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New 1nsights on the genetic diversity of the honeybee parasite
Nosema ceranae based on multilocus sequence analysis
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SUMMARY

The microsporidian parasite Nosema ceranae is a common pathogen of the Western honeybee (Apis mellifera) whose
variable virulence could be related to its genetic polymorphism and/or its polyphenism responding to environmental cues.
Since the genotyping of N. ceranae based on unique marker sequences had been unsuccessful, we tested whether a multilocus
approach, assessing the diversity of ten genetic markers —encoding nine proteins and the small ribosomal RNA sub-
unit—allowed the discrimination between N. ceranae variants isolated from single A. mellifera individuals in four distant
locations. High nucleotide diversity and allele content were observed for all genes. Most importantly, the diversity was
mainly present within parasite populations isolated from single honeybee individuals. In contrast the absence of isolate
differentiation precluded any taxa discrimination, even through a multilocus approach, but suggested that similar
populations of parasites seem to infect honeybees in distant locations. As statistical evolutionary analyses showed that the
allele frequency is under selective pressure, we discuss the origin and consequences of N. ceranae heterozygosity in a single
host and lack of population divergence in the context of the parasite natural and evolutionary history.
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INTRODUCTION The documented A. mellifera colony losses ob-
served for the last 15 years has become an alarming
issue for the beekeeping and agricultural fields as well
as for conservation biology, especially due to the
pollinating activity of the honeybees (Potts et al.
2010). Although the origin of the honeybee decline
has not been clearly identified and is thought to be
multicausal, some studies have suggested a role of
N. ceranae (Martin-Hernandez et al. 2007; Higes
et al. 2008, 2010). Following the ingestion of spores,
the parasites invade and develop within the cyto-
plasm of the epithelial cells of the adult honeybee
midgut. N. ceranae is considered as a major threat
to the Western honeybee at both the individual
and colony levels (Fries, 2010; Higes et al. 2013). It
would increase the honeybee mortality, activate the
degeneration of the infected cells, induce an energetic
stress and inhibit transcripts involved in immunity
(Antunez et al. 2009; Martin-Hernandez et al. 2011;
Dussaubat et al. 2012; Chaimanee et al. 2012).
However the presence of N. ceranae is not system-
atically associated with honeybee weakening and
mortality (Cox-Foster et al. 2007; Invernizzi et al.
2009; Gisder et al. 2010), suggesting modulations
in the parasite virulence. Thus, not only the role
of N. ceranae in the honeybee decline but also the
origin of the variation in its virulence remains elusive.
Some authors have suggested that such variation

Nosema spp. are obligate intracellular parasites be-
longing to Microsporidia, a cosmopolitan phylum
derived as a basic branch of the fungi (Keeling and
Fast, 2002; Capella-Gutiérrez et al. 2012). Micro-
sporidia are characterized by the production of
resistant spores carrying a polar tube, used to transfer
the infectious sporal content into target cells, and
by their 70S ribosomes with bacterial-sized rRNAs.
The genus Nosema comprises more than 150 species
that mainly infect invertebrate hosts (Becnel and
Andreadis, 1999). The western honeybee (Apis
mellifera) is parasitized by the long-known Nosema
apis (Zander, 1909) and by the emerging Nosema
ceranae. Both are the etiologic agents of nosemosis,
one of the most widespread diseases of the honeybee.
Nosema ceranae is thought to have jumped host from
the Asian (Apis cerana) to the Western honeybee
some decades ago and has now become the predomi-
nant microsporidian species infecting A. mellifera
(Klee et al. 2007; Chen et al. 2008; Martin-
Hernandez et al. 2012). Nosema ceranae has also
been reported in other oriental Apis and Bombus
species (Plischuk et al. 2009; Chaimanee et al. 2010,
2011; Liet al. 2012).
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meaning that different parasite variants may infect
the honeybee, some of them inducing a higher
virulence.

