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Summary

Nosema ceranae is a hot topic in honey bee health as
reflected by numerous papers published every year.
This review presents an update of the knowledge
generated in the last 12 years in the field of
N. ceranae research, addressing the routes of
transmission, population structure and genetic
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diversity. This includes description of how the
infection modifies the honey bee’s metabolism, the
immune response and other vital functions. The
effects on individual honey bees will have a direct
impact on the colony by leading to losses in the
adult’s population. The absence of clear clinical
signs could keep the infection unnoticed by the
beekeeper for long periods. The influence of the
environmental conditions, beekeeping practices, bee
genetics and the interaction with pesticides and
other pathogens will have a direct influence on the
prognosis of the disease. This review is approached
from the point of view of the Mediterranean countries
where the professional beekeeping has a high
representation and where this pathogen is reported
as an important threat.

Introduction

Two different microsporidia affect the honey bee (Apis
mellifera L.) causing nosemosis: the historical well
known Nosema apis, responsible for nosemosis type A
and Nosema ceranae, responsible for nosemosis type C
(Higes et al., 2010a). Both microsporidia are obligate
intracellular eukaryotic parasites, nowadays classified as
fungi (Adl et al., 2005). These species differ in spore
morphology (Ptaszynska et al, 2014), genome size
(Cornman et al., 2009; Chen et al., 2013; Pelin et al.,
2015), ability to adapt to temperature, both in terms of
spore production (Higes et al, 2010b) and survival
(Higes et al., 2007; Martin-Hernandez et al., 2007), and
effects on the host (Martin-Hernandez et al., 2011; van
der Zee et al., 2014). Their pathological effects in the
field are also different. Nosemosis type A is character-
ised by the presence of faecal spots inside and outside
the hive, weak crawling bees, reduced honey yield,
increased winter mortality and a slow build-up in spring
(Fries, 1993). Conversely, nosemosis type C has been
associated with reduced honey production, weakness
and increased colony mortality (Higes et al, 2008a,a;
Paxton, 2010; Botias et al., 2013), in most of cases in



the absence of other signs associated with nosemosis
type A. Recently, a new species of Nosema, phylogenet-
ically related to N. apis and named Nosema neumanni
was identified in Uganda (Chemurot et al., 2017). So far,
no specific clinical signs have been associated to this
new microsporidia and, therefore, this species has not
been yet reported to any disease.

N. apis was initially identified in Australia, North Amer-
ica and Europe, but it has now been reported on every
continent (Furgala and Mussen, 1990). There is consid-
erable variation in the prevalence in the different coun-
tries, probably related to the scale and time of sampling.
For example, Farrar (1947) found high prevalence in
queens analysed in ‘package bees’ and Doull (1961)
observed that N. apis was present in all hives at all sam-
pling dates in Southern Australia. Colony surveys of the
past century show that the prevalence of N. apis tended
to be higher in the later years, which is most likely due
to the improvements in monitoring over time. Concerning
N. ceranae, it was first described in the Asian honey
bee (Apis cerana) in the 1990s (Fries et al., 1996) and
later detected almost simultaneously in honey bees in
Europe and Asia (Higes et al., 2006; Huang et al., 2007)
and later in honey bees worldwide becoming a globally
distributed pathogen (Higes et al., 2006; 2010a; Huang
et al., 2007; Fries, 2010; Medici et al., 2012). Currently,
N. ceranae is considered a pathogen causing important
colony losses, especially given its sharply enlarged geo-
graphical range in recent years (Klee et al, 2007;
Martin-Hernandez et al., 2007). Regarding N. neumanii,
no information about its distribution or prevalence has
been reported so far.

In the last decade, detection of N. ceranae infection in
honey bees has increased worldwide and most specifi-
cally in Southern European countries (Stevanovic et al.,
2011). By contrast, in northern European countries, N.
apis is still predominant over N. ceranae (Forsgren and
Fries, 2013; BIaZyté-Cereékiené et al., 2016). The first
description of N. ceranae (Fries et al., 1996) did not
include information about its impact on Asian honey bee
health. In the last years, the knowledge of this parasite
has increased exponentially. As an example, in 2010
there were 83 published papers focusing in this micro-
sporidia species and currently there are more than 400
(Source: Scopus). However, despite this progress, it is
still a challenge for scientists working in the fields of api-
culture and insect pathology to carry out research on
Nosema for several reasons:

(i) The range and prevalence of N. ceranae has
increased significantly in the past decade, with dif-
ferent consequences in Northern and Southern
temperate areas;
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(i) Nosema species can only be confirmed using
molecular tools;

(iii) The clinical signs of N. apis and N. ceranae infec-
tion are distinct;

(iv) N. ceranae infection is detectable in both healthy
and declining honey bee colonies, and thus, its
overall contribution to honey bee losses is
debatable;

(v) The impact of the newly described N. neumanni on
colony health is still unknown, as is its potential
effect on honey bees or its geographical
distribution.

The aim of this review is to provide a state-of-the-art
in the main field of N. ceranae research, focusing on its
routes of transmission, its effect on the prevalence of N.
apis, its population structure and genetic diversity, and
its effect on honey bees at both the individual and col-
ony levels.

First detection and dispersion of an emergent
parasite in honey bees

N. ceranae was first detected in A. cerana at the end of
the XXst Century (Fries et al., 1996), and then in A. mel-
lifera in Taiwan and Spain in the early XXlst Century
(Higes et al., 2006; Huang et al., 2007). After some ini-
tial doubts, N. ceranae is now considered a predominant
infective agent of A. mellifera that is related to high col-
ony losses in the Mediterranean countries (Higes et al.,
2008a; Bacandritsos et al., 2010; Hatjina et al., 2011;
Soroker et al., 2011; Lodesani et al., 2014). Indeed, the
detection of N. ceranae in Spain did not occur by
chance but rather was a response to the demands of
professional beekeepers. In 2004, there was a high
number of requests for pathogen analysis to the Official
Honey Bee Laboratory at Marchamalo (Spain) due to
colony losses, with well-experienced beekeepers report-
ing only empty hives or very weak colonies. The preva-
lence of N. ceranae in those colonies was close to 90%
almost all year round, from 2004 to 2006 (Martin-
Hernandez et al., 2007).

The original host of N. ceranae is unknown but it is
generally presumed to be A. cerana, from which it was
first isolated in 1996 (Fries et al., 1996). However, recent
analyses of historical samples detected N. ceranae in
the Asian A. cerana and A. dorsata, in workers from Tai-
wan, as early as 1968, and in A. mellifera, in workers
from the USA (Traver and Fell, 2015) and Brazil (Teix-
eira et al, 2013), as early as 1975 and 1979 respec-
tively. After its initial detection in 2005 (Higes et al.,
2006; Huang et al, 2007), in 2007 N. ceranae was
reported in the USA, Brazil, China, Vietnam and eight
other EU countries (Klee et al., 2007; Paxton et al.,
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2007). More recently, the pandemia was verified as the
pathogen crossed geographic boundaries, being
detected in honey bee colonies of numerous countries
such as Canada (Willams et al, 2008), Australia,
(Giersch et al., 2009), Uruguay, (Invernizzi et al., 2009),
Japan (Yoshiyama and Kimura, 2011), Chile (Martinez
et al., 2012), Jordan (Haddad, 2014) or Saudi Arabia
(Ansari et al., 2017).

A clear difference with respect to N. apis is that N.
ceranae is present in different pollinators, such as bum-
ble bee species (Table 1), which can also spread the
infection back to commercial honey bees (Li et al,
2012). For example, the richness of parasites in wild
bumble bees increases in the proximity of commercially
reared honey bees, which seems to be related to a spill
over of infectious diseases from domestic livestock to
wild populations (Graystock et al., 2014). N. ceranae
infections in commercial bumble bees were found to
reduce their survival and also to produce a sublethal
effect on the sucrose response threshold (Graystock
et al., 2013), which might represent a threat to these
important pollinators. The recent detection of this para-
site in solitary bee species confirms the wide dispersion
of the parasite in wild bees (Ravoet et al, 2014).
Indeed, it appears that the international movement of
honey bee queens, colonies and products can intensify
the spread of this pathogen.

The situation in Spain was recently replicated in Iran
(Nabian et al., 2011), where an increasing number of
bee samples were sent to the laboratories from colonies
with no clear clinical signs, although the most beekeep-
ers noticed rapid dying off of colonies in winter. The
analysis of those samples allowed the first detection of
N. ceranae in Iran. Although Africa is considered to be
virtually N. ceranae-free (Strauss et al., 2013; Muli
et al., 2014), this parasite has been reported in A. melli-
fera intermissa from Algeria (Higes et al., 2009b) and in
A. mellifera adansonii from Benin (Cornelissen et al.,
2011). However, in the nearby Ghana, neither N. apis
nor N. ceranae were detected (Llorens-Picher et al.,
2018). Migratory bee eating birds like Merops apiaster
may play an important role in the spread of this patho-
gen across continents (e.g., from Northern Africa to
Southern Europe). These birds can regurgitate pellets
that contain infective spores over the hives after eating
infected honey bee foragers (Higes et al., 2008b), since
apiaries are usually stop-over sites on migratory path-
ways of these birds used year after year (Valera et al.,
2017).

How is Nosema transmitted?

Nosema is transmitted through the ingestion of spores
via contaminated water or food, through the exchange of

food between bees or when they perform their cleaning
duties. The median infective dose for N. apis has been
described to be 94.3 spores per bee (Fries, 1988)
whereas for N. ceranae it was established in 149 spores
per bee, although the minimum dose capable of causing
a detectable infection was 1.28 spores (McGowan et al.,
2016). When the spores enter to the bee’s ventriculus,
they extrude a polar filament through which the sporo-
plasm is transferred into the epithelial cells of the host.
Once the parasite multiplies and develops within the
host-cell cytoplasm, the spores can be led into the gut
lumen, where they may be excreted or they may infect
additional epithelial cells (Fig. 1). The presence of empty
spores inside the parasitized epithelium was considered
evidence that autoinfection is a common feature in the
life cycle of these pathogens (Fries et al., 1996; Higes
et al., 2007; 2009a), causing extensive and even total
destruction of the ventricular epithelial layer. Indeed,
although it was thought that N. ceranae was only able to
infect adult bees, it was also found in prepupae of A.
mellifera under laboratory conditions (Eiri et al., 2015)
and in drone pupae from naturally infected apiaries (Tra-
ver and Fell, 2011) demonstrating the infectivity of this
microsporidium in bee breeding and displaying a range
of pathological problems in the subsequent adults (Ben-
Vau and Nieh, 2017).

The large increase in the detection of N. ceranae
worldwide is in part due to the specificity of the molecu-
lar techniques that enable N. ceranae to be differenti-
ated from N. apis, as well as to the more intense
commercial exchange between beekeepers over recent
years. In Japan, for example, tens of thousands of
mated queens are imported every year (Yoshiyama and
Kimura, 2011) and there is an increasing use of honey
bees as pollinators for greenhouse crops that have led
to an increase in the abundance and prevalence of N.
ceranae in A. mellifera (Zhu et al., 2014).

Once introduced into a country, the migratory move-
ments between different climatic regions related to
honey harvesting and associated to beekeeping practi-
ces (e.g., migrations) enhance the potential for contact
between apiaries. Thus, new colonies can easily be
infected, for example, through the sharing of food
resources, and even through the robbery of sick hives.
Royal jelly, pollen and honey may also be sources of
spores (Cox-Foster et al., 2007; Higes et al., 2008c;
Giersch et al., 2009). The recent report that Nosema
parasites can be transmitted via insemination as a sec-
ondary mode of transmission (Peng et al., 2015; Rob-
erts et al,, 2015) is striking and it means that infection
by this parasite should be considered in mating stations.
This probably also occurs in bumble bees, where N.
bombi spores have previously been reported in the
semen of males (Otti and Schmid-Hempel, 2007) and

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329
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Table 1. World distribution of Nosema ceranae across hosts of the Apidae and Vespidae families.
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Earliest reported

