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A multiplex PCR-based method, in which two small-subunit rRNA regions are simultaneously amplified in
a single reaction, was designed for parallel detection of honeybee microsporidians (Nosema apis and Nosema
ceranae). Each of two pairs of primers exclusively amplified the 16S rRNA targeted gene of a specific
microsporidian. The multiplex PCR assay was useful for specific detection of the two species of microsporid-
ians related to bee nosemosis, not only in purified spores but also in honeybee homogenates and in naturally
infected bees. The multiplex PCR assay was also able to detect coinfections by the two species. Screening of bee
samples from Spain, Switzerland, France, and Germany using the PCR technique revealed a greater presence
of N. ceranae than of N. apis in Europe, although both species are widely distributed. From the year 2000
onward, statistically significant differences have been found in the proportions of Nosema spp. spore-positive
samples collected between and within years. In the first period examined (1999 to 2002), the smallest number
of samples diagnosed as Nosema positive was found during the summer months, showing clear seasonality in
the diagnosis, which is characteristic of N. apis. From 2003 onward a change in the tendency resulted in an
increase in Nosema-positive samples in all months until 2005, when a total absence of seasonality was detected.
A significant causative association between the presence of N. ceranae and hive depopulation clearly indicates
that the colonization of Apis mellifera by N. ceranae is related to bee losses.

Colonization is a transmission process involving the spread
of a parasite into new geographical areas and leads to estab-
lishment of that species in a host population in which it was not
previously present (5). Over the past few decades, many free-
living animals (hosts) and their parasites have invaded new
areas and have been identified as alien or exotic species. After
a parasite invades a new area, it is unlikely that it will remain
focally localized. Following establishment of a viable, self-sus-
taining population, the subsequent stage of a species’ coloni-
zation is usually spread or dispersal throughout the area (host)
or in both the distribution range of a susceptible native host
and the novel range of a recently invaded exotic host (parasite)
(29).

When Apis mellifera, a superior producer of honey, was
introduced into Asia some 50 years ago, it came in contact with
native bees (Apis cerana, for example) and therefore with their
parasites (Varroa jacobsoni). Subsequent adaptation to this
new and suitable host could have led to genetic changes that
had even more severe effects on the new host; this resulted in
description of the new species Varroa destructor in A. mellifera
(2). In a similar way, contact between the two host species
could have had repercussions for microsporidian infections.
Transportation of A. mellifera throughout the world is associ-
ated with transportation of the microsporidian Nosema apis, a
parasite of the bee’s digestive tract considered to be not highly

virulent and also described as a parasite of A. cerana (11, 27,
28). For this Asian host, a new species, Nosema ceranae, was
described in 1996 on the basis of gene sequences and ultra-
structural features, and this species was thought to be re-
stricted to this host and geographically limited to Asia (12).
Quite recently, this new parasite has also been detected infect-
ing A. mellifera both in Asia (20) and in Europe (17), which
implies that either a great spatial leap occurred or a great deal
of ignorance exists about the real situation. In any case, the
situation is worrisome as experimental infection by N. ceranae
of this new host species has recently proved to be highly patho-
genic (15).

During the last 10 years, an increase in infections by micro-
sporidian parasites in the honeybee (A. mellifera) has been
detected in several European countries (8, 18, 23), while in-
creasing numbers of honeybee colony deaths and low produc-
tion in the same areas have been reported by beekeepers. One
of the principal hypotheses that might explain these problems
is the recent entry and rapid dissemination of N. ceranae in
Europe (16).

The spores of the two Nosema species are very similar and
can hardly be distinguished by optical microscopy, so that in
the absence of clear morphological characteristics for species
recognition, other techniques using molecular markers may
greatly assist in the diagnosis and identification of honeybee
microsporidians. The PCR technique provides a very sensitive
test for detecting microsporidian infection because it enables
detection of the parasite at very low levels of infection and can
reveal all the stages of its life cycle (35). Multiplex PCR pro-
vides a significant improvement to the conventional technique
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by incorporating multiple primers that amplify regions of DNA
from two honeybee microsporidians simultaneously in a single
reaction.

Using stored samples of microsporidian-infected honeybees,
it may be possible to trace the infection back in time (13), but
due to the unavailability of old samples for molecular biology
testing, in this study some retrospective data are presented to
support the hypothesis concerning the introduction of a new
parasite species and its relationship with the depopulation syn-
drome. Also, the presence of high levels of this parasite in
Europe was determined by means of a quick, specific, and
sensitive method developed for differential diagnosis of N. apis
or N. ceranae in honeybee samples in just one step and estab-
lishment of the relationship between the presence of N. cera-
nae and bee colony depopulation.

