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Abstract The purpose of this study was to optimize pri-
mary and nested polymerase chain reaction (PCR) assays
for detecting the microsporidia Encephalitozoon intesti-
nalis and Enterocytozoon bieneusi in fecal samples from
dairy calves. PCR for these microsporidia were compared
to immunofluorescence assays (IFA) based on commer-
cially available monoclonal antibodies specific for outer
wall proteins of Enc. intestinalis or Ent. bieneusi. Fecal
samples were collected from 15 dairy calves and processed
by molecular sieving followed by salt floatation to recover
Enc. intestinalis and Ent. bieneusi spores. An aliquot of the
final supernatant was applied to glass slides for IFA testing;
another aliquot was extracted for total DNA using a
QIAamp Stool Mini-Kit for primary and nested Enc.
intestinalis- and Ent. bieneusi-specific PCR analysis.
Internal standards were generated for both Enc. intestinalis
and Ent. bieneusi PCR assays to control for false negative
reactions due to the presence of inhibitors commonly found
in fecal samples. Using the commercial MicrosporlFA
(Waterborne, Inc.) as the gold standard, the optimized Enc.
intestinalis PCR method provided 85.7% sensitivity and
100% specificity with a kappa value = 0.865. Likewise,
using the commercial BienusiGlo IFA (Waterborne, Inc.)
as the gold standard, the optimized Ent. bieneusi PCR
method provided 83.3% sensitivity and 100% specificity
with a kappa value = 0.857. Sequencing of amplicons from
both PCR assays confirmed the presence of Enc. intesti-
nalis or Ent. bieneusi. In conclusion, our optimized assays
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for recovering and detecting Enc. intestinalis or Ent.
bieneusi in feces from dairy calves provides a valuable
alternative to traditional IFA methods that require expertise
to identify extremely small microsporidia spores
(~ 2.0 pm). Our assays also improve upon existing
molecular detection techniques for these microsporidia by
incorporating an internal standard to control for false
negative reactions.
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Introduction

The microsporidia Encephalitozoon intestinalis and Ente-
rocytozoon bieneusi are known agents of diarrheal disease
in humans and dairy cattle (Stentiford et al. 2016; Han and
Weiss 2017). Enterocytozoon bieneusi and Encephalito-
zoon intestinalis are considered the most common cause of
microsporidia-associated disease in humans (Didier 2005;
Saigal et al. 2013). Preventing human microsporidiosis
requires managing sources of the parasite, such as infected
dairy calves. Accurate diagnosis is important because
treatment decisions depend on which microsporidium is the
causative agent. For instance, albendazole is effective
against Enc. intestinalis, while fumagillin is recommended
for treatment of Ent. bieneusi infection (Han and Weiss
2017). In the past, microsporidia isolated from environ-
mental water or in stool samples have been detected using
vital stains such as Modified Trichrome (MT) or Uvitex 20.
However, these staining methods are not microsporidia-
specific and require considerable expertise to reliably
identify spores (Enriquez et al. 1997). Immunofluorescence

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12639-018-1060-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12639-018-1060-5&amp;domain=pdf
https://doi.org/10.1007/s12639-018-1060-5