Host species Putative subspecies Country sampling year References
Apidae
Eastern honey bees
Genus Apis
cerana Vietnam 1968 Traver and Fell (2015)
China < 1996 Fries and colleagues (1996)
South Korea 1996 Botias and colleagues (2012a)
Indonesia 2004 Botias and colleagues (2012a)
Solomon Islands 2008 Botias and colleagues (2012a)
Thailand 2008 Chaimanee and colleagues (2010)
florea Thailand 2008 Chaimanee and colleagues (2010)
dorsata Vietnam 1968 Traver and Fell (2015)
Thailand 2008 Chaimanee and colleagues (2010)
koschevnikovi Indonesia 2004 Botias and colleagues (2012a)
Western honey bee
mellifera ligustica Italy 1993 Ferroglio and colleagues (2013)
mellifera/C-lineage Poland 1994 Gajda (2016)
mellifera/C-lineage Finland 1998 Paxton and colleagues (2007)
carnica Serbia 2000 Stevanovic and colleagues (2010)
mellifera/C-lineage France 2002 Chauzat and colleagues (2007)
carnica Germany 2003 Martin-Hernandez and colleagues (2007)
mellifera Denmark 2004 Klee and colleagues (2007)
iberiensis Spain 2004 Higes and colleagues (2006)
mellifera/C-lineage UK 2007 Bollan and colleagues (2013),
Budge and colleagues (2015)
macedonica, cecropia Greece 2005, 2009 Klee and colleagues (2007),
Bacandritsos and colleagues (2010)
carnica Bosnia and Herzegovina 2006 Stevanovic and colleagues (2011)
macedonica FYROM 2006 Stevanovic and colleagues (2011)
carnica Hungary 2006 Tapaszti and colleagues (2009)
carnica Montenegro 2006 Stevanovic and colleagues (2011)
mellifera/C-lineage Sweden 2006 Klee and colleagues (2007)
mellifera/carnica Switzerland 2006 Martin-Hernandez and colleagues (2007)
carnica Bosnia and Herzegovina 2008 Santrac and colleagues (2010)
carnica Croatia 2009 Gajger and colleagues (2010)
C-lineage Turkey 2005 Whitaker and colleagues (2011)
Hybrids* Egypt 2011 El-Shemy and colleagues (2012)
meda Iran 2011 Razmaraii and colleagues (2013)
syriaca Jordan 2014 Haddad (2014)
jemenitica* Saudi Arabia 2015 Ansari and colleagues (2017)
intermissa*, sahariensis*  Algeria 2008 Higes and colleagues (2009),
Adjlane and colleagues (2015)
adansoni*, jemenitica* Benin 2009 Cornelissen and colleagues (2011)
C-lineage Taiwan 2005 Huang and colleagues (2007)
C-lineage Vietnam 2006 Klee and colleagues (2007)
C-lineage Solomon Islands 2008 Botias and colleagues (2012a,b)
C-lineage Thailand 2008 Chaimanee and colleagues 2010
C-lineage China ? Liu and colleagues 2008
C-lineage Japan 2009 Yoshiyama and Kimura (2011)
C-lineage (EHB) USA 1975 Traver and Fell (2015)
A-lineage (AHB) Brazil 1979 Teixeira and colleagues (2013)
A-lineage (AHB) Uruguay 1990 Invernizzi and colleagues (2009)
A-lineage (AHB)* Mexico 1995 Guerrero-Molina and colleagues (2016)
C-lineage (EHB) Canada 2006 Williams and colleagues (2008)
A-lineage (AHB)* Costa Rica 2006 Calderdn and colleagues (2008)
C-lineage (EHB) Argentina 2008 Medici and colleagues (2012)
C-lineage (EHB) Chile 2010 Martinez and colleagues (2012)
C-lineage (EHB) Australia 2007 Giersch and colleagues (2009)
C-lineage (EHB) Norfolk Island, Australia 2013 Malfroy and colleagues (2016)
C-lineage (EHB) New Zealand 2010 Frazer and colleagues (2015)

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329
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Table 1. cont.

Earliest reported

Host species Putative subspecies Country sampling year References

Stingless bees

Genus Melipona

fasciculata Brazil 2015 Porrini and colleagues (2017)

quadrifasciata anthidioides Brazil 2015 Porrini and colleagues (2017)

marginata Brazil 2015 Porrini and colleagues (2017)

rufiventris Brazil 2015 Porrini and colleagues (2017)

mandacaia Brazil 2015 Porrini and colleagues (2017)

Genus Tetragonisca

fiebrigi Argentina 2014 Porrini and colleagues (2017)

Genus Scaptotrigona

jujuyensis Argentina 2015 Porrini and colleagues (2017)

Solitary bees

Genus Osmia

bicornis Belgium 2012 Ravoet and colleagues (2014)

cornuta Belgium 2012 Ravoet and colleagues (2014)

Genus Andrena

ventralis Belgium 2012 Ravoet and colleagues (2014)

Genus Heriades

truncorum Belgium 2012 Ravoet and colleagues (2014)

Bumble bees

Genus Bombus

atratus Argentina <2008 Plischuk and colleagues (2009)
Uruguay 2010 Arbulo and colleagues (2015)
Colombia 2013 Gamboa and colleagues (2015)

morio Argentina <2008 Plischuk and colleagues (2009)

bellicosus Argentina <2008 Plischuk and colleagues (2009)
Uruguay 2010 Arbulo and colleagues (2015)

waltoni China 2008 Li and colleagues (2012)

remotus China 2008 Li and colleagues (2012)

impetuosus China 2008 Li and colleagues (2012)

sibiricus China 2008 Li and colleagues (2012)

brasiliensis Argentina 2015 Plischuk and Lange (2016)

hortorum UK <2013 Graystock and colleagues (2013)

hypnorum UK <2013 Graystock and colleagues (2013)

lapidarius UK <2013 Graystock and colleagues (2013)

lucorum UK <2013 Graystock and colleagues (2013)

pascuorum UK <2013 Graystock and colleagues (2013)

pratorum UK <2013 Graystock and colleagues (2013)

terrestris UK <2013 Graystock and colleagues (2013)

Vespidae

Polybia scutellaris Argentina 2010 Porrini and colleagues (2017)

Apis mellifera subspecies or evolutionary lineage are mostly predicted from the known native and introduced distributional ranges. Subspecies
marked with an asterisk were mentioned in the reference whereas those marked in bold were identified either morphometrically or molecularly.

where N. ceranae is now a common parasite in some
areas.

How the spread of N. ceranae is affecting the
prevalence of N. apis?

The increasing worldwide prevalence of N. ceranae in
the past decade, particularly in Mediterranean countries
like Spain, Italy, Israel, Greece or Turkey (Klee et al.,
2007; Higes et al., 2008a; Soroker et al 2011; Hatjina
et al, 2011; Oguz et al, 2017), coupled with the
absence of N. apis in several surveys, has led to the

hypothesis that N. ceranae might be displacing N. apis
(Klee et al., 2007, Traver and Fell, 2011). The seasonal
pattern typical of N. apis infection was well known: (i)
low levels of infection during the hot summer months; (ii)
a short peak in the autumn; (iii) a slow rise in the num-
ber of infections during the winter; (iv) and a peak in the
spring, with the level of infection rapidly increasing when
foraging is limited by humid and cold climatic conditions
(Fries, 1993). Accordingly, N. apis levels tend to drop off
during the summer due to natural controlled mecha-
nisms within the colony itself (Bailey, 1955). Long term
studies showed that this pattern was evident for N. apis,

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329
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Fig. 1. Nosema ceranae and Nosema apis life cycle in honey bees. The spores ingested by the bees get to the ventricular lumen. There,
spores extrude the polar filament and the sporoplasm is transferred into the epithelial cells. The sporoplasm matures into a Meront and a Mer-
ogonic phase starts that comprises binary division of binucleate stages (the number of divisions is still undetermined). Lately, electrondense
material is deposited in the outer face of the plasma membrane, which indicates the sporogonial phase. This phase involves the division of the
sporonts (Nosema spp. have been described as bisporous) and then sporonts and daughter cells mature into spores. The first generation of
spores will be primary spores which can re-infect the same cell or infect neighbor cells. The second generation (after secondary meronts) will
lead to environmental spores with the spore wall thicker than the primary spores (Huang and Solter, 2013). All parasitic stages develop in

direct contact with the host cell cytoplasm and all phases are dyplokariotic.

A. Scheme of the Nosema cell-cycle inside the host cell.

B. TEM image taken from a honey bee infected by N. ceranae. The ventricular cells can be seen with different parasitic stages.

even though N. ceranae was present throughout the
year (Higes et al., 2008a; Martin-Hernandez et al.,
2012). However, the levels of N. ceranae (percentage of
bees infected) vary over time with very high levels from
the end of summer up to spring and the maximum dur-
ing winter in Spain (Higes et al., 2008a). These profile
can be influenced by some undetermined factors since
the higher levels were reported in summer in Canada
(Copley et al., 2012), in March in Serbia (Stevanovic
et al., 2013) or in spring (reflecting the development
over winter) in Germany (Gisder et al,, 2017). Also, N.
ceranae can multiply at higher temperatures, displaying
a greater biotic potential than N. apis (Martin-Hernandez
et al., 2009; Higes et al., 2010b; Gisder et al., 2017).
Indeed, their spores are tolerant to temperatures as high
as 60°C and they can survive desiccation (Fenoy et al.,
2009; Martin-Hernandez et al., 2009). By contrast, cold
has a negative effect on N. ceranae whose spores are
sensitive to low temperatures and freezing (Fries, 2010;
Gisder et al., 2010; Sanchez Collado et al., 2014).

A first study of the within-host competition effect
between N. apis and N. ceranae did not show any clear
competitive advantage for any of them (Forsgren and
Fries 2010). However, a later study identified a priority
effect when N. ceranae was the first infection (Natso-
poulou et al., 2016). Apparently both environmental vari-
ables and interspecies competition are important
elements of mathematical models that help explain the
differential prevalence of Nosema spp. in distinct climatic

regions. Although such models can overestimate preva-
lence, the predictions derived from them are consistent
with field data obtained across Europe. Hence, they
reveal a transition zone in the relative prevalence of the
two species, with N. ceranae predominating over N. apis
in Southern regions (e.g., Spain) and vice versa (e.g.,
Sweden). Accordingly, the apparent global advantage of
N. ceranae appears not to be due to differences in
spore production or infectivity (as shown by Milbrath
et al., 2015). The replacement of N. apis by N. ceranae
is unlikely to occur due to a competitive advantage for
within-host spore production (Martin-Hernandez et al.,
2012; Gisder et al., 2017).

Genetic diversity of N. ceranae

Many studies assessing the intraspecific variability in N.
ceranae rely on the analysis of the ribosomal DNA
(rDNA) (Huang et al., 2008; Sagastume et al., 2011;
2014; Suwannapong et al., 2011; Roudel et al., 2013),
which is organized into ribosomal units (Huang et al.,
2007; Huang et al., 2008) present as multiple copies in
the genome (Cornman et al., 2009). Although intrage-
nomic rDNA diversity is usually low as a result of con-
certed evolution (Eickbush and Eickbush, 2007), rDNA
markers show extensive sequence heterogeneity in N.
ceranae (Sagastume et al, 2011; 2014) and in other
Nosema species (Gatehouse and Malone, 1998; 1999;
Tay et al., 2005; O’Mahony et al., 2007). Indeed, the

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329
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average nucleotide diversity (n, Nei, 1987) in these
regions ranges from 0.14%—0.45% for the small subunit
(SSU; Sagastume et al., 2011; Roudel et al., 2013) to
2.59% for the Intergenic Spacer (IGS; Sagastume et al.,
2011).

The analysis of single copy genes (Chaimanee et al.,
2011; Hatjina et al., 2011; Roudel et al., 2013; Gémez-
Moracho et al., 2014; 2015a; 2015b; van der Zee et al.,
2014), which are better suited than multicopy markers
for estimating the levels of intraspecific diversity, reveal
high diversity within isolate variability in N. ceranae,
regardless of whether isolates are obtained from a sin-
gle bee or from homogenized pools of individuals (Hat-
jina et al,, 2011; Roudel et al., 2013; Gémez-Moracho
et al., 2014; 2015b; Pelin et al., 2015), with an average
pairwise diversity at synonymous sites of about 1%
(Goémez-Moracho et al., 2015a). Most of the variation in
N. ceranae is contributed by low frequency mutations
(Hatjina et al., 2011; Roudel et al., 2013; van der Zee
et al., 2014; Gomez-Moracho et al., 2014; 2015b; Pelin
et al, 2015), especially in the parasite populations
obtained from A. mellifera (Gémez-Moracho et al.,
2015a), which is largely compatible with the recent
expansion of N. ceranae in this new host (Roudel et al.,
2013; Gémez-Moracho et al., 2015a; Pelin et al., 2015).

The finding of multiple haplotypes within isolates can
be explained by (i) the presence of several strains co-
infecting honey bee colonies (Hatjina et al, 2011;
Goémez-Moracho et al., 2014; 2015a), (ii) the existence
of a diplokaryon with two diploid nuclei (Roudel et al.,
2013; Pelin et al.,, 2015) or (iii) the combination of both,
as these causes are not mutually exclusive. In any case,
the occurrence of infections in which many different hap-
lotypes co-exist, is a key factor in maintaining the
genetic diversity of N. ceranae in its new hosts (Gémez-
Moracho et al., 2015a).

Another important source of genetic variation is the
existence of recombination. Although a clonal mode of
reproduction has been proposed for N. ceranae on the
basis of the detection of high levels of linkage disequilib-
rium and heterozygosity (Pelin et al., 2015), the lack of
genetic exchange between nuclei would make their
sequences evolve independently and become more
divergent over time. This scenario contrasts with the
lack of structure observed in the haplotypes obtained
from single bees (Roudel et al., 2013; Gémez-Moracho
et al., 2015a), which rather suggests the existence of
genetic flow between nuclei. The presence of sex-
related loci and genes involved in meiotic recombination
(Lee et al., 2010) point to the existence of cryptic sexual
stages in the life cycle of N. ceranae; however, it is still
unknown if the recombinant haplotypes (Sagastume
et al., 2011; Roudel et al., 2013; van der Zee et al.,
2014; Gémez-Moracho et al., 2014; 2015a; 2015b) are

generated during meiosis or during mitosis, as the out-
comes of these processes are difficult to distinguish
(Weedall and Hall, 2015). At any rate, the weak, yet sig-
nificant genetic exchange detected in N. ceranae
(Gémez-Moracho et al., 2015b) has important evolution-
ary implications, not only because it allows deleterious
mutations to be eliminated more efficiently but also
because recombination provides a better capacity to
adapt to new environments or hosts than a clonal mode
of reproduction (Barton, 2010).