MATERIALS AND METHODS

Samples. The retrospective study of the prevalence of Nosema infection in-
cluded all the results for Nosema spp. (5,776 data) registered for adult honeybee
samples from different areas of Spain (which had been sent by beekeepers or
veterinary services from hives with different pathological problems) in the Lab-
oratory of Bee Pathology (Centro Apı́cola Regional [CAR]) from 1999 until
2005.

The diversity of Nosema species was studied using 290 honeybee samples sent
to the CAR laboratory from different European countries (Spain, France, Swit-
zerland, and Germany), as shown in Table 1. Data from the Spanish samples
were also used to establish a relationship between clinical signs and Nosema
detection.

Spore detection and DNA extraction. The abdomens of at least 10 to 20 adult
honeybees from each sample were macerated in 5 ml of distilled water. A further
5 ml was added, and the suspension was filtered and centrifuged for 6 min at
800 � g. Pellets were analyzed by phase-contrast microscopy (magnification,

�400) to verify the presence of spores (26). This methodology was employed
for determination of the presence of Nosema spores in all the samples used
in this study.

For DNA extraction, spore germination was induced with 200 �l of freshly
prepared germination buffer (6), and preparations were incubated at 37°C for 15
min (27). DNA extraction was conducted using a High Pure PCR template
preparation kit (catalog no. 1796828; Roche Diagnostic), as previously described
(15). Negative controls were processed in parallel to detect possible contamina-
tion.

Previously characterized and sequenced Nosema samples (17) from different
sources were used for testing the new molecular tools.

Duplex PCR design methodology. The 16S rRNA locus was selected to per-
form N. apis-N. ceranae duplex PCR. Published sequences in the GenBank
database (http://www.ncbi.nlm.nih.gov/GenBank/) from N. apis (accession num-
bers DQ235446, U76706, U97150, U26534, X73894, and X74112), N. ceranae
(accession numbers DQ329034, U26533, DQ078785, and DQ286728), Nosema
bombi (accession numbers AY008373, AY741108, and AY741110), Nosema por-
tugal (accession number AF033316), and Nosema trichoplupsiae (accession num-
ber U09282) were compiled. Sequences from the species were aligned using
ClustalW (http://www.ebi.ac.uk/clustalw/) in order to identify individual polymor-
phic nucleotide positions and to avoid their becoming primer binding zones. A
consensus sequence (with variable sites, named by using IUB code) was obtained
for each species.

Specific primers for both N. apis and N. ceranae were visually selected taking
into account that primer sequences were specific to each of the two species. The
second requirement was to obtain two amplicons that were different lengths so
that they could be separated using agarose gel electrophoresis. The selected
primers are shown in Table 2 (321APIS primers for N. apis and 218MITOC
primers for N. ceranae). The expected number of amplified bases in N. ceranae
using the 218MITOC primers can be either 218 or 219 depending on the se-
quences for N. ceranae available in the GenBank database (http://www.ncbi.nlm
.nih.gov/GenBank/). In the case of N. apis, the expected size of the amplicon
using the 321APIS primers was 321 bp.

Primer suitability (G�C content and melting temperature) was checked using
the IDT OligoAnalyzer program (http://www.idtdna.com/analyzer/Applications
/OligoAnalyzer/). G or GC tails were added to the 5� end of all primers in order

TABLE 1. Samples used to study the diversity of Nosema species

Country Source No. of
samplesa Dates Observations

Spain Veterinary services and
beekeepers

149 June 2005 to December
2006

Sent to CAR laboratory for different pathological
problems (depopulation, weakness, or
asymptomatic); samples also used for the
causative study

France R. Borneck 6 February to May 2006 Apiaries from Jura region, collected from dead
hives

D. Fortini and J. F. Odoux 30 April to June 2006 Apiary of Experimental Centre in Surgères; high
bee colony mortality and weakness; seven
controlled apiaries

Switzerland A. Imdorf 36 March 2006 Collected from dead hives and colonies without
abnormal findings

Germany W. Ritter 69 2003, 2005, and 2006 Different German regions

a The total number of samples was 290.