76

J Parasit Dis (Jan-Mar 2019) 43(1):75-82

assays (IFA) utilizing polyclonal sera that cross-reacts
between Ent. bieneusi and Enc. intestinalis or with mon-
oclonal antibodies that are genus-specific has improved the
reliability of detection in various matrices, including
human and animal fecal slurries (Beckers et al. 1996;
Enriquez et al. 1997; Alfa Cisse et al. 2002; Li et al. 2003;
Barbosa et al. 2009). However, the extremely small size of
microsporidia spores [~ 2.0 pm in the longest dimension
(Moura et al. 1999)] and the difficulty in confidently
identifying spores in complex matrices that regularly con-
tain auto-fluorescencing material has prompted the devel-
opment of molecular techniques to detect these
microorganisms. A number of PCR-based techniques that
either involve gel electrophoresis to identify amplicons of
the expected size or utilize real-time PCR have been
applied for detecting microsporidia in both human stool
and environmental water (Miiller et al. 1999; Dowd et al.
2003; Izquierdo et al. 2011). These PCR methods have
performed favorably in comparison to IFA and appear to be
superior to staining with MT or Uvitex 20 (Miiller et al.
1999; Katzwinkel-Wladarsch et al. 1997; Ghoshal et al.
2016). In our experience and as reported by others, PCR is
extremely useful for detecting low numbers of micro-
sporidia in various matrices, but the presence of inhibitors
of PCR often present in stool samples and concentrated
water compromises the reliability of PCR due to false
negative reactions (Wolk et al. 2002; Hoffman et al. 2007,
Hawash et al. 2015). The purpose of the present study was
to develop a rapid method to isolate microsporidium spores
from calf feces and to optimize existing PCR methods for
Enc. intestinalis and Ent. bieneusi by developing an
internal standard for each assay that provides appropriate
controls against false negative PCR. The target of the PCR
assays are ribosomal DNA sequences which are known to
exist in multiple copies thereby increasing the sensitivity of
the detection method. The sensitivity of Enc. intestinalis
detection was increased further by incorporating a nested
PCR in the assay.

Materials and methods

Sources of microsporidium spores and sample
preparation

As a positive control, Encephalitozoon intestinalis (ATCC
#50507), was obtained from the American Type Culture
Collection (Rockville, MD) and grown in MDBK cells
using standard procedures (Lallo et al. 2015). For esti-
mating assay specificity and sensitivity, fecal samples
(n = 15) from 1 to 4 month old dairy calves housed at the
Beltsville Agricultural Research Center were collected into
sterile polypropylene cups and transported to the laboratory
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for isolating microsporidia spores using a series of
molecular sieves. In brief, 2 g of a calf fecal sample was
transferred to a 50 ml polypropylene test tube containing
35 ml deionized H,O. The fecal slurry was disrupted by
vortexing for 15 s and then passed through a succession of
3 different molecular sieves—a 500 pm (sieve no. 35)
followed by a 250 pum (sieve no. 60), and finally a 90 um
(sieve no. 170) (Newark Wire Cloth Co., Newark, NJ) with
final flow-thru collected in a 250 ml beaker. The sieves
were rinsed with 15 ml deionized H,O, and the entire flow-
thru transferred to a 50 ml polypropylene test tube, and a
final volume of 50 ml achieved by the addition of deion-
ized H,0. The tubes were centrifuged at 1350 g for 10 min
at 4 °C, and the spores in the pellet were suspended in
15 ml saturated NaCl, transferred to a 15 ml polypropylene
test tube followed by centrifugation at 1350 g for 10 min at
4 °C. The upper 5 ml supernatant containing microsporidia
spores was transferred to a 50 ml polypropylene test tube
containing 45 ml deionized H,O, and the tubes were cen-
trifuged at 1350 g for 10 min at 4 °C, followed by resus-
pension of the spores in the pellet with 1.0 ml deionized
H,O0.

Immunofluorescence assay (IFA)

Microsporidia isolated from fecal slurries using the pro-
cedure described above were applied (10 pl/well) to indi-
vidual wells of 8-well slides and allowed to air-dry. The
identification of Enc. intestinalis was accomplished using
the Microspor-FA kit and procedures provided by the
manufacturer (Waterborne, Inc., New Orleans, LA). The
identification of Ent. bieneusi was accomplished using the
Bienusi-Glo kit and procedures provided by the manufac-
turer (Waterborne, Inc.). After IFA staining, the slides were
washed 3 times with phosphate-buffered saline containing
0.05% Tween 20, allowed to air-dry, and then each well
received 5 pl Vectashield mounting medium (Vector
Laboratories, Burlingame, CA) and the entire slide overlaid
with a glass coverslip. The slides were examined by epi-
fluorescence microscopy on a Zeiss microscope at 400x
magnification. Images were captured using a Zeiss
AxioScope camera and AxioVision imaging software.