Although the genome of the BRLO1 strain of
N. ceranae has been sequenced (Cornman et al.
2009), data are lacking regarding the comparison
of the gene content between N. ceranae isolates and
the assessment of N. ceranae genetic polymorphism
sensu stricto, i.e. its genetically determined patho-
genicity. Several studies have sought to evaluate
the parasite genetic polymorphism sensu lato, i.e.
the nucleotide variation in sequences that appeared
relevant for the genotyping of strains in other
microsporidia, but failed to discriminate between
N. ceranae isolates. The nucleotide diversity of the
ribosomal RNA coding region (rDNA) successfully
discriminated between isolates of the mammals’
microsporidian parasites Encephalitozoon cuniculi,
Encephalitozoon hellem and Enterocytozoon bieneusi
(Didier et al. 1995; Mathis et al. 1999; Haro et al.
2003; ten Hove et al. 2009) but not of N. ceranae
sampled in A. mellifera (Huang et al. 2008; Chen
et al. 2009a; Sagastume et al. 2011). The rDNA
diversity observed in N. ceranae and the bumblebees’
parasite Nosema bombi (Tay et al. 2005; O’Mahony
et al. 2007; Sagastume et al. 2011) have suggested
that rDINA may escape the concerted evolution main-
taining sequence identity between the multiple gene
copies present within Nosema genomes and would
consequently be inappropriate to phylogenetic
analyses (Ironside, 2007; Fries, 2010). The nucleo-
tide diversity of virulence-related genes encoding
Polar Tube Proteins (PTPs) and Spore Wall Proteins
(SWPs) has allowed determining variants of
E. cuniculi and E. hellem (Peuvel et al. 2000; Haro
et al. 2003; Polonais et al. 2010). However, neither
PTP1 nor PTP3 encoding genes permitted the dis-
tinction of N. ceranae isolates (Chaimanee et al. 2011;
Hatjina et al. 2011). Since the polymorphism of
rDNA and PTP3 genes seems to be a major obstacle
for genotyping (Hatjina et al. 2011; Sagastume et al.
2011) one may wonder if the use of several indepen-
dent gene markers may resolve parasite taxa.

In order to assess whether N. ceranae isolates can
be discriminated through a multilocus approach, we
compared the nucleotide and haplotype diversity of
ten N. ceranae genes, including the small-subunit
ribosomal RNA (SSU-rDNA) gene and nine protein
encoding genes, that appeared both within and
between parasite populations isolated from four
geographically distant honeybees.

MATERIALS AND METHODS
Honeybee sampling

Apis mellifera individuals were collected in France,
Morocco, Lebanon and Thailand in 2010 and 2011.
The presence of microsporidian parasites has been
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verified by both the microscopic observation of
spores and the amplification of the microsporidian
SSU-rDNA using the Nc_D1 (CGACGATGTGA-
TATGAAAATATTAA) and Nc_R1 (TCATTCT-
CAAACAAAAAACCGTTC) primers. The absence
of N. apis was checked using the Na_D1 (GCAT-
GTCTTTGACGTACTATGTAC) and Na_R1
(CGTTTAAAATGTGAAACAACTATG)  pri-
mers. All primers derived from Martin-Hernandez
et al. (2007). The isolate concept was defined here as
the parasite population infecting a single individual,
thus only one bee from each location was used for
subsequent cloning.

Genetic markers amplification and cloning

Ten genetic markers have been amplified by
PCR (Platinum 7Taq Polymerase High Fidelity,
Invitrogen) in a mixture containing 2 mmM MgSOy4
and 0-4 uMm of each primer (Table 1) in a total volume
of 25 ul., and performing annealing steps at 52 °C.
PCR products were inserted into the pCRII-TOPO
cloning vector (TOPO TA Cloning Kit Dual
Promoter, Invitrogen). After transformation (NEB
5-alpha cells, New England Biolabs), several clones
were cultured and their plasmids content extracted.
Inserted fragments were sequenced (GATC Biotech,
Germany) using both the T7 and M13 Reverse
flanking primers. To check the absence of exper-
imentally induced sequence variation, a control has
been performed using a clonal plasmid preparation
carrying the SWP30 marker as an initial PCR
template.

Statistical evolutionary analyses

To determine variable sites, nucleotide sequences
were aligned using ClustalW under the BioEdit
editor (Hall, 1999), selecting the amplified fragments
only, i.e. removing primer sequences. All polymor-
phic sites were visually checked for quality on electro-
pherograms. Alignments with insertions-deletions
(indels) of tandem repeats were manually improved
for better parsimony. Diversity, transition to trans-
version and dx:ds analyses were conducted in
MEGAS5, removing ambiguous positions in pairwise
comparisons (pairwise deletion) allowing to consider
indels as polymorphic characters (Nei and Kumar,
2000; Tamura et al. 2011). The nucleotide diversity
has been given by averaging the pairwise p-distances
between sequences, i.e. the mean number of base
differences per site, for the whole allelic population
(7) and for populations within (7,) or between ()
honeybee isolates. T'o measure how isolates sub-
populations differed, the nucleotide diversity ex-
plained by population structure and the magnitude of
gene differentiation among subpopulations were
given by the fixation index (F'g7) and the coefficient
of evolutionary differentiation (Gg7), respectively.
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Table 1. Marker genes and primers used for genetic variability (*) and RT-PCR () analyses

ORF name in N. ceranae

BRLO1 genome

Forward and reverse primers (5’ to 3')

References

SSU-rDNA (DQ486027)

EnP1B (NCER_100768)
PTP2 (NCER_101590)
HSWP4 (NCER_100828)
SWP25 (NCER_100064)
SWP30 (NCER_100566)

NCER_100070

NCER_100533

NCER_101600

NCER_101165

MICRO-F2 CACCAGGTTGATTCTGCCTG™?