TABLE 2. Primers selected for detection of N. ceranae and N. apis in multiplex PCR

Primer Sequencea PCR product size (bp) Specificity

218MITOC-FOR 5�-CGGCGACGATGTGATATGAAAATATTAA-3� 218–219b N. ceranae
218MITOC-REV 5�-CCCGGTCATTCTCAAACAAAAAACCG-3�

321APIS-FOR 5�-GGGGGCATGTCTTTGACGTACTATGTA-3� 321 N. apis
321APIS-REV 5�-GGGGGGCGTTTAAAATGTGAAACAACTATG-3�

a CG tails added to primers are underlined.
b There is a 1-bp difference in the N. ceranae amplicon size depending on the sequences for N. ceranae available in GenBank (http://www.ncbi.nlm.nih.gov).
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to make the melting temperatures of each primer set equal. Potential primer
interactions (hairpin, homodimer, and heterodimer structures for the four
primers) were tested using the AutoDimer program (http://www.cstl.nist.gov
/div831/strbase//AutoDimerHomepage/AutoDimerProgramHomepage.htm).
Species specificity was determined by conducting a search for nearly exact
matches with BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).

Once the specific annealing of primers was verified, single PCRs and sequenc-
ing of six samples were performed for each fragment before the primers were
combined for the duplex assay in order to ensure that products that were the
correct sequence and size were generated. A gradient PCR (60 � 5°C) was
performed to empirically determine the annealing temperatures of the two
primer pairs. The best amplicons were obtained when the annealing temperature
was 61.8°C.

In order to verify that the resulting amplicons in fact corresponded to the
expected sequences, subsequent single PCRs were carried out at this annealing
temperature with six N. ceranae and five N. apis extracted samples, which were
previously characterized by sequencing using the methodology described by
Higes et al. (17). The PCR products were purified with a QIAquick PCR puri-
fication kit (catalog no. 28104; QIAGEN) as previously described (17) and were
fully sequenced in both directions (3730 DNA analyzer; Applied Biosystems).
These sequences were aligned and compared to the N. ceranae and N. apis
consensus reference sequences using Sequencher (version 4.1.4Fb4; GeneCodes,
Ann Arbor, MI).

Once the effectiveness and accuracy of the single PCRs were verified, a duplex
PCR was carried out by using equimolar amounts of the two primer pairs. The
initial equimolar primer mixture was tested, and the PCR products obtained
showed that empirically balanced primer mixtures were not necessary.

PCR conditions. All PCRs were carried out with a Mastercycler ep gradient S
(Eppendorf), and the PCR conditions were as follows: 50-�l reaction cocktail
containing 25 �l of High Fidelity PCR Master Mixture (catalog no. 12140314001;
Roche Diagnostic), 0.4 �M of each primer, 0.4 mM of each deoxynucleoside
triphosphate, 3 mM Cl2Mg, 0.2 mg/ml bovine serum albumin, 0.1% Triton
X-100, and 5 �l of N. apis or N. ceranae DNA template. The thermocycler
program consisted of 94°C for 2 min, followed by 10 cycles of 15 s at 94°C, 30 s
at 61.8°C, and 45 s at 72°C, 20 cycles of 15 s at 94°C, 30 s at 61.8°C, and 50 s at
72°C plus an additional 5 s of elongation for each successive cycle, and a final
extension step at 72°C for 7 min. Negative controls (from DNA extraction) were
included in all PCR experiments.

In order to evaluate the amount and quality of amplicons, single and duplex
PCR amplicons were visualized by electrophoresis in 2% agarose gel (E-gels;
Invitrogen) parallel to standard size electrophoresis.

Validation of duplex PCR: reproducibility, sensitivity and specificity. (i) Re-
producibility. Twenty samples from bees known to be infected with either N. apis
or N. ceranae or both, as well as from noninfected bees, were prepared and
analyzed to ensure that the specimens exhibited accurate, interpretable, and
reproducible DNA types.

(ii) Sensitivity. The sensitivity studies were performed with serial dilutions of
N. apis or N. ceranae DNA templates. A first DNA template, extracted from a
sample containing 3 � 106 spores of each microsporidian as determined with a
hemocytometer, diluted either in 100 �l of double-distilled H2O or in uninfected
honeybee macerate, was serially diluted to obtain DNA templates equivalent to
106, 105, 8 � 104, 6 � 104, 4 � 104, 2 � 104, 1.5 � 104, 1 � 104, 5 � 103, 2 �103,
2 � 102, and 20 spores in 100 �l. Sensitivity was studied by testing N. apis or N.
ceranae templates individually and then testing a mixture of the two species in
order to investigate the ability of the system to detect the components of mixed
specimens and define the limitations of the duplex PCR.