Molecular identification of Encephalitozoon
intestinalis and Enterocytozoon bieneusi

An aliquot (0.5 ml) of the microsporidium spores recov-
ered from calf feces were extracted for DNA using a
QIAamp Stool Mini-Kit (Qiagen, Valencia, CA). DNA
from spin column eluates were EtOH-precipitated, washed
with 70% EtOH, air-dried, and suspended in 50 pl 10 mM
Tris, pH 8.0, 1 mM EDTA. The DNA concentration was
estimated by O.D. 260/280 reading on a NanoDrop 1000
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spectrophotometer (NanoDrop Technologies, Inc., Wilm-
ington, DE). An existing PCR assay for detecting Enc.
intestinalis based on the internal transcribed spacer 1
ribosomal DNA (ITS1 rDNA) (David et al. 1996) was
optimized by producing and incorporating an internal
standard to control for false negative reactions due to the
presence of PCR inhibitors following described method-
ologies (Ross et al. 1995). Also, this assay was extended to
include primers for nested PCR to improve detection sen-
sitivity (Table 1). A similar approach was taken for Ent.
bieneusi following the described 16S rDNA-based PCR
technique using primary and nested PCR primers (Table 1)
(Buckholt et al. 2002). Amplification of Enc. intestinalis or
Ent. bieneusi rDNA in a primary PCR was conducted using
approx. 10 ng total DNA in 1X PCR reaction buffer con-
taining 0.625 U Taq polymerase (New England BioLabs,
Ipswich, MA), 20 uM dNTPs, 0.2 pg/ul BSA, and 20 pM
of the appropriate forward and reverse primer in a final
volume of 25 pl (Table 1). Each primary PCR also con-
tained the appropriate internal standard (see below) to
control for false negative reactions. Nested PCR was con-
ducted using 1 pl of the primary PCR using the same
reagent concentrations, and the appropriate nested PCR
primers (Table 1). PCR was conducted on a T100 Thermal

Cycler (BioRad, Hercules, CA) and consisted of prelimi-
nary denaturation step at 95 °C for 3 min., followed by 35
cycles of denaturation at 95 °C for 30 s, annealing at
55-63 °C for 30 s, and extension at 72 °C for 1 min, fol-
lowed by a final extension at 72 °C for 5 min (Table 1).
Amplification products were analyzed by polyacrylamide
gel electrophoresis (Sambrook et al. 1989), followed by
EtBr staining of the gels, and capture on a CCD camera
(Kodak, Rochester, NY).

Preparation of internal standard

The internal standards for Enc. intestinalis or Ent. bieneusi
PCR were prepared using standard procedures (Ross et al.
1995). In brief, hybrid primers containing an upstream
sequence identical to either EintF, EintR, EB3, or EB4
were synthesized to contain a downstream sequence iden-
tical to an irrelevant DNA entity (NcGRA7, GenBank
Accession No. U82229) (Table 1). The size of the internal
standard (~ 600 bp) was designed to be discernable from
the primary PCR target sequence. The internal standard
amplification products were size-fractionated on poly-
acrylamide gels, excised from the gel after EtBr staining
and eluted overnight at 37 °C in elution buffer containing

Table 1 Primer sequences for primary and nested PCR amplification of Encephalitozoon intestinalis and Enterocytozoon bieneusi and for
generation of internal standard for inclusion in primary amplification to control for false negative PCR

Primer name  Microsporidian ~ Primer sequence (5'-3") Purpose Amplicon size Ta References
(bp) O

Eint-F Enc. intestinalis GGGGGCTAGGAGTGTTTTTG Primary 950 63 David et al. (1996)

Eint-R Enc. intestinalis CAGCAGGCTCCCTCGCCATC Primary David et al. (1996

Eint-F Comp  Enc. intestinalis GGGGGCTAGGAGTGTTTTTGATGGCCC Competitor 600 63 This study

GACAAGC
Eint-R Comp Enc. intestinalis CAGCAGGCTCCCTCGCCATCCTAT Competitor This study
TCGGTGTCTA

Eint-F1 Enc. intestinalis  AGAGGTTTGGCAGAGGACGA Nested 450 58 This study

Eint-R1 Enc. intestinalis AAGGGTCTCACATCTTACGCA Nested This study

Eb-ITS3 Ent. bieneusi GGTCATAGGGATGAAGAG Primary 435 57 Buckholt et al.
(2002)