Univ-1390 GACGGGCGGTGTGTACAA™?

EnP1B-F GCATTTGTATTTGGGTGG**

EnP1B-R ACCAGCAGGTCTGCAATC™

PTP2-F GTAGCCAAGTTGCCACCT**

PTP2-R GGGTTCTGCATCCTTGTC™?

SWP4-F CATGAACTTAAGGGATTAGCAAG™?
SWP4-R CTCTTCGTGTGCATCATCCG*?

SWP25-F GGTTTATGTAGCATTGAGGATGC*?
SWP25-R TGCTGGCATACAAGTTCCATC
SWP30-F ATGCGGGAATATGAACATCC™

SWP30-R CTTTAACAACTGTGTTCTTTCGTAC™®
NCER_100070-F GCCGGCAACAAAACCTATC
NCER_100070-R CGTTACTGGCATCACTGTTGG"
NCER_100070_midF AGGCAGGACTCTTCGATCAC?
NCER_100070_midR TCATCCTGCGGTTTTATTGG®
NCER_100533-F GAATTGGGATTTGGAGGAGG"
NCER_100533-R TCTGAAGGGTCGGGTGAAG”
NCER_100533_endF CCGAGGGTCAACAAAATGAC®
NCER_100533_endR ACATTCCCTGTGGCAAACTC?
NCER_101600-F GCCTATGACTTCATTACAAGAAGAATC*?
NCER_101600-R TCACTCGTAAGTTTCGCATTTG*?
NCER_101165-F AATCCGCTAACTCGACCTTC
NCER_101165-R GAGATTTCGGGTCGACAATG”
NCER_101165_endF TCGACCCGAAATCTCAACTC?
NCER_101165_endR GTGTGCCTTCATCATCATCG?

From Visvesvara
et al. (1995)

Zheng et al. (1996)
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Standard error estimates were obtained by a boot-
strap procedure with 10000 replicates. The overall
transition/transversion bias (R,,) was computed
from the Maximum Composite Likelihood estimate
of the pattern of nucleotide substitution. The codon-
based one-tailed test of selection has been performed
by calculating the probability of rejecting the null
hypothesis of strict-neutrality (dy=dg) in favour
of the alternative hypotheses, dy <dg or dx>dg for
purifying or positive selection respectively, using
the Li—Wu-Luo method. Statistical significance
(P-values <0-05 were considered significant) was
computed by a 10000-replicates bootstrap resampl-
ing procedure. All tests were in favour of dy<dg
rather than dy>ds.

Other selection neutrality tests, linkage disequili-
brium (LD) and recombination analyses were con-
ducted in DnaSP (Librado and Rozas, 2009; Rozas,
2009) removing all positions containing gaps and
missing data (complete deletion). Divergence from
the null hypothesis, i.e. from the hypothesis that all
mutation are either neutral or strongly deleterious,
was estimated computing the Tajima’s D (Tajima,
1989) and Ramos-Onsins & Rozas’s R, (Ramos-
Onsins and Rozas, 2002), based on the nucleotide
polymorphism, and the Fu’s F (Fu, 1997), based on
the haplotype distribution. The LD, i.e. the non-
random association of alleles, was estimated by
calculating ZZ, which equals the average LD between
adjacent polymorphic sites minus the standardized

average intragenic LD (Rozas et al. 2001). Statistical
significance (P-values <0-05 were considered signifi-
cant) was given by the probability of obtaining under
the null hypothesis absolute values equal or higher
than the observed ones. It was computed by perform-
ing coalescent simulation with 10000 replicates using
fixed theta per sequence values and no recombina-
tion, no strong difference being observed using a
recombination parameter. All significant values were
out of the confidence interval comprising 95% of the
expected values under the null hypothesis (data not
shown), i.e. they were very unlikely under the stan-
dard neutral model. The number of pairs of poly-
morphic sites that exhibit statistically significant LD
(P<0-05) performing a two-tailed Fisher’s exact test,
with and without Bonferroni correction against
multiple comparisons biases, is given together with
the total amount of considered pairwise comparisons.