(iii) Specificity. The primer pairs were tested for specificity by using them in
PCRs with Nosema DNA isolated from different sources. We analyzed different
European and Taiwanese N. ceranae (previously characterized and sequenced)
isolates (supplied by W. F. Huang), N. bombi (supplied by R. Paxton), N.
trichoplupsiae strain ATCC 30702, and three different N. apis samples isolated in
our laboratory.

All the validation experiments were carried out using three PCRs performed
on three different days with the parameters described above (an annealing
temperature of 61.8°C and 0.4 �M of each primer). The amplicon products of
each PCR were analyzed by electrophoresis twice. Negative controls were tested
in parallel to detect possible contamination.

PCR analysis to determine the diversity of Nosema species. Once the duplex
PCR had been validated, a study of the presence of both Nosema species in
samples having different origins was conducted.

After 290 samples from different European countries (Spain, France, Switzer-
land, and Germany) were processed, the 16S rRNA was amplified by using
primer pairs 218MITOC-FOR/218MITOC-REV and 321APIS-FOR/321APIS-

REV. The duplex PCR and electrophoresis conditions were the same as those
described above. Extraction and PCR negative controls were included in all PCR
experiments.

Additionally, samples from France, Switzerland, and Germany (three different
samples from each country) were selected, and 16S rRNA was amplified using
primer pairs MICRO-F/MICROCE-R and INTER-FOR/INTER-REV and se-
quenced as previously described (15).

Causative association between colony signs and the presence of Nosema spp.
The 149 Spanish samples used to determine Nosema species diversity (Table 1)
were used to establish the causative association between colony signs and the
presence of N. ceranae and/or N. apis. Each of these samples came from a
different beekeeper. A total of 53% of the samples were from professional
beekeepers (150 to 2,000 hives per beekeeper), 42.3% were from nonprofes-
sional beekeepers (16 to 149 hives), and 4.7% were from self-consumption
beekeepers (less than 16 hives). Together, all the beekeepers had 50,091 hives.

The term “depopulation” was used when samples came from dead colonies
with depopulation or from apiaries with large numbers of dead colonies. “Weak-
ness” was used to describe colonies whose beekeepers had observed low pro-
duction without bee mortality, and the asymptomatic group included colonies
without any clinical signs in routine or controlled surveys.

In order to avoid bias owing to possible geographically related differences, only
Spanish samples were included in the analysis of causative association.

Statistical analysis. In the retrospective study, different statistical analyses
were carried out (all at the 95% confidence level). The Pearson chi-square test
with Monte Carlo correction (to determine the exact probability) was used to
evaluate the differences in frequency of Nosema-positive diagnosis in the differ-
ent years studied (according to the distribution of the number of samples ana-
lyzed per month in each year or per year and the results of the Nosema diagnosis
[positive samples versus negative samples]). The Fisher exact test was used to
compare differences in the distribution of positive samples and negative samples
for the total number of samples analyzed in the previously determined periods.
Finally, differences in the number of Nosema-positive samples in the different
years studied were compared using the nonparametric Kruskal-Wallis and me-
dian tests.

Causative associations between the presence of N. ceranae and/or N. apis and
the signs observed in the samples (depopulation, weakness, or asymptomatic)
were estimated by calculating the relative risk and its confidence interval (95%
confidence level).

All calculations were performed with SPSS v. 13.
Nucleotide sequence accession numbers. The consensus sequences of isolates

from Switzerland, Germany, and France have been deposited in the GenBank
database under accession numbers DQ673615, DQ374656, and DQ374655, re-
spectively.

RESULTS

Duplex PCR: checking and optimizing. In the single-gradi-
ent PCR test of both primer pairs, the best PCR products were
obtained when the annealing temperature was between 55.2
and 62.7°C. The temperature selected for the subsequent as-
says was 61.8°C because it was the highest temperature at
which amplicons could clearly be seen; this, consequently, re-
duced the nonspecific amplification risk. After different primer
concentrations in the PCR mixture (0.3 to 0.6 �M) (data not
shown) were checked, an equimolar concentration of 0.4 �M
was used to reduce primer dimerization.

Single PCR and sequencing analyses of both strands by using
the designed primers (321APIS and 218MITOC primers)
yielded the expected amplicon sizes (321 bp for N. apis and 218
bp for N. ceranae) and sequences. Neither primer interaction
(hairpin, homodimer, and heterodimer structures among the
four primers) nor undesirable amplicons were detected in aga-
rose gels. Subsequent single PCRs and sequencing performed
with the six N. ceranae and five N. apis known samples ampli-
fied the expected products.

Duplex PCR: reproducibility, sensitivity, and reliability. All
20 samples and controls tested six times (three PCRs and two
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electrophoreses each) showed the same results, which demon-
strated the reliability of the method.