How are N. ceranae populations structured?

Recent analyses suggest that, despite sharing alleles,
there is moderate but significant differentiation among
the N. ceranae haplotypes found in different Apis spe-
cies (Chaimanee et al., 2011; Goémez-Moracho et al.,
2015a). In N. ceranae populations from A. mellifera
most of the variation occurs within honey bee colonies,
which show no genetic differentiation and shared alleles
regardless of their geographic origins (Roudel et al,
2013; Gomez-Moracho et al., 2014; 2015a; van der Zee
et al., 2014; Pelin et al., 2015). In line with these obser-
vations, the analysis of the genomes of eight N. ceranae
isolates from distant locations revealed that more than
98% of the polymorphism detected was shared among
at least two of the isolates studied (Pelin et al., 2015),
confirming that population structuring in A. mellifera, if
any, is still at an extremely initial stage.

In contrast, when it comes to N. apis, a considerable
fraction of the genetic variance (between 20% and 34%)
corresponds to differences between isolates obtained
from distinct A. mellifera lineages (Maside et al., 2015).
Indeed, isolates collected from honey bees of lineage A
(which can be found in Africa and the Iberian Peninsula)
exhibit different haplotypes from those obtained from lin-
eages C or M (which involve A. mellifera subspecies dis-
tributed across South Eastern Europe or Western and
Northern Europe respectively); the existence of this pop-
ulation structure suggest a far older relationship between
A. mellifera and N. apis than that between the former
and N. ceranae.

What are the major effects of N. ceranae on
honey bees?

Since the first report of N. ceranae infection in A. melli-
fera, there has been some controversy about the conse-
quences of such infection. However, in recent years
most studies have confirmed that N. ceranae has a
pathogenic effect in this host, expressed at least in a
shortening of the workers’ lifespan in controlled (cage)
experiment (e.g., Mayack and Naug, 2009; Alaux et al.,
2010; Martin-Hernandez et al., 2011; Dussaubat et al.,
2012; Goblirsch et al., 2013; Schwarz and Evans, 2013;
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Aufauvre et al., 2014; Basualdo et al., 2014; Roberts
and Hughes, 2014; 2015; Williams et al., 2014; Doublet
et al., 2015aHuang et al., 2015); only few papers failing
to report this effect (Milbrath et al., 2013; Retschnig
et al., 2014; Garrido et al., 2016).

The effect of N. ceranae infection on honey
bees’ fitness

The lesions caused by the infection in the bee ventriculi
were described in depth some years ago (Higes et al.,
2007; Garcia-Palencia et al., 2010). Here we focus on
the studies that enlightened many of the effects that this
microsporidia has on the physiology of A. mellifera.

Changes in metabolism. The effect of N. ceranae infec-
tion on the host’s gene expression has recently been
thoroughly addressed, confirming the effect of this
microsporidia in the infected host (Szumowski and Troe-
mel, 2015). Since N. ceranae invades the ventriculus
(midgut) of honey bees, most studies have focused on
this organ. Honey bees consume nectar and pollen as
sources of carbon and nitrogen respectively, and both
require extensive processing in the gut (Kunieda et al.,
2006) by enzymes that metabolize carbohydrates and
lipids to breakdown the food and to release stored
energy and to synthesize the organism’s primary energy
stores (reviewed by Klowden, 2002). Modifications to
carbohydrate metabolism have frequently been reported
in N. ceranae infected bees suggesting a manipulative
activity of the pathogen to ensure the availability of
nutrients for its own benefit. In terms of gene expres-
sion, this manipulation is apparently reflected in the up-
regulation of the «-glucosidase gene and of three genes
involved in trehalose transport (the major carbohydrate
energy storage molecule in insects; Dussaubat et al.,
2012) observed, as well as the down-regulation of the
trehalase and the glucose-methanol-choline oxidoreduc-
tase three encoding genes (Aufauvre et al, 2014).
These alterations to the expression of genes involved in
sugar metabolism were also confirmed in a proteomic
study where four proteins involved in energy supply
were found to be less abundant in the midgut of N. cera-
nae-infected bees (Vidau et al., 2014). Similarly, gas
chromatography—mass  spectrometry  highlighted a
decrease in the majority of carbohydrates and amino
acids implicated in various biochemical pathways, such
as fructose, L-proline, sorbitol and glycerol (Aliferis
et al.,, 2012).

The alterations of the carbohydrate metabolism reflect
the nutritional and energetic stress experienced by N.
ceranae infected honey bees (Mayack and Naug, 2010;
Aliferis et al., 2012; Vidau et al., 2014). Interestingly, this
has not been observed in Nosema tolerant honey bees
(Kurze et al, 2016). Energetic stress has been
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described in infected foragers that were hungrier than
uninfected bees (Mayack and Naug, 2009), consuming
more sugar (Alaux et al., 2010; Martin-Hernandez et al.,
2011; Vidau et al, 2011). These infected workers
appear to be unable to utilize the excess carbohydrates
consumed probably because the most of them are used
by the pathogen to complete its life-cycle. Moreover, the
energetically stressed bees have been reported to expe-
rience higher mortality during foraging (Mayack and
Naug, 2013). Hence, the mechanisms controlling the
mobilization of energy reserves appear to be disturbed
and there is poor carbohydrate homeostasis in their hae-
molymph (Aliferis et al, 2012). The stronger sugar
demand and higher consumption could be a host
response to the infection, directly related to the depen-
dence of microsporidia on host energy. However, the
intestinal lesions caused by N. ceranae proliferation may
decrease the digestive capacity of honey bees and gen-
erate signs of starvation, such as impoverishment of
hypopharyngeal protein secretions in nurse bees (Vidau
et al., 2014). It should also be noted that a higher sugar
consumption is not always observed in such studies
(Aufauvre et al, 2012; 2014), suggesting that other
unknown factors could influence this parameter. Addi-
tionally, Li and colleagues (2018) reported that bees
infected by N. ceranae show an accelerated lipid loss,
suggesting lipids may be used also as a fuel for
increased metabolic demands due to the infections.

All these modifications alter the feeding behaviour of
infected honey bees and their transition to become for-
agers (Mayack and Naug, 2009). In fact, the inhibition of
fatty acid synthesis and also the starvation can lead
bees to begin foraging earlier in life (Schulz et al., 1998;
Toth, 2005), and energy stressed bees in a colony first
altering their activity and then their foraging rate
(Mayack and Naug, 2013). Among N. ceranae infected
bees, the weaker capacity to fly, probably due to the
lower trehalose levels, should also be taken into account
(Mayack and Naug, 2010). However, it may be that
these behavioural alterations are related to the infection
itself, since the altered regulation of highly conserved
neurohormonal pathways (such as the octopamine path-
way) on N. ceranae infection was caused by the patho-
genesis itself and not indirectly by energetic stress
(Mayack et al., 2015).

Changes in other vital functions. Other important meta-
bolic pathways for honey bee physiology are also altered
by N. ceranae infection. For example, oxidative stress
has been reported due to the over-expression of genes
related to the generation of antioxidant enzymes and
increased glutathione-S-transferase activity (Vidau et al.,
2011; Dussaubat et al., 2012), although the appearance
of this detoxifying enzyme could be influenced by diet
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(Di Pasquale et al, 2013). This oxidative response to
infection (observed by both transcriptomic and proteomic
approaches), and the higher energetic demand, strongly
suggests that a negative impact on infected honey bee
development may cause a reduction in lifespan (Vidau
et al., 2014). Additionally, the stress response observed
in N. ceranae infected bees appears to be derived from
the modification of transcriptional profiles in the brain
and from changes in the cuticular hydrocarbon profiles
(McDonnell et al., 2013; Aufauvre et al., 2014) that are
similar to those produced by the mite Varroa destructor
(McDonnell et al., 2013). The enhanced impact of the
infection over time, also seen in response to insecticides
(see below), suggests a growing disturbance of the
honey bee transcriptome that might reflect the failure of
recovery from stress and could explain the higher mor-
tality rates observed (Aufauvre et al., 2014).

Conversely, N. ceranae infection was reported to pre-
vent the apoptosis of epithelial cells in the bees’ ventric-
uli (Higes et al., 2013; Martin-Hernandez et al., 2017) to
avoid the host innate response to the infection. A capac-
ity to inhibit genes involved in cell signalling and in the
self-renewal of intestinal cells (Dussaubat et al., 2012;
Huang et al, 2016) and an up-regulation of genes
belonging to the IAP family (inhibitors of apoptosis
genes; Martin-Hernandez et al., 2017) has also been
reported. As microsporidia can modulate such pro-
cesses in cell cultures (Del Aguila et al., 2006), this may
be a mechanism used by the parasite to favour its devel-
opment. Indeed, there are differences in the transcrip-
tion of an anti-apoptotic gene (inhibitor of apoptosis
protein-2) between Nosema-tolerant and Nosema-sensi-
tive bees (Kurze et al., 2015).

Effects on bee immune response. Microsporidia have
been seen to modify the host's immune response. For
example, Nosema bombycis induces transcriptional
changes in 34 out of 70 Bombyx mori immune genes,
even inducing the down regulation of the serine protease
cascade in the melanization pathway, and up-regulating
lysozyme and lectins (reviewed in Szumoski and Troe-
mel, 2015). This effect is especially noteworthy given
that several studies have addressed how infection by N.
ceranae might affect immunity at the social (colony) and
individual (bee) level. However, while all of these studies
reported effects on immunity at the individual level, other
controversial results have also been described. In this
regard, one of the first studies on A. mellifera infected
with N. ceranae showed a down-regulation of some
immune-related genes like abaecin, hymenoptaecin, glu-
cose dehydrogenase (GLD) and vitellogenin (Vg), sug-
gesting that N. ceranae infection suppresses immune
defence mechanisms in honey bees (Antlunez et al.,
2009). Later studies also detected host

immunosuppression, reporting a down-regulation of
defensin, abaecin, apidecin (Chaimanee et al, 2012),
hymenoptaecin (Chaimanee et al., 2012; Aufauvre et al.,
2014), serine protease 40, catalase (Aufauvre et al.,
2014), basket (GB16401) and u-shaped (GB16457)
genes (involved in Drosophila immune responses; Dus-
saubat et al, 2012). However, these changes were
associated with the over-expression of other immune
related genes, such as ROS (reactive oxygen species)
and glutathione peroxidase like 2. Another study also
reported a down-regulation of antimicrobial peptides
(Badaoui et al., 2017), suppression of Toll and Imd path-
ways and of the expression of Pattern Recognition
Receptors-related genes, this last was persistent and
intensified in time (Li et al., 2018). By contrast, Schwarz
and Evans (2013) reported a complex immune response
mounted by bees against N. ceranae infection, which is
also dynamic over time. In this work, ingestion of
N. ceranae spores was seen to rapidly enhance Toll and
Imd signalling, and to increase the expression of the cel-
lular recognition molecule Dscam and AMP Defensin 2.
Moreover, infection caused a diverse and extended
effector immune response via abaecin, apidaecin, hyme-
noptaecin, defensin 1 and 2, mainly observed 7 days
post-infection. These same genes and some other
related to microbial recognition proteins as peptidogly-
can recognition proteins and Gram-negative binding pro-
teins were also upregulated in a field assay, both in
nurse and foragers infected, mainly these latter (Li et al.,
2017).

However, in a different study neither haemocyte num-
ber nor phenoloxidase (PO)-activity were apparently
affected by infection (Alaux et al., 2010), although the
longevity of Nosema infected bees was linked to the lat-
ter (Di Pasquale et al., 2013). Intermediate results were
reported when the immune response was compared
between ‘Nosema-resistant selected’ and ‘unselected’
drones, with stronger gene expression in the infected
group than in the uninfected controls from day one to
five post infection, although the expression of genes
from the innate immune system was weaker in the unse-
lected strain (Huang et al, 2012). Many factors can
influence immune responses, such as the different
doses of infection (which vary considerably between
studies), the duration of the assays, the tissues in which
gene expression was studied (whole bees, abdomen,
ventriculi, etc.), or the age of the bees at infection and
during the study. In this regard, it is known that the hae-
mocyte number is dramatically lower in early adult life in
all the bee castes, and that the dynamics of PO activity
is sex and caste specific (Schmid et al., 2008). In fact,
the immune response of N. ceranae infected queens
changes as they age, with the expression of apidaecin,
eater and vitellogenin varying in queens inoculated at
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different ages (Chaimanee et al., 2014). Also, the quality
and diversity of the pollen supplementing bees’ food
influences their immunity, as observed through the gen-
eral activity of Glutathione-S transferase, alkaline phos-
phatase and PO (Di Pasquale et al., 2013). However,
litle is known about the protective role of immune
related peptides after microsporidia infection. Indeed,
only the increased expression of aubergine has been
linked to resistance (or protection) in Nosema resistant
honey bees (Huang et al., 2014a,b).

