitic
probes of Dipylidium and Hymenolepis, that were detected in
the patient sample were also detected in the control samples
(Fig. 2), and thus were not uniquely associated with the patient,
although the hybridization signal for the probes of those organ-
isms were higher in the patient sample compared to control.
The leukemic condition of the patient might have provided an
amiable microenvironment for those organisms that would not
generally be present in normal individuals.

Validation of the PathoChip screen results by PCR and
sequencing

Primers were used to detect any zygomycetous fungi and also to
specifically detect Rhizomucor by PCR (material and methods
section). The primers that detect any zygomyceteous fungi
yielded the expected 181bp amplicon in the patient sample, not
in the control. Likewise, the specific PCR primers for Rhizomu-
cor detected the fungus (305 bp amplicon) in the patient sample
and not in the control. This was confirmed by sequencing the
amplified PCR products (Fig. 3A). The sequenced amplicon
was subjected to the BLAST tool of NCBI and it was deter-
mined that both amplicons showed 100% sequence homology
(red lines representing high alignment scores) to the 28S rRNA
gene Rhizomucor pusillus and Rhizomucor miehei (Fig. 3A).

Staining results

On both the H&E and Grocott stain, fungal hyphae are visible.
These hyphae show variable thickness and no discrete septation
within the hyphae which was interpreted as most consistent
with a zygomycoses infection (Fig. 3B).

Discussions

Rhizomucor involves 2 ubiquitous species: R. pusillus and R.
miehei, that can lead to Zygomycosis in humans.18 It is a rare
disease, often found in the patients with a weakened immune
system and can often lead to a fatal outcome.18 It occurs most
often in patients with hematological malignancies,19-26 and dia-
betes mellitus.27 Zygomycosis presents a major clinical chal-
lenge, both during diagnosis and patient treatment.28 Invasive
fungal infections are often diagnosed by histopathology without

Table 1. Candidate organisms detected in the patient sample with higher acces-
sion signal than in control.

Accession signal

(Mean g- mean r)/ accession

Type Organism Cancer Control

Fungus Rhizomucor pusillus strain NRRL28626 37471 ¡1
Rhizomucor miehei 35494 3
Rhizomucor pusillus strain DSM1331 24334 6
Rhodotorula laryngis 23084 10256
Cladosporium colocasiae 18532 3213
Cladosporium langeronii 17132 3134
Piedraia hortae 15602 817
Cladophialophora chaetospira 12480 2570

Parasite Dipylidium caninum 12445 2912
Viroid Citrus viroid V 11644 ¡1840
Parasite Hymenolepis diminuta 10797 7876
Fungus Cladophialophora proteae 9512 1243

Cladosporium sphaerospermum 8598 1862
Fonsecaea pedrosoi 7970 1819
Phialophora verrucosa 7178 1360
Absidia blakesleeana 5629 4
Rhodotorula cassiicola 5065 2
Malassezia sympodialis 3789 1340
Malassezia pachydermatis 2625 1236
Prosthodendrium longiforme 3574 856
Malassezia slooffiae 1995 825
Malassezia globosa 1624 797
Malassezia restricta 2437 790
Geotrichum fermentans 4949 11
Geotrichum cucujoidarum 2226 1
Geotrichum klebahnii 2018 -2
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identification of the causative fungi, which show significant dif-
ferent antifungal susceptibilities.4 Frequently these fungi fail to
grow in clinical assays or culture systems, and since some fungi
require several weeks to grow, detection of the fungal agent at
an advanced stage of disease becomes difficult.29,30 Mortality

rates approach 100%, especially in the absence of immune
reconstitution.31 Given the expanding list of available antifun-
gal drugs, it is hoped that early diagnosis will lead to prompt
initiation of directed antifungal therapy and enhance the
chance of survival in patients with zygomycetes. We report the

Figure 2. Hybridization signals (Cy3-Cy5) of the probes of the organisms detected in the patient sample screen compared to the control sample screen, represented in a
heat map.