Phylogenetic trees were computed under
MEGA 5, using the Maximum Likelihood algor-
ithm, with a 10000-replicates bootstrap procedure,
a nucleotidic substitution model using the Tamura
3-parameters method and a Nearest-Neighbour-
Interchange heuristic method.

Sequence prediction and modelling

Prediction of potentially secreted proteins was based
on the screening for potential N-terminal secretory
signal sequences using SignalP v3.0 (Bendtsen et al.
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2004). Peptide repeated motifs in EnP1B and
NCER_101600 were manually extracted and sche-
matized using the WebL.ogo tool (Crooks et al. 2004).

RNA extraction and RT-PCR

Total RNA was extracted from the midgut of
one naturally infected honeybee in France (SV total
RNA Isolation System Kit, Promega). cDNA was
synthesized (ImProm-II™ Reverse Transcription
System, Promega) using an oligo-d(T) primer
(Invitrogen) and 100 ng of RNA. Subsequent PCR
amplifications were performed (GoTaq® Flexi DNA
Polymerase, Promega) using the RT-PCR primers
listed in T'able 1. Negative and positive controls were
performed using reactions without the reverse trans-
criptase and N. ceranae genomic DNA as a template
respectively. All controls validated the experiment.

RESULTS
Selection of N. ceranae marker genes

Ten marker genes have been selected within the
N. cevanae BRLO1 genome (Cornman et al. 2009),
including the nearly complete rRNA small subunit
encoding gene. Four spore wall and polar tube pro-
tein encoding genes have been identified and named
according to their closest known homologues in
Nosema bombycis (Table 1). They encode the polar
tube protein PTP2, the spore wall proteins SWP25
and SWP30, and the hypothetical spore wall protein
HSWP4 (Wu et al. 2008, 2009). Except for its first
32 codons, the NCER_100768 gene encodes a pro-
tein homologous to the spore wall protein EnP1 of
Encephalitozoon cuniculi (Peuvel-Fanget et al. 2006).
We propose to shift the start codon from the
suggested G'T'G to the first upstream ATG codon
and to name the resulting open reading frame EnP1B,
as another gene (NCER_101082) with higher hom-
ology with E. cuniculi EnP1 is already present in
N. ceranae genome. Lastly, four genes encoding
hypothetical proteins carrying tandem peptide re-
peats and potential N-terminus secretion signal were
selected as potential surface and/or structural pro-
teins that could show high variability. RT-PCR
experiments (data not shown) proved that all the
chosen open reading frames are transcribed in a
naturally N. ceranae-infected honeybee, demonstrat-
ing that they are true protein-encoding genes that
ought to be subjected to evolutionary processes.

Within- vs between-isolate distance of N. ceranae
marker genes

Following amplification and cloning, 8-15 clone
sequences were obtained for each marker and each
isolate and have been deposited in GenBank (Acces-

sion Numbers KC680230 to KC680656). The

experimental control performed using a clonal matrix
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did not show any sequence variation in the 15
obtained clones, showing that no error-prone bias
was brought throughout the procedure, i.e. any se-
quence diversity observed ought to depict true allelic
variability. Whatever the tested marker, a surpris-
ingly high allele content — mostly due to singletons —
has been observed, even for populations isolated
from single host individuals (Table 2). In order to
compare the genetic variability of the markers,
pairwise p-distances between sequences have been
averaged to the nucleotide diversities present in the
whole allelic population (x), within a single honeybee
(7,,) and between geographically distant honeybees
(m,, Table 2 and Fig. 1). For each marker, the 7, and
7, were very similar, showing that there is as much
variability within a single bee as between geographi-
cally distant bees. Even p-distance maxima were very
similar within and between isolates (Fig. 1), showing
that the most divergent sequences can be found
within a single parasitized individual. Moreover,
whatever the marker, the minimum p-distances were
null both within and between isolates, showing that
there are always identical alleles within an isolate but
also between distant isolates. Altogether, these data
suggest that the parasite populations infecting hon-
eybees were similar in the four locations studied.
Indeed, the Fgr and Gg7 indices for population
differentiation between isolates were low (Table 2),
indicating that the parasite populations from distinct
isolates are poorly divergent.

The nucleotide diversity appeared variable be-
tween markers, with 7 ranging from 0-001 to 0-018 for
HSWP4 and EnP1B respectively (Fig. 1). However,
these values are still too low, and especially much
lower than their corresponding 7,,, to differentiate the
isolate populations. Indeed phylogenetic analyses
failed to separate isolate-specific taxa: whatever the
chosen marker and the evolutionary model, trees had
star-like topologies with poorly supported nodes by
bootstrap procedures (Fig. 2). Altogether, these data
suggested that the markers high nucleotide diversity
but low divergence between isolates preclude any
multilocus approach for the genotyping of N. ceranae
strains.