The sensitivity of the duplex PCR was tested individually or
using a mixture with DNA extracted from both microsporid-
ians, and the minimum detection limit is shown in Table 3. N.
apis-specific primers showed higher sensitivity, and N. apis was
always detected in DNA extracted samples (macerated and
diluted) equivalent to 750 N. apis spores per reaction mixture.
In some cases, as few as 500 N. ceranae spores or 100 N. apis
spores per reaction mixture yielded visible amplicons. N. cera-
nae spores diluted in water (PCR grade) yielded results similar
to those obtained with spores diluted in macerates of naı̈ve
honeybees. In contrast, better results were obtained when N.
apis spores were diluted in macerates of uninfected honeybees
than when they were diluted in water. No differences were
detected in the sensitivity of the duplex PCR when the two
Nosema species were amplified either in a mixture or individ-
ually.

To determine the primer specificity, a number of different
species or isolates of Nosema (N. ceranae from Europe and
Taiwan, N. bombi, N. trichoplupsiae, and N. apis) were tested by
duplex PCR using the 218MITOC and 321APIS primer pairs.
All reactions were found to be specific. The 218MITOC pair of
primers amplified only N. ceranae, irrespective of the geo-
graphical area from which the samples originated (Taiwan or
Europe). The specific primers for N. apis also showed a high
degree of specificity and were positive only with previously
characterized samples from different European countries. No
amplification was obtained with N. bombi or N. trichoplupsiae
microsporidia.

Retrospective analysis. In the 3 years from 2003 to 2005
there was a surprising increase in Nosema spores detection in
the CAR laboratory. Table 4 shows that the percentage of
positive samples sent to the laboratory increased from 13 to
24.7% in the first 3 years to 95.6% in the last year (Fig. 1).

From the year 2000 onward, statistically significant differ-
ences have been found in the proportion of Nosema spp. spore-
positive samples collected between and within years. The mi-
crosporidian species could not be identified for these samples.
Two different periods for the frequency of Nosema-positive
samples were established: 1999 to 2002 and 2003 to 2005. In
the first period (1999 to 2002), the smallest number of samples
diagnosed as Nosema positive was recorded during the summer
months, showing the clear seasonality of N. apis. However, in
2003 there was a change in the tendency, with an increase in
the proportion of Nosema-positive samples in all months inde-
pendent of the increase in the number of samples received in
the laboratory (as indicated by the sorting of the positive mean
range and the position around the median). Finally, in 2005 no

T
A

B
L

E
3.

Se
ns

iti
vi

ty
of

th
e

PC
R

s
pe

rf
or

m
ed

w
ith

th
e

21
8M

IT
O

C
-F

O
R

/2
18

M
IT

O
C

-R
E

V
an

d
32

1A
PI

S-
F

O
R

/3
21

A
PI

S-
R

E
V

pr
im

er
pa

ir
s

w
ith

sp
or

es
di

lu
te

d
in

w
at

er
or

un
in

fe
ct

ed
ho

ne
yb

ee
m

ac
er

at
ea

Pr
im

er
s

D
ilu

en
t

N
o.

po
si

tiv
e/

no
.t

es
te

d
w

ith
th

e
fo

llo
w

in
g

no
.o

f
sp

or
es

/1
00

�
l(

no
.o

f
sp

or
es

/r
ea

ct
io

n
m

ix
tu

re
):

N
o.

po
si

tiv
e/

no
.

te
st

ed
w

ith
:

3
�

10
6

(1
5

�
10

4
)

10
6

(5
�

10
4
)

10
5

(5
�

10
3
)

8
�

10
4

(4
�

10
3
)

6
�

10
4

(3
�

10
3
)

4
�

10
4

(2
�

10
3
)

2
�

10
4

(1
03

)
1.

5
�

10
4

(7
50

)
10

4

(5
00

)
5

�
10

3

(2
50

)
2

�
10

3

(1
00

)
2

�
10

2

(1
0)