In terms of other molecules related to the honey bees’
immune response, as well as to other physiological func-
tions, some alterations to Vg and Juvenile Hormone
(JH) have been also described in N. ceranae infected
bees. Vg fulfils several functions in workers, such as
participating in the synthesis of royal jelly (Amdam et al.,
2003), promoting immunity, stress resilience and longev-
ity (Amdam et al.,, 2004), and it also proposed to regu-
lates behavioural development along with JH (Robinson
and Vargo, 1997; Nelson et al, 2007). Adult workers
that were infected as larvae with N. ceranae spores
showed significantly higher Vg titers and lower total hae-
molymph protein titers than uninfected controls (BenVau
and Nieh, 2017). Furthermore, these honey bees
infected at the larval stage also had some modification
in their sting, which developed a more queen-like sting
morphology (BenVau and Nieh, 2017). Moreover, the
expression of Vg has been found to be higher in bees
collected from colonies with low levels of N. ceranae
infection than in bees from colonies with high levels and
it has been suggested to be associated with colony
resistance to N. ceranae (Antlnez et al., 2013).

In addition to modifying the expression of the Vg
gene, N. ceranae infection can also disrupt the physio-
logical regulation of the age-specific behaviour of
infected workers by increasing the level of JH (lll) in the
haemolymph of infected bees (Ares et al., 2012), as JH
is a promotor of foraging. Indeed, the atypical transcrip-
tion of Vg and JH is the inverse of what would be
expected for healthy, uninfected bees (Goblirsch et al.,
2013). Similarly, infection of B. mori by N. bombycis pro-
vokes the differential expression of many genes involved
in the synthesis and metabolism of JH, which probably
leads to the described increase in JH (Ma et al., 2013).
This alteration in the Vg/JH equilibrium has been pro-
posed to be responsible for the effects on early foraging
and the shortened lifespan of N. ceranae infected
worker bees (Goblirsch et al., 2013). Also, N. ceranae
alters the metabolism of bees increasing EO (ethyl ole-
ate) levels (Dussaubat et al., 2010), a primer pheromone
which regulates worker behavioural maturation (i.e.,
inhibits the transition from inside-nest tasks performed
by nurse bees) to foraging tasks performed by old bees

Nosema ceranae in Apis mellifera 1311

(Leoncini et al., 2004). All these effects fit with the fact
that infested bees forage earlier.

Altogether, these alterations reflect the effect of this
Microsporidia on immunity at the individual bee and col-
ony level, such that colonies may become more suscep-
tible to other infectious diseases or the effects of
pesticides (see below).

Factors related with N. ceranae infection

Honey bees live in an environment where they might be
exposed to different factors, such as pathogens and
pesticides, which may interact with one another.

Interactions between N. ceranae and other pathogens of
honey bees. The pathogen status of a colony is
seasonal-dependent and gaining insights on the interac-
tions between pathogens in the field can become com-
plex. In this regard, several experimental approaches
that aimed to study the interaction between Nosema
and other viruses or parasites contributed to the
analysis.

One of the more prevalent viruses of honey bees
worldwide is the Deformed wing virus (DWV), named
after the main sign of infection observed in adults. Costa
and colleagues (2011) reported that varroa-free emerg-
ing adults from a DWV-positive colony fed with N. cera-
nae spores showed significantly lower DWV loads in
their midgut than their Nosema-free counterparts. This
difference did not held for other tissues, suggesting that
DWV and N. ceranae may compete for host cells or spe-
cific cell functions in the honey bee midgut. However, in
a later field study in Hawaii, no correlation between
DWYV loads and N. ceranae spore counts were observed
(Martin et al., 2013). A recent survey suggested that the
DWV load may negatively impact establishment of
Nosema spp., as Nosema-free honey bees had signifi-
cantly higher DWV loads than Nosema-infected honey
bees (Traynor et al., 2016). The order of infection seems
to be important; prior N. ceranae infection inhibited sub-
sequent DWV infection but this was not reciprocal, sug-
gesting asymmetry in the competitive interaction
between these pathogens (Doublet ef al., 2015b). In
another experiment, N. ceranae fed to emerging bees
from a DWV-infected colony appeared to accelerate
DWV replication at early stages of viral infection in a
dose-dependent manner, but not once DWV titers
reached a plateau (Zheng et al., 2015). However, the
discrepancies among these studies could be attributed
to differences in the methodologies applied to determine
the viral load, such as the analysis of a specific tissue or
the whole bee. Finally, the food could also influence the
infection since pollen supply was able to increase the N.
ceranae impact on DWYV replication (Zheng et al., 2015)
and a negative correlation between N. ceranae spore

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



1312 R. Martin-Hernandez et al.

loads and DWV-B (formerly Varroa destructor virus-1)
titers was stronger in protein-fed bees than in sugar fed
bees, showing that nutrition seems to play an important
role also on virus infections in insects (Tritschler et al.,
2017).

The relationship between N. ceranae infection and V.
destructor, an important vector of DWYV, is also unclear.
Indeed, although one study found a positive correlation
between Nosema and varroa in commercial apiaries pre-
treated against both (Little et al., 2016), others did not
observe any correlation between these two pathogens
but signalled an emerging genotype B of DWV as linked
to overwinter worker losses (Natsopoulou et al., 2017).
In this respect, the infection by N. ceranae has been
related to a reduced efficacy of varroa treatments
(Botias et al., 2012b).

Regarding other viruses, in a 6 year survey Traynor
and colleagues (2016) observed a strong positive corre-
lation between Lake Sinai virus-2 (LSV-2) and Nosema
spp. with intensity peaks opposite to varroa-peak infesta-
tion and its associated viruses DWV and ABPV (Acute
bee paralysis virus). They proposed different hypotheses
to explain this positive correlation, including (i) different
seasonal life histories of parasites and pathogens, (i) a
double-repression relationship between ABPV/DWV/var-
roa, which would compete for host resources, with DWV
and ABPV outcompeting LSV-2 and (iii) a direct link
between LSV-2 and Nosema that inhibit the replication
of DWV and ABPV. Another study did not found signifi-
cant association between N. ceranae and the DNA virus,
the Apis mellifera fillamentous virus, AmFV (Hartmann
et al., 2015).

The Black queen cell virus (BQCV), another very fre-
quent virus infecting bees, induced elevated mortality of
adults when fed simultaneously with N. ceranae, but this
effect was not reflected in a significant increase in the
load of one pathogen over the other in the bee midgut
(Doublet et al., 2015a). However, the detection of patho-
gen loads was performed 13 days post infection while
significant differences in bee mortality started earlier at
9 days post infection.

Experimental simultaneous co-infections of winter
honey bee workers with Chronic bee paralysis virus
(CBPV) and N. ceranae showed differences in CBPV
replication but not in honey bee mortality, depending on
the inoculation method of the virus, per oz or per cuti-
cula (Toplak et al.,, 2013). Thus, when adult bees were
simultaneously inoculated with CBPV and N. ceranae
per oz, 50% of the bees had Ct (Cycle threshold) values
of CBPV lower than the initial virus inoculum, which con-
trasted with 71.7% of the bees with lower Ct values than
the initial virus inoculum obtained when they were
infected with CBPV-only per oz. Infection with N. cera-
nae per oz and CBPV per cuticula resulted in 71.2% of

the bees with Ct values lower than the original virus
inoculum, while infection of CBPV alone per cuticula
resulted in 12% of the bees with Ct values lower than
the inoculum. These results suggest a synergistic effect
of N. ceranae on CBPV replication when the virus is
inoculated per cuticula and an antagonistic effect when
it is per oz. The percentage of N. ceranae spores in per
oz- and per cuticula CBPV-infected dead bees were
71.1% and 58. 2% respectively, compared to 54.3% in
N. ceranae-only infected bees (Toplak et al., 2013).

Regarding to other gut pathogens, in the past few
years, special attention has been paid to co-infection of
N. ceranae with N. apis. While there is no evidence of
host competitive advantage for N. ceranae (Forsgren
and Fries, 2010), infection intensity and honey bee mor-
tality appear to be significantly greater for N. ceranae
than for N. apis or for their mixed infections (Williams
et al., 2014). Indeed, while the mortality caused by N.
ceranae was similar to that of N. apis, reduced spore
intensity was observed. Moreover, the host competition
was evident between the two microsporidia and the
order of infection had an important influence (Natsopou-
lou et al., 2015). The first parasite to infect significantly
inhibited the growth of the second, although N. ceranae
provoked stronger inhibition. It was recently reported
that mixed infection by Nosema species negatively
affected honey bee survival more than a single species
infection; yet no competitive advantage for N. ceranae
was observed even when both species coinfected the
host simultaneously (Milbrath et al., 2015). There is also
some controversy to whether N. ceranae is more patho-
genic than N. apis, as this seems to vary greatly among
different studies (Huang et al., 2015). Nevertheless, the
damage to colonies is more closely related to the preva-
lence under natural conditions than the pathogen’s spe-
cific effects, which has been shown to be influenced by
multiple factors.

Finally, co-infection of N. ceranae with the trypanoso-
matid Crithidia mellificae was found to alter the reper-
toire of systemic antimicrobial peptides as well as
dampening the cellular immune response of honey bees
(Schwarz and Evans, 2013).

On one hand, the emerging picture from laboratory
studies is that the temporal sequence of infection, route
of infection, dose of the pathogen and the impact of the
infecting agent on host immunity (and metabolic resour-
ces of the host) are important factors determining the
outcome of the co-infection, since N. ceranae appears
to have an important effect on the ability of a virus to
infect the bee’s midgut cells. On the other hand, each of
these pathogens, the microsporidia and the virus, can
weaken the bee’s immune defences facilitating the repli-
cation of the co-infecting partner. Consequently, these
complex interactions between N. ceranae and other
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pathogens will require further study to be fully
understood.

Interactions between N. ceranae and pesticides. Interac-
tions between pesticides and N. ceranae can be
expected, as both have the potential to disturb similar
metabolic functions related to immunity, energetic
resources and antioxidant responses (Di Prisco et al.,
2013). Several studies indicate that a detrimental inter-
action occurs when honey bees are exposed to both
pesticides and N. ceranae (Pettis et al., 2013). A syner-
gistic effect between N. ceranae and neonicotinoids, first
observed under laboratory conditions, causes a signifi-
cantly higher bee mortality along with a reduction in glu-
cose oxidase activity, which is involved in social
immunity through the sterilization of the colony and
brood food (Alaux et al., 2010). This synergism between
neonicotinoids and N. ceranae in adult bees has been
confirmed by others (Vidau et al.,, 2011; Aufauvre et al.,
2012; Doublet et al., 2014) and was also observed in
field studies demonstrating an indirect effect of imidaclo-
prid on N. ceranae growth, even when honey bees were
exposed to levels below those considered harmful (Pet-
tis et al, 2012). In contrast with those observations,
Gregorc and colleagues (2016) did not detect an effect
of a neonicotinoid on N. ceranae growth in laboratory
conditions but a minor synergistic toxic effect on the
honey bee midgut tissue compared to that of both stres-
sors separately. Similar synergism was reported
between N. ceranae and fipronil (Vidau et al., 2011;
Aufauvre et al., 2012), yet such interaction was later
questioned, despite the observation that N. ceranae-
insecticide combinations significantly enhanced honey
bee mortality (Aufauvre et al, 2014). Particularly, in
new-born queens exposed to both N. ceranae spores
and a neonicotinoid under laboratory conditions, and
introduced later in small mating hives in the field, co-
exposure had similar effects to individual exposure to
each stressor, rapidly compromising queens’ survival
and physiology (Dussaubat et al., 2016). When using
proboscis extension response (PER) only slightly impair-
ment of learning in honey bees infected with N. ceranae
and no interaction with a neonicotinoid pesticide was
observed (Piiroine and Goulson, 2016). Regarding other
pesticides, Pettis and colleagues (2013) reported that
bees consuming pollen contaminated with fungicides (as
chlorothalonil or pyraclostrobin) and acaricides (as 2,4
Dimethylphenyl formamide, an amitraz metabolite, bifen-
thrin or fluvalinate) have a large increased risk of N.
ceranae infection. Conversely, Garrido and colleagues
(2016) found no interactive effects between sublethal
doses of tau-fluvalinate or coumaphos and N. ceranae
on nurse bee mortality and adults, and N. ceranae
development was not affected by the acaricides.
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More research is needed to understand in which envi-
ronmental context honey bees are more susceptible to
both stressors and which interaction effects can become
visible and compromise colony survival.