Nature of polymorphic characters

The high transition to transversion bias observed for
all markers suggests that they are submitted to evol-
utionary processes including selection. Indeed all
markers exhibited rejection of at least one neutrality
test (shown in bold in Table 2). For most protein
encoding genes, the codon-based one-tailed test of
selection significantly rejected the null hypothesis
in favour of the purifying hypothesis (dx<dg). How-
ever, four markers also exhibited nonsense
mutations, leading to the encoding of non-functional
proteins, suggesting that the markers may be sub-
mitted to complex evolutionary processes. EnP1B



Table 2. Statistics of nucleotide polymorphism, divergence, linkage disequilibrium and recombination in ten gene regions of N. ceranae

Marker SSU-rDNA EnP1B PTP2 HSWP4 SWP25 SWP30 NCER_100070 NCER_100533 NCER_101600 NCER_101165

Length of analysed 1116 bp 732 bp 474 bp 650 bp 655 bp 537 bp 698 bp 671 bp 902 bp 660 bp
sequence

Nb of sequences 39 41 44 42 39 42 40 37 59 44

Nb of alleles 37 33 22 13 20 25 22 14 27 25

Variable sites 66 56 26 14 23 35 23 18 48 31

Unique variable sites 55 24 22 14 22 28 16 17 31 24

Size (and number) 1(x6)1, 2, 4 21(x2),24, 45,87 - - - - 1(x4),3 1,36,144 1,60,85,108,114, -

of indels

Entire population
nucleotide
diversity, ©

Within isolate mean
p-distance, 7,

Between isolate mean
p-distance, 7,

Mean interpopulation
diversity, F'ST

Isolate differentiation
coefhicient, Gg7

Mean pairwise
transition to
transversion ratio, s/v

Overall transition
to transversion bias,
Ry,

Nb of synonymous,
missense, nonsense
SNPs

Rejection of dy =dg
in favour of dy<dg
or dy>ds (p)

Tajima’s D (p)

Fu's Fs (p)

Ramos-Onsins and
Rozas’s R, (p)

Haplotype diversity
(expected
heterozygosity),
Hd (p)

Intragenic
recombination,

27 (p)

Polymorphic pairs
with significant LD
Y/, ¥/, correction
(total pairs)

Minimum number
of recombination
events (R,,)

0-00446+0-00081

0-00454£0-00083
0-:00453+0-00092
—0-00008 £0-00008
—0-:02£0-02

2:86+0-69

410

—2-45 (0-000)
—36:36 (0-000)
0-030 (0-000)

0-985 (0-999)

0-052 (0-822)

69-0 (2016)

2

0-01782+0-00283

0-01468 £0-00245
0-01723+0-00306
0-00204 +0-00044
0-12£0-02

6:01£2-29

29, 26, 1

dy<dsg (0-000)

—0-36 (0-400)
—17-18 (0-000)
0-093 (0-314)

0-974 (0-999)

0-062 (0-926)

104-29 (903)

0-00503+0-00154

0-00470£0-00140
0-00495+0-00162
0-00031+0-00022
0-06+0-03

2:14£0-92

7,19,0

dy<dg (0-101)

—2:07 (0-002)
— 1754 (0-000)
0-038 (0-000)

0-918 (0-999)

—0-023 (0-395)

9-1 (300)

0-00102+0-00026

0-00094 £ 0-00024
0-00095+0-00033
0-00008 +0-00004
0-08%£0-03

0-31£0-15

13-:02

6,8,0

dn<dg (0:049)

—2:49 (0-000)
—12-40 (0-000)
0-043 (0-000)

0-460 (0-531)

—0-033 (0-208)

3-0 (91)

0-00231+0-00067

0-00209+£0-00051
0-00233+0-00083
0-00023+0-00022
0-10£0-07

1-53£0-79

10, 12, 1

dy<dsg (0-055)

—2-43 (0-000)
—21-22 (0-000)
0-030 (0-000)

0-849 (0-982)

—0-017 (0-382)

40 (253)

0-00766 +£0-00199

0-00779£0-00206
0-00765+0-00206
—0-00010%0-00015
—0-01£0-02

3-92+1-47

13,21, 0

dy<dsg (0-025)

—1-70 (0-022)
—15+77 (0-000)
0-047 (0-004)

0-928 (0-990)

0-002 (0-559)

255 (595)

0-00635+0-00194

0-00513£0-00149
0-00664 +0-00207
0-00118+0-00004
0-19£0-03

5-17+2-21

6,17,0

dy<ds (0-340)