20
(1

)
U

ni
nf

ec
te

d
ho

ne
yb

ee
m

ac
er

at
e

W
at

er

21
8

M
IT

O
C

W
at

er
6/

6
6/

6
6/

6
6/

6
6/

6
6/

6
5/

6
5/

6
3/

6
0/

6
0/

6
0/

6
0/

6
0/

6
0/

6
U

ni
nf

ec
te

d
ho

ne
yb

ee
m

ac
er

at
e

6/
6

6/
6

6/
6

6/
6

6/
6

6/
6

3/
6

1/
6

1/
6

0/
6

0/
6

0/
6

0/
6

0/
6

0/
6

32
1A

PI
S

W
at

er
6/

6
6/

6
6/

6
6/

6
6/

6
2/

6
0/

6
0/

6
0/

6
0/

6
0/

6
0/

6
0/

6
0/

6
0/

6
U

ni
nf

ec
te

d
ho

ne
yb

ee
m

ac
er

at
e

6/
6

6/
6

6/
6

6/
6

6/
6

6/
6

6/
6

6/
6

5/
6

4/
6

2/
6

0/
6

0/
6

0/
6

0/
6

a
A

ll
sa

m
pl

es
w

er
e

an
al

yz
ed

by
th

re
e

PC
R

s
pe

rf
or

m
ed

on
th

re
e

di
ffe

re
nt

da
ys

,a
nd

th
e

am
pl

ic
on

pr
od

uc
ts

of
ea

ch
PC

R
w

er
e

se
pa

ra
te

d
by

el
ec

tr
op

ho
re

si
s

tw
ic

e.

TABLE 4. Numbers of samples positive for Nosema spores

Year No. of samples % Positive

1999 154 13.0
2000 124 9.7
2001 146 24.7
2002 443 23.5
2003 484 54.5
2004 3,002 89.0
2005 1,423 95.6
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statistically significant differences were found in the frequency
of Nosema-positive samples in the different months or seasons,
indicating a total lack of seasonality in the diagnosis of micro-
sporidiosis (Fig. 2).

Nosema species diversity. A total of 290 samples from dif-
ferent European countries were investigated by multiplex PCR
for the presence of N. apis and N. ceranae microsporidia.
Eighty-eight samples (30.3%) were negative for both Nosema
spp. N. ceranae was found to be the most frequent species; it
was present alone in 53.8% of the samples and was detected in
samples from every country studied (Table 5). N. apis alone
was detected in 9.3% of the samples studied. Mixed infections
were detected in 6.6% of the samples.

Both species were found in all the countries studied, with
different levels of prevalence (Table 5). N. ceranae was the
most prevalent species. Most French and German samples
were positive for Nosema; no mixed infections were detected in
Swiss samples, and in French samples, N. apis was not detected
alone. N. ceranae was present in 75% of positive Spanish sam-
ples (in mixed infections with N. apis in 13.1% of the samples),
while N. apis was present in 38.1%.

Causative association between colony signs and the pres-
ence of Nosema spp. The 149 Spanish samples were used to
study the association between the presence of microsporidian
infection and the symptoms observed in hives. These samples
were classified as shown in Table 6. Sixty-six samples were
classified as members of the “depopulation” group, and 79
samples were classified as members of the asymptomatic
group. “Weakness” was excluded from the causative associa-
tion study due to the small number of colonies (four) classified
in that group.

The relative risks determined are also shown in Table 6. The
colonies in which either both species or only N. ceranae was
detected exhibited a risk almost six times greater than the risk
for colonies with negative PCR results. The confidence inter-
vals (95% level of confidence) and P values (significance level)
indicate the statistical significance of the causative association.
In contrast, the colonies in which only N. apis was detected did

not show any increased risk compared with the asymptomatic
group (P � 0.05).

Data also showed that in 15% of hives belonging to the
“depopulation” group N. ceranae was not detected and that
11.3% of the hives positive for N. ceranae were asymptomatic.

DISCUSSION

In this study, a change in the epidemiological pattern of
nosemosis and a relationship between detection of N. ceranae
and bee depopulation were established. To make differential
diagnosis possible, it was necessary to develop a new rapid
technique. The duplex PCR method developed in this study
has been shown to be a sensitive and specific test for the
detection of honeybee microsporidians. Among the many mo-
lecular techniques, PCR has been the most widely used for the
diagnosis of microsporidian infections and epidemiological
studies. The small-subunit (SSU) rRNA (16S rRNA) genes of
many microsporidians have been sequenced and have been
found to diverge greatly from those of other eukaryotes; the
sequences are shorter and share little homology with the se-
quences of other eukaryotes (30, 35). Thus, the SSU rRNA
genes of the microsporidians possess characteristics suitable
for molecular detection (32).