Eb-ITS4 Ent. bieneusi TTCGAGTTCTTTCGCGCTC Primary Buckholt et al.
(2002)

Eb-ITS3 Ent. bieneusi GGTCATAGGGATGAAGAGATGGC Competitor 600 57 This study

Comp CCGACAAGC
Eb-ITS4 Ent. bieneusi TTCGAGTTCTTTCGCGCTCCTATTC Competitor This study
Comp GGTGTCTA

EB-ITS1 Ent. bieneusi GCTCTGAATATCTATGGCT Nested 390 55 Buckholt et al.
(2002)

EB-ITS2 Ent. bieneusi ATCGCCGACGGATCCAAGTG Nested Buckholt et al.
(2002)

Underlined sequences are identical to respective forward and reverse primers used in primary PCR
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0.1% SDS (Sambrook et al. 1989). The next day, eluates
were removed to a clean 1.5 ml microcentrifuge tube,
EtOH-precipitated, washed with 70% EtOH, air-dried, and
suspended in 3 pl DNase-free H,0, followed by overnight
ligation at 4 °C to the TA cloning vector pGemT-Easy
(Clontech) using instructions supplied by the manufacturer.
The ligation mixtures were used to transform Escherichia
coli DHS using standard procedures (Hanahan 1983) fol-
lowed by plating on LB-XIA agar plates containing
100 pg/ml ampicillin, 0.1 mM isopropyl thiogalactopyra-
noside (IPTG), and 20 pg/ml 5-Bromo-4-Chloro-3-Indolyl
-D-Galactopyranoside (XGAL). White colonies appearing
on the XIA plates were amplified by “colony PCR” using
M13 universal and reverse primers and PCR conditions
identical to those above, followed by acrylamide gel
electrophoresis to confirm expected size of inserts.
Recombinant pGEMT-Easy plasmid harboring the Enc.
intestinalis or Ent. bieneusi internal standard were prepared
from overnight cultures using a Mini DNA Kit (Qiagen).
PCR was conducted on serial dilutions of the recombinant
plasmids harboring the internal standards using the
appropriate forward and reverse primer combination (i.e.
EintF/R or EB3/4) to identify an optimum amount of
internal standard to include in the respective PCR.

Identity confirmation of Encephalitozoon intestinalis
or Enterocytozoon bieneusi amplification products

Primary and nested PCR amplification products were
excised from polyacrylamide gels, eluted overnight,
inserted into pGemT Easy and used to transform DHS5
E. coli as outline above. White colonies appearing on the
XIA plates were amplified by “colony PCR” using M13
universal and reverse primers and PCR conditions identical
to those above, followed by acrylamide gel electrophoresis
to confirm expected size of inserts. Recombinant pPGEMT-
Easy plasmid was prepared from overnight cultures (n = 3/
insert) using a Mini DNA Kit (Qiagen) and subjected to
DNA sequencing using M13 universal or reverse primers
and conducted by a commercial company (Eurofins
Genomics, Louisville, KY). The DNA sequences were used
to BLAST-N the GenBank database to confirm Enc.
intestinalis or Ent. bieneusi identity.

Statistical analysis

The sensitivity, specificity, positive predictive value, neg-
ative predictive value of both Enc. intestinalis or Ent.
bieneusi PCRs were calculated using standard techniques
(Watson and Petrie 2010). Kappa values were calculated
for both PCR assays using described procedures (Watson
and Petrie 2010).
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Results and discussion
Immunofluorescence assay

Application of the Microspor-FA to fecal smears from 15
dairy calves detected a wide range in the number of Enc.
intestinalis and Ent. bieneusi spores (Fig. 1). In general,
feces containing high numbers of Enc. intestinalis spores
were easily read as positive (Fig. 1a), whereas those fecal
samples with few spores presented some difficulty in dis-
cerning positivity (Fig. 1c). IFA using Bienusi-Glo
revealed a similar finding—fecals with numbers of Ent.
bieneusi spores were easy to score as positive (Fig. 1b),
whereas it was difficult to score those with low numbers of
spores with any certainty (Fig. 1d).