Other interacting factors. Many other factors could influ-
ence the development and the course of N. ceranae
infection. The age of an individual when exposed to a
parasite can have a significant effect on its survival,
immune-competence and the intensity of infection (Rob-
erts and Hughes, 2014). Foragers have previously been
reported to be the most intensely infected individuals in
a colony (Higes et al., 2008a; Meana et al., 2010; Smart
and Sheppard, 2012; Li et al, 2017). However, older
worker bees appear to survive better than younger indi-
viduals when challenged with N. ceranae, although older
bees develop more intense infections and have lower
levels of prophenoloxidase, a marker of immunity
response, which is negatively correlated with the inten-
sity of infection. This facet has important epidemiological
consequences since more strongly infected bees survive
longer, facilitating pathogen transmission (Roberts and
Hughes, 2014). Similarly, the queen becomes less sus-
ceptible to N. ceranae infection as she ages, such that
the time spent in the mating nuclei is also epidemiologi-
cally important (Chaimanee et al., 2014). In fact, until
recently only adult bees were thought to be susceptible
to N. ceranae infection, yet larvae and pupae have been
shown to develop infection, and this infection confirmed
histologically in tissues as early as prepupal stages
diminished adult longevity (Eiri et al., 2015).

All A. mellifera castes (workers, queen and drones)
are susceptible to N. ceranae infection (Higes et al.,
2008a), although drones appear to suffer higher mortal-
ity than workers and surviving bees have a lower body
mass, suggesting sex-specific differences in honey bee
susceptibility to N. ceranae (Retschnig et al., 2014). In
fact, drones have been regarded as intracolonial ‘super-
spreaders’, whereby transmission is enhanced when
drones rather than workers are the infected individuals.
Moreover, the survival of susceptible individuals (work-
ers) maintained with infected drones was generally sub-
stantially worse than when they were kept with infected
workers (Roberts and Hughes, 2015).

Another factor that must be considered is the dose of
infection. It is known that virulence, in the sense of
increased mortality rates in infected individuals,
increases with the dose of inoculum (Ebert, 1999). Usu-
ally, the more parasites infect an individual, the stronger
the effects on host fecundity and survival (Anderson and
May, 1978; Keymer, 1982; Ebert et al, 2000). Higher
doses of viral, bacterial and fungal pathogens increase
mortality rates and reduce the survival time of infected
insects (e.g., van Beek et al., 1988; 2000; Hochberg,
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1991; Arthurs and Thomas, 2001; Brunner et al., 2005).
Some of these dosage effects are purely statistical,
such that at higher doses the probability of a successful
and potentially lethal infection increases, yet this is also
the case in terms of the internal dynamics of infection.
Consequently, the strong variability in longevity reported
in distinct laboratory studies could be influenced by this
parameter, as it also varies greatly in these studies.

Diet may also affect tolerance to N. ceranae, since
nutritional quality and the diversity of pollen nutrition can
shape bee health (Porrini et al., 2011; Di Pasquale
et al., 2013; Jack et al., 2016; Tritschler et al., 2017).
Indeed, pollen nutrition improves the survival of healthy
and N. ceranae infected bees, and pollen quality
(reflected in protein content and antioxidant activity)
strongly influences the effects of infection on bees (Di
Pasquale et al, 2013). The source of dietary protein
also seems to be important. Infected or uninfected bees
fed with a non-natural protein diet as a pollen substitute
had lower protein titres in the haemolymph than those
fed with bee-bread, and their survival was also worse
(Basualdo et al., 2014). Also, the mortality of bees
infected with N. ceranae and fed in the laboratory with
only sucrose syrup, supplemented or not with aminoa-
cids and vitamins, was higher than when the bees were
fed with pollen (Porrini et al., 2011).

Does host variation influence virulence?

The host range of N. ceranae is increasingly larger
denoting a low specificity and a potentially high capacity
of adaption to novel hosts. Despite the high number of
host taxa, N. ceranae has been restricted to the Apidae.
However, this situation changed recently with detection
of N. ceranae in the Vespidae wasp Polybia scutellaris,
suggesting that the pathogen is even capable of travers-
ing the family barrier (Porrini et al., 2017).

Since first discovery in A. cerana (Fries et al., 1996),
N. ceranae was subsequently found in other Asian bee
species, including A. florea, A. dorsata (Chaimanee
et al., 2010) and A. koschevnikovi (Botias et al., 2012a).
Following the out of Asia host shift (Higes et al., 2006;
Huang et al., 2007), N. ceranae has spread worldwide
and jumped across numerous social and solitary bee
species and genera within the Apidae, including
Bombus, Osmia, Andrena, Melipona, Tetragonisca and
Scaptotrigona (Table 1). The notable host range and
corresponding global distribution, represent a wide vari-
ety of climates, from Mediterranean in Spain (Higes
et al, 2006), temperate in Canada (Wililams et al.,
2008), tropical in Mexico (Guerrero-Molina et al., 2016),
to hot arid in Saudi Arabia (Ansari et al., 2017).

Despite the long list of host taxa that have been
shown positive to N. ceranae (Table 1), experimental

infections have been limited to A. cerana (Suwannapong
et al., 2011), A. florea (Suwannapong et al, 2010),
Bombus spp. (Graystock et al, 2013) and, to a great
extent, to A. mellifera (Higes et al., 2007; Paxton et al.,
2007; Mayack and Naug, 2009; Forsgren and Fries
2010; Chaimanee et al., 2013; Williams et al., 2014;
Huang et al., 2015; Milbrath et al., 2015; Natsopoulou
et al., 2015), with higher virulence displayed by the two
latter species. Whether N. ceranae is virulent to all Api-
dae and whether it is equally virulent to every A. melli-
fera subspecies is unclear. What is clear is that the
current N. ceranae geographical range covers a large
portion of the A. mellifera diversity with possibly 14 sub-
species of the four major evolutionary lineages (C, M, A
and the Middle Eastern O; Ruttner, 1988), as putative
hosts. It must be noted, however, that most artificial
infection studies and population surveys did not identify,
or even mentioned, the subspecies or lineage (only
three studies provided morphometric or molecular identi-
fication; Table 1), and there is a possibility that commer-
cial stock of C-lineage ancestry (either A. mellifera
carnica, A. mellifera ligustica and even buckfast) was
the main strain under analysis in many regions.

Infection experiments in A. mellifera have produced
inconsistent results on N. ceranae virulence, with mortal-
ity rates of caged bees ranging from 10% in France
(Vidau et al., 2011) to as high as 100% in Spain (Higes
et al.,, 2007) 8-10 days post-infection. Several hypothe-
ses (discussed herein) have been evoked to account for
the differences across infection experiments and world-
wide N. ceranae surveys, among which is the genetic
variability of the host (Paxton et al., 2007; Martin-
Hernandez et al., 2011; Dussaubat et al., 2013a; Bran-
chiccela et al., 2017). Predicting from studies focusing
on a wide range of host-pathogen systems, which have
shown that disease virulence varies with host genotype
(de Roode et al., 2004, and references therein), it is
possible that different subspecies vary in their ability to
counter infection. Yet, to our knowledge, there is only
one cage artificial infection experiment that compared
the susceptibility to N. ceranae of molecularly identified
honey bees of unspecified subspecies but belonging to
lineages C and O (Fontbonne et al., 2013). This study
suggests that genetic variation among individual bees or
colonies within lineage, and not between lineages, is a
better predictor of host response to N. ceranae. In fact,
inter-colony variation in susceptibility to nosemosis has
long been recognized and used in Denmark in a breed-
ing programme that selected for low infection rates
(Traynor and Traynor, 2008).

In contrast with the cage study of Fontbonne and col-
leagues (2013), field experiments of natural infection
found differential levels of N. ceranae between molecu-
larly identified Russian (M-lineage) and Italian bees (C-
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lineage) in the USA (Bourgeois et al, 2012), and
between Africanized (A-lineage) and Italian bees in Uru-
guay (Mendoza et al., 2014), with Italian bees seemingly
more susceptible in both cases. Furthermore, the results
of Bourgeois and colleagues (2012) provide the first evi-
dence for genetic variation in resistance to N. ceranae in
the Russian stock.

However, not all studies offer support for bee strain
contributing to differential virulence. In another field
experiment in the USA, queen genetic origin did not
seem to influence N. ceranae infection levels (Villa
et al., 2013). However, the authors did not identify the
colonies and, inferring from queen origin (commercial
colonies from Northern USA, Canada and Australia),
they were most likely of C-lineage ancestry. A similar
finding was reported for Spain in a N. ceranae survey of
colonies identified for mitochondrial DNA (Jara et al.,
2012). In this study, variation in pathogen prevalence
was not linked to A and M-lineage mitotypes.

While it remains to be demonstrated that variation
among A. mellifera subspecies influences virulence of
N. ceranae, it has been repeatedly shown that increased
genetic diversity within a colony improves its resistance
to a diverse array of diseases (Palmer and Oldroyd,
2003; Tarpy, 2003; Tarpy and Seeley, 2006; Seeley and
Tarpy, 2007; Desai and Currie, 2015), supporting one of
the hypothesis related with the evolution of polyandry
(Hamilton, 1987). This hypothesis was recently tested in
honey bee colonies headed by queens artificially insemi-
nated with one or 12 drones and proved true for N. cera-
nae, with significantly higher prevalence levels detected
in genetically similar colonies as compared to genetically
diverse colonies (Desai and Currie, 2015). Interestingly,
no significant differences between the two types of colo-
nies were found for N. apis (Desai and Currie, 2015),
which agrees with a previous study from Woyciechoski
and Krol (2001). In conclusion, while all these studies
represent first (but not comparable) attempts to address
the role of honey bee variability in N. ceranae virulence,
carefully designed cage and field infection assays with
genetically characterized host and pathogen are
required for a better understanding of their interaction.

Can N. ceranae kill a colony?

Accurate data on nosemosis type C as a main cause of
colony mortality is difficult to find in the literature, princi-
pally because of the absence of clear clinical signs
(Higes et al., 2010c). However, there are some reports
where nosemosis (without specifying the species) is
associated with colony losses. A survey carried out in
2014-2015 in the USA, reported that 5% of the bee-
keepers attributed to Nosema disease a 53.9% of colony
mortality (Cl 95%: 50.0-57.8) (Seitz et al, 2016).
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Another survey in Europe, developed in 2012-2013
showed 21.77% (Cl 95%: 14.14-31.14) winter mortaligy
in colonies suffering nosemosis (based on clinical signs
for N. apis) versus a 12.64% (Cl 95%: 6.84—20.78) in
colonies without the infection, although significant
regional differences in colony losses were observed
(Chauzat et al., 2016).

The first evidence of a relationship between N. cera-
nae infection and colony loss was recorded in Spain
(Higes et al., 2006; 2008a; 2009a; Botias et al., 2013;
Cepero et al., 2014; Meana et al. 2017). Subsequently,
a similar link between this pathogen and honey bee col-
ony weakness/loss was proposed in other countries with
comparable climatic conditions such as Greece (Hatjina
et al., 2011), Israel (Soroker et al., 2011), South-East,
North and Western-coast of USA, (Villa et al., 2013;
Bekele et al., 2015), Central Chile (Bravo et al., 2014),
Italy (Lodesani et al., 2014; Cavigli et al., 2016) and Jor-
dan (Adjlane and Haddad, 2016). On the contrary, it
seems that colder climates like Germany, Balkan coun-
tries, Switzerland and Northern Greece do not fulfill the
specific conditions (climatic and/or beekeeping practi-
ces) for N. ceranae to compromise colony survival
(Gisder et al., 2010; Hedtke et al., 2011; Stevanovic
et al., 2011; 2013; Dainat et al., 2012; Francis et al.,
2014). This may well reflect the ability of N. ceranae
spores to better resist to high temperatures and desicca-
tion than to low temperatures (Fenoy et al., 2009;
Séanchez Collado et al.,, 2014) and its ability to complete
the life cycle more efficiently at high temperatures (Mar-
tin-Hernandez et al., 2009; Higes et al., 2010b). Thus, in
warmer areas the infection by N. ceranae might cause a
chronic stress on honey bee colonies will be more
intense, ultimately favouring colony death (Higes et al.,
2008a,b; Maiolino et al., 2014) as predicted by recent
models (Betti et al., 2014; Perry et al., 2015, see below).

Is disruption of age polyethism by N. ceranae linked to
colony mortality?

Considering the studies carried out under field condi-
tions, most researchers agree that N. ceranae produces
alterations in temporal polyethism. Studies over long
periods demonstrated that N. ceranae can trigger pre-
mature foraging activity and shorten the lifespan of
infected worker bees (Dussaubat et al, 2013b; Gob-
lirsch et al., 2013). Indeed, N. ceranae infection appears
to accelerate honey bee behavioural development
(Higes et al.,, 2008a) and it disrupts the basic underpin-
nings of temporal polyethism as workers may become
less flexible in their response to colony demands, lead-
ing to colony decline. It has also been shown that
infected bees take longer foraging trips and that they
spend less time in the hive between successive trips,
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bringing back less sugar from each trip (Naug, 2014;
Alaux et al., 2014). The changes in foraging activity
(Goblirsch et al., 2013) have a strong adverse effect on
the efficiency of the colony’s energetic gain, which has
important implications for the individual and colony life-
span, producing a substantial demographic effect on the
colony that can lead to a strong decline in population
size and ultimately, to colony death. In the same way,
Bordier and colleagues (2013), using three hives
equipped with optical bee counters, recorded the drifting
behaviour of bees parasitized by N. ceranae over their
lifetime and also their survival. The authors showed that
the survival of N. ceranae-infected bees was signifi-
cantly lower than that of control bees, and the survival
rate of infected bees decreased faster than the control,
especially after 15 days. Also, similarly to Forfert and
colleagues (2015), the authors found that N. ceranae
parasitism did not modify the probability of drifting but
Nosema-infected drifters performed more but shorter
drifts compared to ‘healthy’ drifters.