Until recently, detection of honeybee microsporidians has
been limited to microscopic examination, and to differentiate
between the two Nosema spp., sequencing of PCR products is
required (17). Microscopic detection of these microsporidians
is expensive, laborious, and limited to known stages of devel-
opment. The multiplex PCR method for detecting N. ceranae
and N. apis offers a number of advantages over traditional
microscopy, including increased sensitivity, specificity, and the
ability to identify all developmental stages of the parasite (31).
Thus, multiplex PCR decreases the risk of misidentification
and should facilitate epizootiological studies related to these
pathogens. Moreover, other molecular methods, such as se-
quencing or restriction analysis of PCR products, are expensive
and time-consuming and involve a great deal of manipulation

FIG. 1. Percentages of samples positive for Nosema spores from 1999 to 2005 in the Laboratory of Bee Pathology.
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(which likely increases the risk of error). The duplex PCR
described here is a reliable, rapid, cost-effective, and simple
method for detecting N. apis and/or N. ceranae infections in a
single step since PCR products can be easily separated and
identified by agarose gel electrophoresis (with no additional
treatment).

Multiplex PCR primer design and optimization are a greater
challenge than designing single PCR primer pairs because mul-
tiple primer annealing events need to occur in the same an-
nealing conditions without interfering with one another. So,
since compatible primers are the key to successful multiplex

PCR, careful primer design and appropriate quality control
measure are essential in order to ensure that the PCR primers
work under uniform PCR conditions and do not adversely
interact with one another. Initially, single PCRs were tested
using the 218MITOC and 321APIS primer sets for N. ceranae
and N. apis, respectively, to ensure locus-specific amplification.
After this, duplex PCR studies were carried out using anneal-
ing temperature adjustment and empirical performance tests
in an attempt to generate sensitive, balanced, and specific
signals for both Nosema species in a single PCR.

Subsequent PCR assays confirmed the suitability of our de-

FIG. 2. Monthly distribution of Nosema-positive samples in every year from 1999 to 2005, obtained by comparing the number of samples
positive for Nosema spores with the total number of samples received in the Laboratory of Bee Pathology.

TABLE 5. Results of Nosema species screening

Group
No. (%) of samples screened

Total Spain France Switzerland Germany

Negative 88 (30.3) 65 (43.9) 3 (8.3) 12 (33.3) 8 (11.6)
N. ceranae positive alone 156 (53.8) 52 (34.9) 27 (75) 23 (63.9) 54 (78.3)
N. apis positive alone 27 (9.3) 21 (14.1) 0 (0) 1 (2.8) 5 (7.2)
N. apis and N. ceranae 19 (6.6) 11 (7.4) 6 (16.7) 0 (0) 2 (2.9)

Total 290 149 36 36 69
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sign. The N. apis and N. ceranae SSU rRNA gene-specific
primers developed here successfully amplified a 218-bp frag-
ment from N. ceranae and/or a 321-bp fragment from N. apis
spores and even fragments from distant N. ceranae isolates,
such as those from Taiwan and Europe. Conversely, these
primers did not amplify DNA preparations from uninfected
honeybees or other microsporidian species, such as N. trichop-
lupsiae or N. bombi, indicating that the 218MITOC and
321APIS primer pairs are specific for N. ceranae and N. apis,
respectively. High specificity is frequently associated with low
sensitivity, and to avoid this, nonspecific primers have been
designed previously, as in the case of N. bombi (21). In our
case, the degree of sensitivity achieved by using specific prim-
ers was satisfactory as the limits of detection for both Nosema
species were consistent with those in other studies of inverte-
brate microsporidians (32, 36).

Although N. apis-specific primers have been previously
described (34), this is the first study of specific and sensitive
molecular diagnosis of N. ceranae and the first differential
diagnosis of both honeybee microsporidians in just one re-
action.

No notable differences were observed when the spores were
diluted in water or in uninfected honeybee macerate, which
differs from the results obtained with N. bombi (21). In our
case, with N. apis-specific primers (321APIS), the degree of
sensitivity was slightly higher when spores were diluted in hon-
eybee macerate. The addition of bovine serum albumin and
Triton X-100 to the PCR mixture probably prevents PCR-
inhibiting substances (that might be present in honeybee mac-
erates) from having any effect during the PCR (1, 22).

Data from the first period studied (1999 to 2002) seem to be
consistent with the seasonal pattern previously described for
Nosema infection (19). In the absence of molecular diagnosis,
most studies performed in the last century considered N. apis
the etiological agent of the disease while describing similar
epidemiology and pathology of the disease all over the world.
Reports of nosemosis were related to low levels of infection
during the summer, a generally small peak in the autumn, and
a usually slow rise during the winter. These seasonal trends
related to N. apis also included a rapid and large increase in the
spring as brood rearing started, while flight possibilities due to
climatic conditions were still limited. It is generally agreed that
colonies in northern climates are more seriously affected than
colonies in southern regions because of the increased amount
of time that bees are confined to the hive.