—0-55 (0-339)
— 673 (0-009)
0-085 (0-225)

0-845 (0-567)

0-019 (0-657)

23-21 (231)

0-00155+0-00036

0-00157+0-00037
0-00157+0-00052
—0-00001 £0-00006
—0-01£0-04

ND (only

transitions)

3458

13, 4,1

dy<dsg (0-001)

—2-43 (0-000)
—9:36 (0-000)
0-051 (0-000)

0-511 (0-522)

0-022 (0-738)

5-0 (91)

150,216,228,444
0-00716+0-00161
0-00737£0-00162
0-00725+0-00161
—0-00021£0-00010
—0-03£0-01

3-86+2-06

23,25,0

dy <ds (0-001)

—0-94 (0-186)
—2-41 (0-182)
0-079 (0-251)

0-617 (0-105)

0-201 (0-996)

4527 (171)

0-:00695+0-00193

0-00515£0-00133
0:00744£0-00217
0-00180+£0-00067
0-26+£0-04

2:77£2-16

13,17, 1

dn<ds (0-071)

—1-28 (0-094)
—13-58 (0-000)
0-061 (0-042)

0-920 (0-822)

0-096 (0-946)

22-10 (435)
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Fig. 1. Nucleotide diversity of ten N. ceranae genes. The
nucleotide diversity is represented as the mean p-distance
(i.e. the number of base differences per site) between
sequences within an isolate (7, circles) and between
isolates (7, squares). Standard error estimates obtained
by a 10000-replicates bootstrap procedure are shown by
boxes. Lines represent the complete range of pairwise
p-distances, showing the minimum and maximum
obtained values.

and NCER_101600 showed large indel events corre-
sponding to discrete numbers of base triplets thus not
inducing frameshift. For EnP1B, indels were linked
to a difference in the repetition of a 7-amino acid motif
(Figs 3 and 4). A more complex pattern could be
highlighted for the indels observed in NCER_101600,
which contained two close but distinct 14- or
16-amino acid repeated motifs (Fig. 4). These indels,
up to 444 base pairs (bp), generated a large variation
in the length of NCER_101600 amplified products.
Although they were not present in all isolates in our
dataset, the dominant amplification products at 573,
801 and 951 bp were visible by agarose gel electro-
phoresis for all isolates (data not shown).

Among the segregating sites observed in the SSU-
rDNA in the present and other deposited data, most
were single nucleotide polymorphisms (SNPs), 70-8
and 16:7% being transitions and transversions
respectively, but 12:5% of the sites showed indel
events. The variable sites have been located on a
proposed secondary structure model of the corre-
sponding RNA subunit (Supplementary Fig. S1—in
Online version only). Helices were less submitted
to variability than non-helix domains and most of the
mutations in helices did not strongly modify the base
pairing of the structure, i.e. changing a canonical
(or non-canonical) bond to another one, suggesting
non-random mutagenic events.

DISCUSSION
The variability of N. ceranae gene sequences

Since one gene itself does not allow assessing the
diversity of N. ceranae parasites in A. mellifera,
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Fig. 2. Phylogenetic analysis of the N. ceranae small
ribosomal RNA subunit (a) and hypothetical spore wall
protein EnP1B (b) encoding genes from four
geographically distant locations. The evolutionary history
analysis was inferred by the maximum likelihood method
using the multiple sequences obtained from four
individuals sampled in France, Lebanon, Morocco and
Thailand (indicated by triangle, star, square and circle
respectively). The first tree was rooted using the close
Nosema bombi SSU sequence as an outgroup while the
second tree was unrooted since no close homologue of
EnP1B was found in databases. The percentage of trees
in which the associated taxa clustered together, inferred
by a 10000-replicates bootstrap analysis, is shown next to
the branches.

we tested whether a multilocus approach could
discriminate between populations of the parasite.
This work showed that every gene presents unex-
pected high nucleotide diversity within a single host
individual (7,) but a poor genetic variation between
parasite populations isolated from geographically
distant honeybees (Fsr and Gg7, Table 2 and
Fig. 1). Thus, while N. ceranae showed high se-
quence variability, the later did not allow any
discrimination between parasite variants, even using
concomitantly several genetic markers, implying that
any phylogenetic assertions on N. ceranae must be
considered with care.
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Fig. 4. Logo of the repeated motifs of EnP1B (a) and
NCER_101600 (b) inferred by aligning the 264 and 678
respective peptide sequences extracted from our data. The
height of each letter is proportional to the observed
frequency of the corresponding amino acid and the
overall height of each stack of letters is proportional to the
sequence conservation at that position (with 4:32 bits as a
maximum sequence conservation).