As mentioned, N. ceranae alters the metabolism of
bees increasing EO levels (Dussaubat et al., 2010).
Consequently, infected bees undertake precocious and
more intense flight activity than healthy bees; at the
same time, they exert a pheromone pressure on healthy
bees that might delay their behavioural maturation, and
colonies suffered from higher mortality rates, as
observed in a 28-day study with bees infected at birth
(Dussaubat et al., 2013b). In a 35-day study, N. ceranae
altered the flight behaviour of infected bees (inducing
early foraging activity and longer foraging trips), and a
change in EO levels that also resulted in modifications
in the colony homeostasis, and a reduction in the sur-
vival of N. ceranae-infected bees (Alaux et al., 2014).
Also, an accelerated lipid loss in N. ceranae-infected
worker bees has been proposed to cause a cascading
effect on downstream physiology that may lead to preco-
cious foraging, which is a major factor driving colony col-
lapse (Li et al., 2018).

Conversely, short-term studies starting with young
honey bees tend to show no effects on behaviour or
mortality at the individual or colony level in field condi-
tions. For example, a field study showed no effect of N.
ceranae on in-hive activity and mortality of worker bees
during a 13-14 day observation period (Retschnig et al.,
2015). Another study using 10 and 17 day-old bees (7
and 14 days post infection) observed no effect on learn-
ing and memory tests using PER (Charbonneau et al,,
2016) or only slightly impaired learning in 16 day-old
infected honey bees (8-9 days post infection; Piiroinen
and Goulson, 2016).

The altered foraging activity described by most of the
works may be due to overexpression of the neuropep-
tide gene encoding a pheromone synthesized in the

brain of the N. ceranae-infected bees (McDonnell et al.,
2013), which suggests that this microsporidia might
induce cognitive impairment in bees that affecting their
orientation capacity (Higes et al, 2008a,b; Kralj and
Fuchs, 2010). In this sense, N. ceranae was seen to
provoke homing defects when harmonic radar technol-
ogy was employed to characterize its impact on flight
and orientation in the field (Wolf et al., 2014), expressed
as worse flight performance rather than compromised
navigation. These alterations potentially compromise the
colony by reducing resource input. Conversely, in a
study performed in the UK with healthy-looking forager
bees with low natural infection levels, no effect was
observed regarding duration and distance of flights (Wolf
et al., 2016), probably due to the different environmental
context or genetic background.

Colony chemical communication, based on phero-
monal signals, is disrupted not only between workers of
infected colonies but also between workers and infected
queens. Queens infected with N. ceranae showed signif-
icantly high levels of two components of the mandibular
queen pheromone (QMP) (Alaux et al., 2011). Moreover,
workers with high spore counts had a significant
decrease to queen mandibule pheromone attraction and
increased walking and trophallaxis rates (Lecocq et al.,
2016). All these effects could cause a disruption of
chemical communication and they could compromise
the colony survival (Dussaubat et al., 2016). This would
dramatically affect colony resilience, the ability to toler-
ate the loss of somatic cells (worker bees) as long as
the germ line (reproduction) is maintained.

Can chronic N. ceranae infection break colony
resilience?

A demographic model explored the process of colony
failure (Khoury et al., 2011). The hypothesis formulated
was that colony failure occurs when the death rate of
bees in the colony becomes unsustainable and its social
dynamics breaks down, producing colony failure. As
such, any factor that elevates the death rate of foragers
will reduce the strength of social inhibition, resulting in
the precocious onset of foraging behaviour in younger
bees, as described above. The model suggests that if
the high rate of forager death is sustained, nurse bees
begin foraging precociously to restore the proportion of
foragers in the population, reducing the time each bee
contributes to colony growth and brood production. In a
second model Khoury and colleagues (2013) suggest
that both food availability and the forager bee death rate
have a very strong influence on colony growth and
development. Low forager death rates and high food
availability result in stable populations and in a conse-
quent increase in food reserves. As forager death rates
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increase, the food stores reach a finite equilibrium that
reflects the balance of food collection and consumption.
When the forager death rates exceed a critical threshold
as occurs in the presence of N. ceranae infection (Higes
et al., 2008a; Goblirsch et al., 2013), the colony fails but
residual food may remain. These findings were also
reached by applying another model (Russell et al.,
2013), whereby a colony could fail to display features of
colony collapse disorder (CCD). Interestingly, this sce-
nario has been described in several studies of natural N.
ceranae infection under field conditions (Higes et al.,
2009a; Botias et al., 2012b,; Bravo et al., 2014; Cepero
et al, 2014; Lodesani et al., 2014; Simeunovic et al.,
2014; Bekele et al., 2015).

A more complex mathematical model presents differ-
ent dynamics that are able to disrupt colony health (Betti
et al., 2014). This model aims to define a possible
mechanism linking N. ceranae infection to colony col-
lapse through an interplay between the dynamics of
infection and those of a normal colony. The model sug-
gests that the key factors in the survival or collapse of a
honey bee colony are the rate of transmission of the
infection and the disease-induced death rate. An
increase in the disease-induced death rate, which can
be thought of as an increase in the severity of the dis-
ease, may actually help the colony to overcome the dis-
ease and survive through the winter, as severely
infected bees perish reducing the infected population in
the colony. By contrast, an increase in the transmission
rate, which means that bees are being infected at an
earlier age, has a dramatic deleterious effect. Moreover,
it appears that if infection occurs within approximately
20 days of the onset of winter, the colony is more
severely affected. In another experiment, the demogra-
phy of experimental colonies was manipulated to induce
precocious foraging and radio tag tracking was used to
examine the consequences of precocious foraging on
the bees’ performance (Perry et al.,, 2015). As indicated
above, bees respond to many stressors by foraging ear-
lier in life (e.g., N. ceranae infection), yet this is not with-
out significant cost to the individual bees and to the
colony as a whole. These precocious foragers (also indi-
cated in Naug, 2014) have a greatly reduced effective
foraging life and efficiency compared to normal aged for-
agers. Such colonies stabilize their populations for a
period and brood rearing continues (as described in
Higes et al, 2008a), yet the population ultimately
declines if the stress is maintained chronically as the
colony’s capacity to buffer its effects becomes
exhausted (N. ceranae is constantly present in colonies
in warm areas). Interestingly, this model produces
results that are in agreement with the field observations
described previously (Higes et al., 2008a).
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Can the infection of N. ceranae in field conditions be
easily identified?

The clinical manifestation of N. ceranae infection has
become one of the most controversial aspects of bee-
keeping under field conditions. Years ago, Koch’s postu-
lates were followed to show how N. ceranae can cause
the death of a honey bee colony by inducing chronic
stress (Higes et al., 2010c), although it is evident that
nosemosis type C does not evolve equally around the
globe (Higes et al., 2013), making difficult to define uni-
versal clinical signs. As commonly described in veteri-
nary medicine, a clinical sign is an objective indication of
a specific event or a characteristic that can be detected
either by examination or by in vivo/in vitro analysis of
the subject. A disease in a group (apiary) often mani-
fests with a spectrum of signs that range from unappar-
ent to subsigns in farm animals. Clinical features of
nosemosis type C described in Spanish colonies include
a longer breeding period during cold months (even when
the winter break should usually occur), a higher propor-
tion of frames containing brood with respect to the num-
ber of nurse bees during the warm months, and
diminished honey production, infected colonies become
clearly weakened and depleted of adult bees, and they
collapse in a period of 1.5-2 years (Higes et al. 2010a).
These subclinical manifestations of nosemosis type C
are usually not considered as they are easily con-
founded with other causal factors. Indeed, in the
absence of classical signs such as those of nosemosis
type A (Higes et al., 2008a), the role of the nosemosis
especially caused by N. ceranae in colony loss is usually
erroneously dismissed.

A common subclinical sign of nosemosis type C is the
decline in honey production of about 50% (Bravo et al.,
2014). Similar results were obtained elsewhere (Botias
et al., 2013), with a reduction in honey production of
between 52% and 67% in N. ceranae-infected colonies.
Analogous losses in honey production have been
observed in colonies headed by three-year-old queens
with high N. ceranae load as compared to colonies with
younger queens (Simeunovic et al., 2014). Another inter-
esting side-effect of N. ceranae infection is the reduction
in the effectiveness of strip-treatment against varroa
(Botias et al., 2012), which is weakened in colonies with
high N. ceranae load. The effectiveness of varroa strip
treatment depends on bees contacting the strips and
their subsequent interaction within the colony. The
behavioural and social changes provoked by the pres-
ence of N. ceranae in colonies could interfere with and
weaken this varroa treatment. This effect should be
taken into account when assessing acaricide treatments
in field conditions, which should be considered as a sub-
clinical consequence of N. ceranae parasitism.
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Furthermore, N. ceranae infection in spring and varroa
in summer influence outbreaks of stress-related dis-
eases like chalkbrood (Hedtke et al., 2011), a fungal dis-
ease of the honey bee brood caused by Ascosphaera
apis that has a detrimental effect on the colony (Jensen
et al., 2013). Both parasites affect the adult bee popula-
tion and N. ceranae produces a disruption of the basic
foundations of temporal polyethism, as workers and col-
onies may lose their capacity to respond to the colony’s
demands (Higes et al., 2008a; Goblirsch et al., 2013).
As a result, there may be too few hive bees to ade-
quately maintain the brood temperature around 34—
35°C, thereby increasing the likelihood of chalkbrood
outbreaks.

It was suggested that co-infection by an iridovirus and
N. ceranae was linked with honey bee decline in the
USA (Bromenshenk et al., 2010), but the presence of iri-
dovirus in both CCD and healthy colonies was not lately
confirmed (Tokarz et al., 2011). A link was suggested
between the presence of C. mellificae and N. ceranae in
summer, and the negative synergy between the two was
proposed to be a predictive marker of winter mortality
(Ravoet et al., 2013), although laboratory infection with
both parasites did not differ from the group infected with
N. ceranae only (Higes et al., 2016). The combination of
certain pesticides and the effects of N. ceranae on bee
colonies have also been studied, such as the treatment
of sunflowers with the insecticide fipronil and its effect
on honey bee colony loss (Bernal et al., 2011). Neither
the pathogen nor fipronil were detected in residues of
adult bee and pollen (corbicular and stored), yet V.
destructor and N. ceranae were prevalent in the apiaries
studied. This combination of pathogens was considered
to be the determining cause of the high mortality of the
colonies in the apiaries surveyed. When exposure to dif-
ferent pesticides was studied, Nosema infection was
shown to be significantly more severe in the bees from
imidaclopride-treated hives (Pettis et al., 2012; 2013).

Colonies fed with protein supplement have more
Nosema (and BQCV) than when they were fed with pol-
len (from Brassica rapa; DeGrandi-Hoffman et al,
2015). Also, an increased probability of Nosema infec-
tion was evident in bees that consumed pollen with a
higher fungicide load, an issue that should be taken into
account in the future. In this sense, N. ceranae and pes-
ticide exposure would appear to contribute to honey bee
health decline (Wu et al., 2012). Bees reared from brood
combs containing more pesticide residues (e.g., chlor-
pyrifos, endosulfan, fluvalinate, etc.) were more often
infected with N. ceranae than those reared in brood
combs with fewer residues, and at a younger age. These
data suggest that the exposure to some pesticides dur-
ing development in the brood combs increases the

susceptibility of bees to N. ceranae infection (Pettis
et al.,, 2013).

What is the impact of beekeeping practices?

Beekeeping practices may also influence the in-field
evolution of nosemosis type C in the host, as well as the
evolution of the pathogen. Since the queen’s age has an
important role on the evolution of N. ceranae infection
and honey bee colony strength (Botias et al., 2012b),
replacement of an old queen by a younger one
decreases the proportion of Nosema-infected forager
and house bees. This practice will maintain the overall
infection rate at a level compatible with colony viability
and productivity (Simeunovic et al., 2014). Moreover,
this feature should be taken into account in field studies
of N. ceranae infection and natural or artificial queen
renewal must be reported to avoid errors in the interpre-
tation of the results.

It was also recently shown that the therapeutic doses
of oxalic acid utilized for varroa control might inhibit the
development of N. ceranae in laboratory and field condi-
tions, both at the individual and colony levels (Nanetti
et al., 2015). There is also some evidence that formic
acid fumigation may help to suppress Nosema (Under-
wood and Currie, 2009). Effectivity of thymol and resver-
atrol against Nosema were also reported (Costa et al.,
2010), although thymol and coumaphos were suspected
to increase susceptibility to infection by N. ceranae (and
C. mellificae), since both products cause a significant
reduction in Dscam transcription (Boncristiani et al.,
2012), an important element in the honey bee immune
response to these parasites (Schwarz and Evans,
2013). The fact that the use of chemicals to treat varroa
infestation is not uniform in different regions could
explain the conflicting data on the importance of N. cera-
nae on honey bee health. The action of some therapeu-
tic products on bee physiology can also affect N.
ceranae infection and disease development. The effect
of other beekeeping practices, that highly differ between
countries, on N. ceranae infection should also be borne
in mind, since such effects remain unknown (Higes
et al., 2013).