Fig. 1 Immunofluorescence staining of fecal smears from dairy
calves containing high (a), low (c¢), or negligible (e) numbers of
Encephalitozoon intestinalis spores with commercial MicrosporFA
monoclonal antibodies or fecal smears from dairy calves containing
containing high (b), low (d), or negligible (f) numbers of Enterocy-
tozoon bieneusi spores with commercial BienusiGlo monoclonal
antibodies. Arrows point to representative reactive spore
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Encephalitozoon intestinalis or Enterocytozoon
bieneusi PCR

Primary Enc. intestinalis PCR from cell-culture-derived
Enc. intestinalis generated the target (950 bp) and internal
standard (600 bp) amplicons at the expected size (Fig. 2a).
Likewise, nested Enc. intestinalis PCR of primary PCR
generated the target amplicons (450 bp) product at the
expected size (Fig. 2a). This is probably not surprising
given that DNA in the samples were derived solely from
Enc. intestinalis spores. Testing of Ent. bieneusi primary
and nested PCR could not be performed on pure Ent.
bieneusi spores because this microsporidian cannot be
grown in vitro, but was useful in detecting Ent. bieneusi in
calf feces (see below).

Primary and nested Enc. intestinalis PCR proved useful
for discriminating between Microspor-FA positive and
Microspor-FA negative fecal samples. Aside from one
sample (calf no. 7), all fecals that were Enc. intestinalis-
IFA positive gave rise to amplicons of expected size in
nested PCR (450 bp) (Table 2). Nested PCR was required
to generate a detectable product in all, but one of the
samples (calf no. 1). In this sample, amplification of the
950 bp target was observed after primary PCR (Fig. 2a,
Table 2). Although the internal standard was not included

Fig. 2 a Primary and nested A
Encephalitozoon intestinalis- Enc
specific PCR assay of cell

culture-derived Enc. intestinalis MrsS
(Enc) or spore DNA obtained

from Enc. intestinalis positive 1000 -
or negative and Ent. bieneusi 600 -
positive or negative calves; 500 -
b Primary and nested Ent.

bieneusi-specific PCR analysis 400 -
of Enc. intestinalis positive or 300 -

negative and Ent. bieneusi
positive or negative calves.
MrS, molecular mass markers.
Observed size of amplication
products: 600-internal
standards, 950-Enc. intestinalis
amplicon from primary PCR, B
450-Enc. intestinalis amplicon

from nested PCR, 435-Ent. MrS

bieneusi amplicon from primary 1000 -

PCR, 390-Ent. bieneusi

amplicon from nested PCR 600 - 600 -
500 -
400 -
300 -

in the nested PCR, often it (600 bp amplicon) would be
visible in the secondary PCR due to carry over from the
primary reaction. DNA sequencing of primary and nested
PCR amplicons confirmed the Enc. intestinalis identity of
the one 950 bp and all 450 bp products.

Similar to Enc. intestinalis PCR, primary and nested
Ent. bieneusi PCR proved useful for discriminating
between Bienusi-Glo positive and Bienusi-Glo negative
fecal samples. Aside from one sample (calf no. 7), all
fecals that were Ent. bieneusi-IFA positive gave rise to
amplicons of expected size in nested PCR (390 bp)
(Table 2). Also, nested PCR was required to generate a
detectable product in all, but one of the samples (calf no.
2). In this sample, amplification of the 435 bp target was
observed after primary PCR (Fig. 2b, Table 2). DNA
sequencing of primary and nested PCR amplicons con-
firmed the Ent. bieneusi identity of the one 435 bp and all
390 bp products. It remains unclear why the sample from
calf no. 7 was positive in both IFA tests, and yet was
negative in nested PCR. Inhibition was not observed in
both Enc. intestinalis or Ent. bieneusi PCRs because the
intensity of the internal standard was equal to the water
control.