Figure 3. Validation of PathoChip screen results by PCR, sequencing and staining of infected tissue section. Fig. 3A shows the the PCR amplified products yielded using
primers to detect any Zygomycetes fungi and primers to detect Rhizomucor, run on 2% agarose gel (left panel). Ethidium bromide stained gel picture of the amplicons
are shown (left panel). M: ’X174/Rsa1 DNA ladder, L: leukemic patient sample, C: control sample. Part of the electropherogram of the ampilcons sequenced is shown
(middle panel). The NCBI BLAST tool showed alignement scores for each amplicon sequenced (right panel). The graphic summary shows alignments (as colored lines) of
database matches to the amplicons sequenced (query). The red color lines represented the highest alignment scores, thus suggesting the query sequence to be signifi-
cantly similar to the database hit Rhizomucor pusillus and Rhizomucor miehei 28S rRNA sequences. Fig. 3B shows the staining of tissue section from the patient for fungus.
A Hematoxylin and Eosin (I-III) as well as Grocott Methanamine Silver (IV) stain were performed on the tissue sections from the paravertebral mass of the patient. Figure
(I) shows the low power view of the soft tissue, (II) shows the 20X view, (III) shows the 40X view and (IV) shows the 40X view using silver stain (Grocott stain). Fungus in
blood vessels is shown with arrows.
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rapid detection of R. pusillus and R. miehei in a patient with
acute myelogenous leukemia, using an array based high
throughput pathogen detection system. The PathoChip, which
was used to screen the patient sample, has been earlier proven
to be sensitive, specific and useful in detecting cancer associated
pathogens.17 We were able to rapidly and efficiently detect the
fungal organisms from FFPE tissue sample of a patient with
acute T4 paraplegia due to cord compression from an epidural
mass due to a zygomycete.

All specific probes of Rhizomucor fungi showed very high
hybridization signal. However, we also detected some probes of
the related zygomycetes, Mucor and Absidia blakesleeana with
moderate to high hybridization signal, associated with the
patient sample thus demonstrating a zygomycete signature
association. Additionally, probes for the species of Geotrichum
were detected with moderate hybridization signal, suggesting
other opportunistic fungal infection in the patient at much
lower levels. It is not surprising that multiple infections are
seen in an immunocompromised patient with a dominant
agent driving the pathology. However, using this strategy a cli-
nician can obtain a critical snapshot of the infection profile of a
patient and so inform their intervention strategy.

Interestingly, probes for a plant viroid were detected in the
patient sample (not in the control), which could be because of
dietary raw fruits and vegetables consumption that expose us to
large numbers of plant viruses and viriods, some of which may
have persisted in the patient.

The importance of zygomycosis as an emerging infectious
disease in compromised patients highlights the need for better
methods to diagnose and treat this condition. The ability of the
PathoChip to rapidly identify this fungus and other uncommon
pathogenic fungi, viruses and other micro-organisms could be
helpful for future diagnostics and intervention paradigms.

Methods

PathoChip design

The design of the 60,000 probe sets for all the available microor-
ganisms used on the PathoChip Array has been previously
described.17 The designed probe sets were manufactured as Sure-
Print glass slide microarrays (Agilent Technologies Inc.). Probes
were represented as 60-nt DNA oligomers with 60,000 probes
on 8 replicate arrays per slide.17 There are multiple probes for
each pathogenic viral, prokaryotic, and eukaryotic organism.

Sample preparation and microarray processing

FFPE tissue section (10 micron) from the paravertebral mass of
the patient with AML, was provided. Five non-matched control
samples comprising of tissue from healthy individuals were
used as control. Briefly, DNA and RNA was extracted in paral-
lel from 3 FFPE tissue sections of the patient and from the con-
trol group as described earlier.17 The qualities of the extracted
DNA/RNA were assessed by measuring the A260/280 ratio,
and the size distributions of the extracted nucleic acids were
determined by agarose gel electrophoresis. The partially
degraded RNA and DNA samples extracted from the FFPE tis-
sue samples were subjected to RNA/DNA amplification (Whole