Over the years of confronting nosemosis, much effort
has been invested in search of effective cure against it.
So far, bicyclohexylammonium fumagillin, an antibiotic
isolated from the fungus Aspergillus fumigatus, is one of
the few drugs known to be active against microsporidia
(McCowen et al., 1951), suppressing their reproduction
and multiplication at recommended concentrations
(Higes et al., 2011; Huang et al., 2013). Fumagillin is
extensively used to control Nosema disease in apicul-
ture for over 60 years. Its mode of action involves bind-
ing to the active site of MetAP-2 (Methionine
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aminopeptidase 2) enzyme, thus inhibiting its activity.
Fumagillin activity is unspecific to Nosema, affecting
mammalian as well as honey bee MetAP-2. van den
Heever and colleagues (2014) further suggested that
fumagillin toxicity to bees may explain some reports of
bee mortality. In the commercial formulation, fumagillin
is present as a salt in an equimolar quantity with dicyclo-
hexylamine (DCH). The toxicity of both components to
humans caused by residues remaining in hive products
is suspected (van den Heever et al., 2014). DCH con-
tamination in the hive products is also of concern due to
its stability and lipophilicity. Thus, Fumagillin-B® is cur-
rently not licensed in most countries of the European
Union due to the side effects risk of its commercial for-
mulation, like genotoxic and tumorigenic properties and
stability in honey (van den Heever et al., 2016b). Any-
how, Fumagillin-B® or Fumidil B® is the only registered
chemical treatment available to combat Nosema disease
in apiculture. To reduce the residues problem in the
honey, fumagillin treatment is prohibited in US and Israel
during the foraging season. It is commonly prophylacti-
cally applied to the hives in late fall and early spring in
most of the US and Canada (Huang et al., 2013; Wil-
liams et al., 2011) or in November-December in Israel.
The impact of this treatment on colony survival is not
yet clear (Soroker, unpublished). In Uruguay, different
winter fumagillin treatments were able to provide tempo-
ral decrease in Nosema spores but did not affect colony
survival, irrespective of dose or application strategy
(Mendoza et al,, 2017). It has also been reported that
N. ceranae seems to reproduce even better at lower
concentrations of fumagillin, which also affects the bees’
physiology, such that its use may augment the preva-
lence of N. ceranae (Huang et al., 2013).

Several semisynthetic and synthetic fumagillin ana-
logues were shown to possess biological activity against
N. ceranae under laboratory conditions but none were
as effective as Fumagillin-B® (van den Heever et al.,
2016). The most popular alternative treatments against
nosemosis in Europe are Api Herb, Nozevit+, Vita Feed
Gold, Protofil, Hive Alive and Nosestat. Other treat-
ments, such as acetylsalicylic acid with extract of Arte-
misia absinthium L. and extracts of Aster scaber and
Artemisia dubia, are currently under study (Kim et al.,
2016; Michalczyk et al., 2016). Alternative products have
been tested under laboratory conditions with some suc-
cess (Porrini et al,, 2010; Bravo et al., 2017), although
they are not commercially available.

The effects of probiotics and prebiotics on N. ceranae
infection have also been analysed. Lactobacillus rham-
nosus (a commercial probiotic) and inulin (a prebiotic)
showed no beneficial effect on the survival rates of
honey bees infected with N. ceranae (Ptaszynska et al.,
2016). Similarly, a mixture of different species belonging
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to Lactobacillus, Bifidobacteria, Pediococci and Lacto-
cocci genera showed no advantageous effect on the
infection (Endler, 2014). Another study including nutra-
ceutical, prebiotic and probiotics showed acacia gum as
the most effective prebiotic, although with a high mortal-
ity as side effect, and the probiotic Protexin Concen-
trate© single-strain (ProtexinC1) as able to reduce the
spores, increasing the bee survival (Borges, 2015).
Finally, a promising assay has shown that the admin-
istration of autoclaved spores to larvae was able to
reduce the infection levels of adults by 57% without sig-
nificantly altering larval or adult longevity (Endler, 2014).

What’s in the future?

In spite that N. ceranae infection is widespread in both
healthy and declining honey bee colonies, recent
research has shed light on its contribution to honey bee
losses. However, research is needed to clarify some
basic questions: (i) what is the role of larval stage infec-
tions in the epidemiology of nosemosis type C and (ii)
what causes the different clinical signs between N. apis
and N. ceranae when tissue lesions look the same?, (iii)
what are the interactions with other nosogenous biotic
and abiotic agents?, as well as (iv) what is the impact of
the newly discovered N. neumanii and its distribution
and prevalence?. There is also a need to develop better
measures to reduce the impact of these diseases in
worldwide beekeeping, especially focused in the selec-
tion by host tolerance mechanisms at the individual and
social levels.

Another challenge is to achieve a better comprehen-
sion of the host-parasite dynamic in specific environ-
mental contexts like temperate regions, this would allow
to evaluate the contribution of factors like climate, other
honey bee pathogens such as viruses and varroa, expo-
sition to agro-chemicals and food resources, and in-hive
treatments against other hive pests and pathogens that
may negatively interact with N. ceranae and endanger
colony survival.

Acknowledgements

This work has been developed under the BEEHEAL project.
BEEHEAL is funded through the ARIMNet2 2016 Call by the
following funding agencies: INIA (Spain), MOARD (Israel),
ANR (France) and FCT (Portugal). ARIMNet2 (ERA-NET) has
received funding from the European Union’s Seventh Frame-
work Programme for research, technological development
and demonstration under grant agreement no. 618127. We
also thank Dr. Tamara Gémez Moracho for the Nosema life-
cycle design.

Conflict of Interest

Authors declare no conflict of interest.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



1320 R. Martin-Hernandez et al.
References

Adjlane, N., Dainat, B., Gauthier, L., and Dietemann, V.
(2016) Atypical viral and parasitic pattern in Algerian
honey bee subspecies Apis mellifera intermissa and A.
m. sahariensis. Apidologie 47: 631-641.

Adjlane, N., and Haddad, N. (2016) The first data on
hygienic behavior of Apis mellifera intermissa in Algeria.
J Biol Earth Sci 201: 1-5.

Adl, S.M., Simpson, A.G.B., Farmer, M.A., Andersen, R.A.,
Anderson, O.R., Barta, J.R., et al. (2005) The new higher
level classification of Eukaryotes with emphasis on the
taxonomy of Protist. J Eukaryot Microbiol 52: 399-451.

Alaux, C., Brunet, J.-L., Dussaubat, C., Mondet, F,
Tchamitchan, S., and Cousin, M. (2010) Interactions
between Nosema microspores and a neonicotinoid
weaken honeybees (Apis mellifera). Environ Microbiol 12:
774-782.

Alaux, C., Folschweiller, M., McDonnell, C., Beslay, D.,
Cousin, M., Dussaubat, C., et al. (2011) Pathological
effects of the microsporidium Nosema ceranae on honey
bee queen physiology (Apis mellifera). J Invertebr Pathol
106: 380-385. doi:10.1016/j.jip.2010.12.005.

Alaux, C., Crauser, D., Pioz, M., Saulnier, C., and Le Conte,
Y. (2014) Parasitic and immune modulation of flight activ-
ity in honey bees tracked with optical counters. J. Exp
Biol 217: 3416-3424.

Aliferis, K.A., Copley, T., and Jabaji, S. (2012) Gas chroma-
tography—mass spectrometry metabolite profiling of
worker honey bee (Apis mellifera L.) hemolymph for the
study of Nosema ceranae infection. J Insect Physiol 58:
1349-1359.

Amdam, G.V., Norberg, K., Hagen, A., and Omholt, S.W.
(2003) Social exploitation of vitellogenin. Proc Natl Acad
Sci USA 100: 1799-1802.

Amdam, G.V., Simoes, Z.L.P, Hagen, A., Norberg, K,
Schrader, K., Mikkelsen, O., et al. (2004) Hormonal con-
trol of the yolk precursor vitellogenin regulates immune
function and longevity in honeybees. Exp Gerontol 39:
767-773.

Anderson, R.M., and May, R.M. (1978) Regulation and sta-
bility of host-parasite population interactions. |I. Regula-
tory processes. J Anim Ecol 47: 219-247.

Ansari, M.J., Al-Ghamdi, A., Nuru, A., Khan, K.A., and
Alattal, Y. (2017) Geographical distribution and molecular
detection of Nosema ceranae from indigenous honey
bees of Saudi Arabia. Saudi J Biol Sci 24: 983—-991.

Antinez, K., Martin-Hernandez, R., Prieto, L., Meana, A.,
Zunino, P, and Higes, M. (2009) Immune suppression in
the honey bee (Apis mellifera) following infection by
Nosema ceranae (Microsporidia). Environ Microbiol 11:
2284-2290.

Antinez, K., Mendoza, Y., Santos, E., and Invernizzi, C.
(2013) Differential expression of vitellogenin in honey
bees (Apis mellifera) with different degrees of Nosema
ceranae infection. J Apic Res 52: 227-234.

Arbulo, N., Antinez, K., Salvarrey, S., Santos, E.,
Branchiccela, B., Martin-Hernandez, R., et al. (2015)
High prevalence and infection levels of Nosema ceranae
in bumblebees Bombus atratus and Bombus bellicosus
from Uruguay. J Invertebr Pathol 130: 165—168.

Ares, A. M., Nozal, M.J., Bernal, J.L., Martin-Hernandez,
R., Higes, M., and Bernal, J. (2012) Liquid chromatogra-
phy coupled to ion trap-tandem mass spectrometry to
evaluate juvenile hormone Il levels in bee hemolymph
from Nosema spp. infected colonies. J Chromatogr B
Analyt Technol Biomed Life Sci 899: 146—153.

Arthurs, S., and Thomas, M.B. (2001) Behavioural changes
in Schistocerca gregaria following infection with a fungal
pathogen: implications for susceptibility to predation. Ecol
Entomol 26: 227-234.

Aufauvre, J., Biron, D.G., Vidau, C., Fontbonne, R., Roudel,
M., Diogon, M., et al. (2012) Parasite-insecticide interac-
tions: a case study of Nosema ceranae and fipronil syn-
ergy on honeybee. Sci Rep 2: 326.

Aufauvre, J., Misme-Aucouturier, B., Vigues, B., Texier, C.,
Delbac, F., and Blot, N. (2014) Transcriptome analyses of
the honeybee response to Nosema ceranae and insecti-
cides. PLoS One 9: e91686.

Badaoui, B., Fougeroux, A., Petit, F., Anselmo, A., Gorni,
C., Cucurachi, M., et al. (2017) RNA-sequence analysis
of gene expression from honeybees (Apis mellifera)
infected with Nosema ceranae. PLoS One 12: e0173438.

Bailey, L. (1955) The epidemiology and control of Nosema
disease of the honey bee. Ann Appl Biol 43: 379-389.

Balla, K.M., Andersen, E.C., Kruglyak, L., and Troemel,
E.R. (2015) A wild C. elegans strain has enhanced epi-
thelial immunity to a natural microsporidian parasite.
PLoS Pathog 11: e1004583.

Bacandritsos, N., Granato, A., Budge, G., Papanastasiou,
I., Roinioti, E., Caldon, M., et al. (2010) Sudden deaths
and colony population decline in Greek honey bee
colonies. J Invertebr Pathol 105: 335-340.

Barton, N.H. (2010) Mutation and the evolution of recombina-
tion. Philos Trans R Soc Lond B Biol Sci365: 1281-1294.

Basualdo, M., Barragan, S., and Antlinez, K. (2014) Bee bread
increases honeybee haemolymph protein and promote bet-
ter survival despite of causing higher Nosema ceranae abun-
dance in honeybees. Environ Microbiol Rep 6: 396—400.

van Beek, N.A.M., Wood, H.A., and Hughes, P.R. (1988)
Quantitative aspects of nuclear polyhedrosis virus infec-
tions in Lepidopterous larvae: the dose-survival time rela-
tionship. J Invertebr Pathol 51: 58—63.

van Beek, N.A.M., Hughes, PR., and Wood, H.A. (2000)
Effects of temperature on the dose—survival time relationship
of Trichoplusia in larvae infected with Autographa californica
nucleopolyhedrovirus. J Invertebr Pathol 76: 185—190.

Bekele, A.Z., Mor, SK. Phelps, N.B.D.,, Goyal, S.M., and
Armién, A.G. (2015) A case report of Nosema ceranae infec-
tion in honey bees in Minnesota, USA. Vet Q 35: 48-50.

BenVau, L.R., and Nieh, J.C. (2017) Larval honey bees
infected with Nosema ceranae have increased vitello-
genin titers as young adults. Sci Rep 7: 14144. DOI:
10.1038/s41598-017-14702-4.

Bernal, J., Martin-Hernandez, R., Diego, J.C., Nozal, M.J.,
Gozalez-Porto, A.V., Bernal, J.L., and Higes, M. (2011)
An exposure study to assess the potential impact of fipro-
nil in treated sunflower seeds on honey bee colony
losses in Spain. Pest Manag Sci 67: 1320-1331.