Enc+/Ent- Enc-/Ent+ Enc+/Ent+
1 2 1 2
1000 - 950
600 - 600 -
e ~4%0 - 450
300 -
Enc+/Ent- Enc-/Ent+ Enc+/Ent+

I I435ii iI390
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Table 2 Detection of Encephalitozoon intestinalis and Enterocyto-
zoon bieneusi spores in feces of dairy calves using commercial
immunofluorescence test or primary and nested polymerase chain

reaction directed to ITS1 region of Enc. intestinalis IDNA or the SSU
region of Ent. bieneusi IDNA

Calf no. Encephalitozoon intestinalis Enterocytozoon bieneusi
IFA? Primary Nested IFA® Primary Nested

1 + + + + — +
2 — — - + + +
3 + - + - - -
4 + - + - - -
5 + - + + — +
6 _ _ _ _ _ _
7 + - - + - -
8 — — _ — — —
9 _ — _ — — _
10 — — — — — —
11 — — — — — —
12 — — — — — —
13 + - + + - +
14 + - + + - +
15 — — — — — —

aMicrospora IFA (Waterborne, Inc.)
"BienusiGlo IFA (Waterborne, Inc.)

Sensitivity, specificity, and agreement between Enc.
intestinalis or Ent. bieneusi IFA and PCR

Using the Microspor-FA as the gold standard for detection,
Enc. intestinalis nested PCR revealed a sensitivity equal to
85.7% and a specificity equal to 100%. Although primary
PCR was useful for generating products for incorporation
into the nested PCR, it was, with one exception, not sen-
sitive enough to detect Enc. intestinalis spores in the IFA-
positive fecal samples (Table 2). The calculated kappa
value (0.865) is considered almost perfect agreement
(Watson and Petrie 2010), thus verifying the usefulness of
nested PCR to detect Enc. intestinalis spores in calf feces.

A similar conclusion can be made with the Ent. bieneusi
nested PCR. Using the Bienusi-Glo as the gold standard for
detection, Ent. bieneusi nested PCR revealed a sensitivity
equal to 83.3% and a specificity equal to 100%. Again,
aside from one sample, nested PCR was required to detect
Ent. bieneusi spores in the IFA-positive fecal samples
(Table 2). The calculated kappa value (0.857) is considered
almost perfect agreement (Watson and Petrie 2010) veri-
fying the usefulness of nested PCR to detect Ent. bieneusi
spores in calf feces.

Nearly all PCR methods for detecting Enc. intestinalis
and Ent. bieneusi target ribosomal DNA because it exists in
multiple copies in the genome (Fedorko et al. 1995;
Katzwinkel-Wladarsch et al. 1996; Notermans et al. 2005;
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Ghoshal et al. 2016). The present study is an improvement
on these because it is the first to utilize an internal standard
in primary PCR to control for false negative reactions
arising from inhibitors in the input sample. A competitor
PCR was chosen for this assay because it avoids use of
different probes (Musiani et al. 2007) and has been
employed by our group and others to detect protozoa and
viruses in a variety of matrices (Bergallo et al. 2006; Pifia-
Vazquez et al. 2008; Jenkins et al. 2015). In all assays
involving a competitor molecule, reagents such as primers
and dNTPs are added in excess so that the addition of an
internal standard does not limit PCR amplification. Also,
the nested PCR to detect Enc. intestinalis or Ent. bieneusi
in calf feces considerably improves the sensitivity of
detection. In our opinion, the PCR method described herein
is superior to IFA methods because the small size of the
spores (~ 2.0 um) requires considerable expertise to dis-
cern positive microsporidia from similarly-sized, often
auto-fluorescing objects routinely seen in fecal samples.
Identifying a band of expected size after gel electrophoresis
of PCR amplicons followed by DNA sequencing is in many
ways less ambiguous than epifluorescence microscopy.
PCR and DNA sequencing are becoming increasingly
routine procedures in diagnostic laboratories. Similar to
Cryptosporidium and Giardia, identifying calves shedding
Enc. intestinalis or Ent. bieneusi spores may help in
improving animal health and transmission to humans in
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contact with infected calves. One limitation to the assay is
that multiple samples will require multiple sets of molec-
ular sieves to process samples in a timely manner. Addi-
tional research in isolating spores from fecal slurries is
needed to increase the number of samples that can be
processed at the same time.
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