Transcriptome Amplification/ WTA) as previously described
using 50 ng each of RNA and DNA as input.17 The sample
preparation and amplification protocols to detect DNA and
RNA of microorganisms from FFPE tissues has been previously
described.17 The 5 non-matched controls were pooled as 1 sam-
ple during the WTA step (10ng each of RNA/DNA). The
amplification products yielded amplicons ranging from 200-
400bp as expected for FFPE samples, and monitored for integ-
rity by agarose gel electrophoresis. 15ng each of human refer-
ence RNA and DNA extracted from the BJAB human B cell
line was also subjected to WTA. All the amplified products
(from the patient sample, control and human reference) were
purified using a PCR purification kit (Qiagen, Germantown,
MD, USA). 1mg of the amplified product from the FFPE tissues
of the patient and control was used for Cy3 labeling by the Sur-
eTag labeling kit (Agilent Technologies, Santa Clara, CA), and
Cy5 labeling was performed on 1 mg of human reference
cDNA/DNA amplification product as a control to identiy any
cross-hybridization of probes to human DNA. The labeled
DNA were purified and the extent of labeling was determined
by A550 for Cy3 (green) and A650 for Cy5 (red).17 The labeled
samples were hybridized to the PathoChip as described by Agi-
lent Technologies, Santa Clara, CA. Hybridization cocktail con-
sisting of a CGH blocking agent, hybridization buffer (as per
manufacturer’s instruction), was added to the mix of labeled
test sample (Cy3) and the reference (Cy5), denatured and
hybridized to the PathoChip arrays. One array was used for the
patient sample screening and another for the control screen.
Hybridization was carried out at 65�C with rotation in an Agi-
lent hybridization oven for 24 hours. Post-hybridization, the
slides were washed using wash buffer and scanned using an
Agilent SureScan G4900DA array scanner.

Microarray data analyses and statistical analysis

Data analysis was done using the Partek Genomics Suite (Partek
Inc., St. Louis, MO, USA) as previously described.17 Post normal-
ization of the data (as described earlier) analysis was initially per-
formed to determine specific positive hybridization signals (Cy3-
Cy5) for all the probes of an organism.17 Thus, the hybridization
signal for each accession/organism (accession signal) was deter-
mined by subtracting the average Cy5 signal for all the probes
per accession from average Cy3 signal of the same (accession sig-
nal D average Cy3 of all probes/accession minus average Cy5 of
all probes/accession).17 Accession signal for each organism in the
PathoChip was calculated both for the patient sample and the
control and then compared. Model-based analysis of tiling arrays
(MAT), which utilized a sliding window analysis of probe signals
for each sample screened, was also performed. MAT analysis as
previously described was helpful in detecting positive hybridiza-
tion signal (Cy3-Cy5) even if a few and not all the probes of an
organism are positive.17

PCR and sequence validation of the PathoChip results

PCR primers from the 28S rDNA sequences to detect Zygomy-
cetes32 (zygo-F1: TTCAAAGAGTCAGGTTGTTTGG and
zygo-R1: CAGTCTGGCTCCAAACGGTTC), and also to detect
the specific genus, Rhizomucor 33 (Rm1-FP:
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TCTATTGCGATGCATGCTCCAAG and Rm2-RP:
GGTCTCTTTAGACTCCAAAGCAC) were used to further vali-
date the findings of the PathoChip screen. The PCR amplifica-
tion reaction mixtures for each reaction contained 300 ng of
WTA product and 10 pmol each of forward and reverse primers,
300mM of dNTPs and 2.5U of LongAmpTaq DNA polymerase
(New England Biolabs). DNA was denatured at 94�C for 2 min,
followed by 30 cycles of 94�C for 30 s, 51�C for zygo primers
and 52�C for Rm primers for 30 s, and 65�C for 30 s and a final
extension of 65�C for 10 min. The amplified product was frac-
tionated by electrophoresis on a 2% agarose gel with an appro-
priate DNA ladder to determine the amplicon size and the
amplicons were gel extracted and subjected to Sanger sequencing
with their respective forward primers. Post sequencing, the
sequence chromatograms were visualised using the BioEdit pro-
gram 34 and the sequences were put in the National Center for
Biotechnology Information (NCBI) Basic Local Alignment
Search Tool (BLAST) tool 35 (http://blast.ncbi.nlm.nih.gov) to
identify the sequence match to the available sequences in
GenBank.

Staining

A Hematoxylin and Eosin as well as Grocott Methanamine Sil-
ver stain were performed on the tissue sections from the para-
vertebral mass using standard methodologies.36

Polysaccharides in the fungal wall are oxidized by the grocott
reaction and the oxidized sugars are then free to react with the
metallic silver to form a dark black silver precipitate on the fun-
gal cell wall (Fig. 3B).
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