Our data are consistent with this pattern only for the first
years of the study (1999 to 2002). However, in the period from
2003 to 2005 the increased percentage of positive samples in
the summer was statistically different from the percentage in

the previous period. In 2005 the absence of differences in the
number of positive samples between months shows an evident
lack of seasonality. Recent reports (8) indicate that the clinical
and epidemiological pattern of nosemosis is changing.

Nosema seasonality has been related to precipitation (7),
and in recent years high-precipitation regions have been
thought to represent disease reservoirs from which Nosema
can radiate each year, so that the epizootic years are closely
related to higher precipitation in these areas (3). The relation-
ship between precipitation and nosemosis is not clear at
present. Even when an established pattern for nosemosis is
detected (e.g., in the first years examined in this study), mean
rainfall can be very different from one year to another. The
high rainfall peak of 2000 had no direct effect on Nosema
prevalence, and after 2004, which was the driest year in 60
years (25), in 2005 the highest prevalence of Nosema to date
was recorded and there was no seasonal pattern. Our data
strongly suggest that currently the prevalence of Nosema is not
related to precipitation in Spain.

Nosema infection levels have also been related to stress due
to management systems (4). Spanish manipulation of hives
varies greatly according to region, but for the last period of the
study there is no reason to believe that any significant changes
occurred on a global level.

The lack of seasonality detected and the increasing number
of pathological samples sent to the laboratory from 2003 to the
present without any compatible Nosema signs of infection can
be related to the higher N. ceranae prevalence in Spain in 2005.
Some differences in the epidemiology of and pathology caused
by the two microsporidians may explain this situation.

The introduction of N. ceranae from Southeast Asia into
Spain in recent years may explain the lack of seasonality in the
second period of our study. The dispersion of a parasite into a
new habitat or geographical area is usually a chance event and
does not guarantee success in colonizing a new host or in
becoming established reproductively. The presence of N. cera-
nae in most European countries suggests that colonization has
been successful, but there is still a lack of equilibrium between
the new parasite and the new host. N. ceranae seems to be highly
pathogenic to A. mellifera. High rates of mortality are tied to the
presence of autoinfective spores that facilitate the rapid division
and invasion of digestive tissue and affect the regenerative diges-
tive cells (15). These differences can be related to the recently
described higher colony losses during the last few years, especially
at the end of winter (9, 24).

Direct evidence of the influence of the parasite on colonies
is related to changes in the activity and longevity of the worker
honeybee and queen (10, 14). Infection of workers by N. apis
retards or inhibits development of the pharyngeal salivary

TABLE 6. Association between the detection of microsporidian infection in Spanish honeybee samples and the signs observed in hives

PCR result No. in depopulation
group

No. in asymptomatic
group Total Relative risk 95% confidence

interval P

N. apis � N. ceranae 10 1 11 5.82 3.20–10.59 0.0000
N. ceranae 44 8 52 5.42 3.03–9.68 0.0000
N. apis 2 16 18 0.71 0.17–2.92 0.4869
Negative 10 54 64

Total 66 79 145
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glands (33), compromising the feeding of young larvae. A fairly
high proportion of the eggs laid by the queen of a colony
suffering from nosemosis fail to produce pupae, while artifi-
cially infected pupae are resistant to infection (14). The bee
population begins to decrease as Nosema infection spreads.
Due to changes in their physiological state, infected bees seem
to become behaviorally older than healthy bees of the same
age (33), starting foraging activities at an early stage (10), and
appear to have a shorter life span. But somehow N. apis has
reached an epidemiological equilibrium with the host that min-
imizes its effects on the total bee population. This equilibrium
probably depends on climatic conditions and reduced trans-
mission inside the hive in the summer months. N. ceranae does
not seem to follow the seasonal pattern of N. apis, exhibiting
similar rates of infection throughout the year, which indicates
that the decreasing effect on transmission of the hottest
months is not effective in controlling this infection in A. mel-
lifera.

The relative risk of bee depopulation observed in colonies
with either both species or only N. ceranae (almost six times
greater than that in colonies with negative PCR results) indi-
cates that there is a significant causative association between
the presence of N. ceranae and the development of hive de-
population. The presence of N. ceranae in asymptomatic hives
can be related to the incubation period, which is not known at
present for this species, while the existence of a few negative
hives in the depopulation group may be due to some other
etiology or hypothesis associated with this symptom and not
included in this study.
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