For all the tested markers, most of the alleles
observed were singletons (T'able 2). This low
redundancy suggests that the true allelic richness
was certainly underestimated. For instance not all
indels of the NCER_101600 marker have been cloned
and sequenced in every isolate whereas correspond-
ing bands had been observed in agarose gel electro-
phoresis. Thus variations in nucleotide diversity
between genes (Fig. 1) may be due to their intrinsic
variability and allele selection as well as to a lack of
data. Concerning the nucleotide diversity of the
SSU-rDNA, although it seems variable in micro-
sporidia, similar levels have been observed in the
rDNA regions of N. bombycis, Nosema granulosis
and Vairimorpha cheracis (r ranging from 0-004 to
0-009; Ironside, 2013) and a heterogeneity in rDNA
sequences had also been observed in N. apis and
N. bombi (Gatehouse and Malone, 1998; Tay et al.
2005; O’Mahony et al. 2007), suggesting that
high nucleotide diversity might be common in the
Nosema/Vairimorpha group.

A lack of N. ceranae population divergence between
geographically distinct A. mellifera hosts

The low Fgrand Ggrindices ('Table 2) indicated that
no differentiation between N. ceranae populations
could be assessed upon the geographic origin of their
A. mellifera host. Such lack of divergence had already
been observed for the rDNA marker and the genes
encoding the polar tube proteins PTP1 and PTP3
(Huang et al. 2008; Chen et al. 2009a; Chaimanee
et al. 2011; Hatjina et al. 2011; Sagastume et al.
2011). Our data inferred that this can certainly be
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extrapolated to any coding genes of N. ceranae
although there are no data based on selection-free
silent sites and microsatellites to enlarge this to
the whole genome sequence. Moreover, our results
clearly confirmed the previously suggested hypoth-
esis that geographically distant honeybees may be
infected by similar parasite populations (Huang et al.
2008, Chen et al. 2009a, Sagastume et al. 2011).

The significant R, and the significantly negative
Tajima’s D and Fu’s F; statistics (Table 2) are
characteristic of a population expansion (Ramirez-
Soriano et al. 2008). This is particularly supported by
the almost always significantly negative F, (for all
markers but NCER_101600) that is thought to be a
more sensitive indicator of population expansion than
D. The very weak population divergence observed
through Fgr and Gg7 (Table 2) and the star-like
phylogenetic dendrograms (Fig. 2) suggest that such
population expansion would have emerged from a
poorly diverse initial population. It has been shown
that the nucleotide diversity of the PTP1 gene
allowed separating specific taxa of N. ceranae in
Apis florae and in Apis dorsata, but no distinction
could be found amongst parasites isolated from
Apis cerana and A. mellifera (Chaimanee et al.
2011). Thus parasite populations may yet be dis-
criminated relative to their host niche but a very simi-
lar population infects the Asian and the European
honeybee species. Altogether, these findings support
the hypothesis that N. ceranae experienced a recent
host-jump from the Asian honeybee 4. ceranae to the
Western honeybee A. mellifera followed by a rapid
spreading in its new host niche (Paxton et al. 2007,
Klee et al. 2007; Chen et al. 2008; Botias et al. 2012)
that may have been favoured by sustained inter-
continental honeybee exchanges (Klee et al. 2007;
Mutinelli, 2011). Such a host-jump may have
constituted a bottleneck-like event, with a strong
genetic drift followed by a rapid increase in popu-
lation size. Such evolutionary history would also be
reflected by negative D and F values and significant
R, (Fay and Wu, 1999; Ramirez-Soriano et al. 2008)
and by the short and weakly supported branching of
the markers’ evolutionary models (Fig. 2). However
if most lineages did not survive the bottleneck
event, a long branch would be expected between the
taxonomic units related to the A. cerana and the
A. mellifera hosts. This was not observed by
Chaimanee et al. (2011), suggesting that the parasite
populations infecting the former and new hosts may
not have been completely isolated yet.

Origin and maintenance of the N. ceranae
genetic variation

Mixed infection of one host by several parasite geno-
types may affect the host—parasite interactions with
benefits to the parasite infectivity and development,
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as shown for the microsporidian Octosporea bayeri in
Daphnia magna (Vizoso and Ebert, 2005). However,
in agreement with Sagastume et al. (2011), it is hardly
conceivable that geographically distant honeybees are
systematically infected by a similar non-clonal popu-
lation of parasites, and that this genotype diversity is
maintained throughout the parasite development.
Thus the high N. ceranae haplotype diversity or
expected heterozygosity Hd (Table 2), with many
haplotypes per isolates, would rather be linked to a
combination of non-haploid stages, recombination
events and/or gene exchange.

The rDNA is present in multiple locz within
N. ceranae genome (Cornman et al. 2009) and its
nucleotide diversity could be related to an intra-
genomic polymorphism of these gene copies, as ob-
served within a single spore of N. bombi (O’ Mahony
et al. 2007). As the SSU-rDNA marker did not show
stronger diversity than protein encoding markers
(Fig. 1, Table 2), one may wonder whether all genes
would be present in multiple polymorphic copies,
questioning the polyploidy of the parasite. The ob-
servation of frameshift mutations, due to nonsense
SNPs or 1-bp deletions, supports this hypothesis, as
it would allow the accumulation of mutations in
inactivated genes, leading to pseudogenization while
maintaining functional allele copies under selective
pressure. The observed Hd is not significantly
different to what would be expected for a diploid
organism (Table 2). Nosema ceranae is a dikaryotic
single cell organism (Chen et al. 200956) and, although
the ploidy of the two nuclei is not known, N. ceranae
could be considered to be at least diploid.

High heterozygosity with low Fgr could be
interpreted as a clonal and asexual life cycle, with
transient stages of di- or polyploidy, resulting in the
same allelic population in isolates and leading to
incorrect phylogenetic topology assertions (Birky,
1996, Haag et al. 2013). However a clonal mode of
reproduction should lead to strong LD whereas the
intragenic recombination given as ZZ values was
never significant (Table 2). Yet the R,, values and the
detection of polymorphic site pairs with significant
LD suggest that recombinations did occur between
alleles. Through meiosis, sex is a source of recombi-
nation and gene exchange, but it would have been lost
independently in distinct microsporidian clades
(Ironside, 2007). Despite the lack of evidence for
sexual reproduction in N. ceranae, its genome con-
tains sex-related loci and genes related to the meiotic
recombination machinery (Lee et al. 2010a, b) and a
potential sexual haplo-diploid cycle of the parasite
has been hypothesized (Sagastume et al. 2011). Only
deep molecular studies of clonal cultured populations
of N. ceranae could resolve its degree of ploidy,
recombination and sexual/asexual cycle.

EnP1B and NCER_101600, which are the two
markers showing numerous indels of repeated motifs
(Fig. 4), were the most polymorphic markers (),
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with the highest isolate differentiation (Fs7), and
showed more polymorphic site pairs with significant
LD and higher R,,, i.e. more recombination events
are required to explain the observed haplotype
diversity (Table 2). These two genes seem to have
experienced slightly independent evolutionary his-
tory that could be related to their potential involve-
ment in pathogenesis. Indeed the E. cuniculi EnP1
contains repeated peptides related to heparin-binding
motifs and is involved in the parasite adhesion to
the host cell surface in vitro (Southern et al. 2007).
Polymorphism is a common feature of genes involved
in the gene-for-gene relationships between a parasite
and its host. Some models have suggested that such
polymorphism could be stabilized in parasite popu-
lations associated with polycyclic diseases (Tellier
and Brown, 2007), i.e. when several parasite gener-
ations develop in a host through autoinfection, which
is thought to be the case for microsporidia (Cali and
Takvorian, 1999). NCER_101600 may well be
involved in a gene-for-gene host—parasite interaction.

CONCLUSION

Taken as a phenotypic variation, differences in a
parasite virulence would reflect a non-exclusive
combination of its (1) genetic polymorphism sensu
stricto, i.e. its genetically determined virulence stra-
tegies adapted to certain environmental conditions —
including the host niche —and (2) polyphenism, i.e.
the expression of alternative virulence strategies
depending on environmental cues (Pfennig, 2001;
Schwander and Leimar, 2011). The present work
showed that despite a relatively high nucleotide diver-
sity, a similar parasite population is found within
geographically distant honeybee isolates. Thus the
virulence of N. ceranae should rather be related to an
alteration of the host—parasite interactions in
response to environmental cues, including environ-
mental stressors (Bromenshenk et al. 2010; Gisder
et al. 2010) and the honeybee genetic background
(Fontbonne et al. 2013), than to its polymorphism.
Lastly, if the present work showed that N. ceranae
populations are poorly divergent in distant isolates, it
questions the origin and maintenance of a strong
haplotype diversity within a single honeybee host.
Our data support the hypothesis of a recent host jump
of N. ceranae from the Asian to the European honey-
bee that would be still followed by a population ex-
pansion —and possibly further radiation —in its new
host niche, without clear isolation from the A. cerana-
infecting parasites. Altogether, these findings suggest
that N. ceranae may constitute a valuable model to
monitor the evolution of an emerging parasite.
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