Betti, M.I., Wahl, L.M., and Zamir, M. (2014) Effects of
infection on honey bee population dynamics: a model.
PLoS One 9: e110237.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



Blazyté-Cereskiené, L., Skrodenyté-Arbadiauskiené, V.,
Radziute, S., Nedveckyte, I., and Buda, V. (2016) Honey
bee infection caused by Nosema spp. in Lithuania. J Apic
Sci 60: 2016.

Bollan, K. A., Hothersall, J.D., Moffat, C., Durkacz, J.,
Saranzewa, N., Wright, G. A., et al. (2013) The micro-
sporidian parasites Nosema ceranae and Nosema apis
are widespread in honeybee (Apis mellifera) colonies
across Scotland. Parasitol Res 112: 751-759.

Boncristiani, H., Underwood, R., Schwarz, R., Evans, J.D.,
Pettis, J., and vanEngelsdorp, D. (2012) Direct effect of
acaricides on pathogen loads and gene expression levels
in honey bees Apis mellifera. J Insect Physiol 58: 613—-620.

Bordier, C., Pioz, M., Crauser, D., Le Conte, Y., and Alaux,
C. (2017) Should | stay or should | go: honeybee drifting
behaviour as a function of parasitism. Apidologie 48:
286—297.

Borges, D. (2015). Control of the intestinal parasite Nosema
ceranae in Apis mellifera using nutraceuticals, prebiotics
and probiotics. Thesis School of Environmental Sciences.
Ontario, Canada: University of Guelph. [WWW document]
URL https://atrium.lib.uoguelph.ca/xmlui/bitstream/handle/
10214/9254/Borges_Daniel_201509_MSc.
pdf?sequence=_3&isAllowed=y.

Botias, C., Anderson, D.L., Meana, A., Garrido-Bailén, E.,
Martin-Hernandez, R., and Higes, M. (2012a) Further evi-
dence of an oriental origin for Nosema ceranae (Micro-
sporidia: Nosematidae). J Invertebr Pathol 110: 108—113.

Botias, C., Martin-Hernandez, R., Barrios, L., Garrido-
Bailon, E., Nanetti, A., Meana, A., and Higes, M. (2012b)
Nosema spp. parasitization decreases the effectiveness
of acaricide strips (Apivar ®) in treating varroosis of
honey bee (Apis mellifera iberiensis) colonies. Environ
Microbiol Rep 4: 57—-65.

Botias, C., Martin-Hernandez, R., Barrios, L., Meana, A.,
and Higes, M. (2013) Nosema spp. infection and its neg-
ative effects on honey bees (Apis mellifera iberiensis) at
the colony level Nosema spp. infection and its negative
effects on honey bees (Apis mellifera iberiensis) at the
colony level. Vet Res 44: 25-14.

Bourgeois, L., Beaman, L., Holloway, B., and Rinderer, T.E.
(2012) External and internal detection of Nosema cera-
nae on honey bees using real-time PCR. J Invertebr
Pathol 109: 323-325.

Branchiccela, B., Arredondo, D., Higes, M., Invernizzi, C.,
Martin-Hernandez, R., Tomasco, ., et al. (2017) Charac-
terization of Nosema ceranae genetic variants from differ-
ent geographic origins. Microb Ecol 73: 978-987.

Bravo, J., Carbonell, V., Valdebenito, J.T., Figueroa, C.,
Valdovinos, C.E., Martin-Hernandez, R., et al. (2014)
Identification of Nosema ceranae in the Valparaiso Dis-
trict, Chile. Arch Med Vet 46: 487—-491.

Bravo, J., Carbonell, V., Sepllveda, B., Delporte, C.,
Valdovinos, C.E., Martin-Hernandez, R., and Higes, M.
(2017) Antifungal activity of the essential oil obtained
from Cryptocarya alba against infection in honey bees by
Nosema ceranae. J Inver Pathol 149: 141-147.

Bromenshenk, J.J., Henderson, C.B., Wick, C.H., Stanford,
M.F., Zulich, A.W., Jabbour, R.E., et al. (2010) Iridovirus
and microsporidian linked to honey bee colony decline.
PL0S One 5: e13181.

Nosema ceranae in Apis mellifera 1321

Brunner, J.L., Richards, K., and Collins, J.P. (2005) Dose
and host characteristics influence virulence of ranavirus
infections. Oecologia 144: 399-406.

Budge, G.E., Pietravalle, S., Brown, M., Laurenson, L.,
Jones, B., Tomkies, V., and Delaplane, K.S. (2015)
Pathogens as predictors of honey bee colony strength in
England and Wales. PLoS One 10: e0133228.

Calderén, R.A., Sanchez, L.A., Yanez, O., and Fallas, N.
(2008) Presence of nosema ceranae in africanized honey
bee colonies in Costa Rica. J Apic Res 47: 328-329.

Cavigli, I., Daughenbaugh, K.F., Martin, M., Lerch, M.,
Banner, K., Garcia, E., et al. (2016) Pathogen prevalence
and abundance in honey bee colonies involved in almond
pollination. Apidologie 47: 251.

Cepero, A., Ravoet, J., Gomez-Moracho, T., Bernal, J.L.,
Del Nozal, M.J., Bartolome, C., et al. (2014) Holistic
screening of collapsing honey bee colonies in Spain: a
case study. BMC Res Notes 7: 649.

Chaimanee, V., Warrit, N., and Chantawannakul, P. (2010)
Infections of Nosema ceranae in four different honeybee
species. J Invertebr Pathol 105: 207-210.

Chaimanee, V., Chen, Y., Pettis, J.S., Scott Cornman, R.,
and Chantawannakul, P. (2011) Phylogenetic analysis of
Nosema ceranae isolated from European and Asian hon-
eybees in Northern Thailand. J Invertebr Pathol 107:
229-233.

Chaimanee, V., Chantawannakul, P., Chen, Y., Evans, J.D.,
and Pettis, J.S. (2012) Differential expression of immune
genes of adult honey bee (Apis mellifera) after inoculated
by Nosema ceranae. J Insect Physiol 58: 1090—1095.

Chaimanee, V., Pettis, J.S., Chen, Y., Evans, J.D,
Khongphinitbunjong, K., and Chantawannakul, P. (2013)
Susceptibility of four different honey bee species to
Nosema ceranae. Vet Parasitol 193: 260-265.

Chaimanee, V., Chantawannakul, P., Chen, Y., Evans, J.D.,
and Pettis, J.S. (2014) Effects of host age on susceptibil-
ity to infection and immune gene expression in honey
bee queens (Apis mellifera) inoculated with Nosema
ceranae. Apidologie 45: 451-463.

Charbonneau, L.R., Hillier, N.K., Rogers, R.E.L., Williams,
G.R., and Shutler, D. (2016) Effects of Nosema apis, N.
ceranae, and coinfections on honey bee (Apis mellifera)
learning and memory. Sci Rep 6: 22626.

Chauzat, M.P, Higes, M., Martin-Hernandez, R., Meana,
A., Cougoule, N., and Faucon, J. (2007) Presence of
Nosema ceranae in French honey bee colonies. J Apic
Res 46: 127-128.

Chauzat, M.P.,, Jacques, A., Laurent, M., Bougeard, S.,
Hendrikx, P, and Ribiére-Chabert, M., and EPILOBEE
Consortium (2016) Risk indicators affecting honey bee
colony survival in Europe: One year of surveillance. Api-
dologie 47: 348-378.

Chemurot, M., De Smet, L., Brunain, M., De Rycke, R., and
de Graaf, D.C. (2017) Nosema neumanni n. sp. (Microspori-
dia, Nosematidae), a new microsporidian parasite of honey-
bees, Apis mellifera in Uganda. Eur J Protistol 61: 13—19.

Chen, VY.P, Pettis, J.S., Zhao, Y., Liu, X., Tallon, L.J.,
Sadzewicz, L.D., et al. (2013) Genome sequencing and
comparative genomics of honey bee microsporidia,
Nosema apis reveal novel insights into host-parasite
interactions. BMC Genomics 14: 451.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



1322 R. Martin-Hernandez et al.

Copley, T.R., Chen, H., Giovenazzo, P, Houle, E., and
Jabaji, S.H. (2012) Prevalence and seasonality of
Nosema species in Québec honey bees. Can Entomol
144: 577-588.

Cornelissen, B., Paraiso, A., and van Hoof, R. (2011) Bee
Diseases New to Sub-Saharan Africa Found in Benin. Bue-
nos Aires, Argentina: Inter Beekeeping Congr Apimondia.

Cornman, R.S., Chen, Y.P,, Schatz, M.C., Street, C., Zhao,
Y., Desany, B., et al. (2009) Genomic analyses of the
microsporidian Nosema ceranae, an emergent pathogen
of honey bees. PLoS Pathog 5: €1000466.

Costa, C., Lodesani, M., and Maistrello, L. (2010) Effect of
thymol and resveratrol administered with candy or syrup
on the development of Nosema ceranae and on the lon-
gevity of honeybees (Apis mellifera L.) in laboratory con-
ditions. Apidologie 41: 141-150.

Costa, C., Tanner, G., Lodesani, M., Maistrello, L., and
Neumann, P. (2011) Negative correlation between
Nosema ceranae spore loads and deformed wing virus
infection levels in adult honey bee workers. J Invertebr
Pathol 108: 224-225.

Cox-Foster, D.L., Conlan, S., Holmes, E.C., Palacios, G.,
Evans, J.D., Moran, N. A., et al. (2007) A metagenomic
survey of microbes in honey bee colony collapse disor-
der. Science 318: 283-287.

Dainat, B., Evans, J.D., Chen, Y.P, Gauthier, L., and
Neumann, P. (2012) Predictive markers of honey bee col-
ony collapse. PLoS One 7: e32151.

Del Aguila, C., lzquierdo, F., Granja, A. G., Hurtado, C.,
Fenoy, S., Fresno, M., and Revilla, Y. (2006) Encephalito-
zoon microsporidia modulates p53-mediated apoptosis in
infected cells. Int J Parasitol 36: 869-876.

DeGrandi-Hoffman, G., Chen, Y., Rivera, R., Carroll, M.,
Chambers, M., Hidalgo, G., and de Jong, E.W. (2015)
Honey bee colonies provided with natural forage have
lower pathogen loads and higher overwinter survival than
those fed protein supplements. Apidologie 47: 186—196.

Desai, S.D., and Currie, R.W. (2015) Genetic diversity
within honey bee colonies affects pathogen load and rela-
tive virus levels in honey bees, Apis mellifera L. Behav
Ecol Sociobiol 69: 1527—-1541.

Di Pasquale, G., Salignon, M., Le Conte, Y., Belzunces,
L.P., Decourtye, A., Kretzschmar, A., et al. (2013) Influ-
ence of pollen nutrition on honey bee health: do pollen
quality and diversity matter?. PLoS One 8: €72016.

Di Prisco, G., Cavaliere, V., Annoscia, D., Varricchio, P,
Caprio, E., Nazzi, F, Gargiulo, G., and Pennacchio, F.
(2013) Neonicotinoid clothianidin  adversely affects
insect immunity and promotes replication of a viral patho-
gen in honey bees. Proc Natl Acad Sci USA 110: 18466—
18471.

Doublet, V., Natsopoulou, M.E., Zschiesche, L., and Paxton,
R.J. (2014) Within-host competition among the honey
bees pathogens Nosema ceranae and deformed wing
virus is asymmetric and to the disadvantage of the virus.
J Invertebr Pathol 124C: 31-34.

Doublet, V., Labarussias, M., de Miranda, J.R., Moritz,
R.F.A., and Paxton, R.J. (2015a) Bees under stress: sub-
lethal doses of a neonicotinoid pesticide and pathogens
interact to elevate honey bee mortality across the life
cycle. Environ Microbiol 17: 969-983.

Doublet, V., Natsopoulou, M.E., Zschiesche, L., and Paxton,
R.J. (2015b) Within-host competition among the honey
bees pathogens Nosema ceranae and Deformed wing
virus is asymmetric and to the disadvantage of the virus.
J Invertebr Pathol 124: 31-34.

Doull, K.M. (1961) A theory of the causes of development
of epizootics of Nosema disease of the honey bee.
J Insect Pathol 42: 3-309.

Dussaubat, C., Maisonnasse, A., Alaux, C., Tchamitchan,
S., Brunet, J.-L., Plettner, E., et al. (2010) Nosema spp.
infection alters pheromone production in honey bees
(Apis mellifera). J Chem Ecol 36: 522-525.

Dussaubat, C., Brunet, J.-L., Higes, M., Colbourne, J.K,,
Lopez, J., Choi, J.-H., et al. (2012) Gut pathology and
responses to the microsporidium Nosema ceranae in the
honey bee Apis mellifera. PLoS One 7: e37017.

Dussaubat, C., Sagastume, S., Gémez-Moracho, T., Botias,
C., Garcia-Palencia, P, Martin-Hernandez, R., et al.
(2013a) Comparative study of Nosema ceranae (Micro-
sporidia) isolates from two different geographic origins.
Vet Microbiol 162: 670-678.

Dussaubat, C., Maisonnasse, A., Crauser, D., Beslay, D.,
Costagliola, G., Soubeyrand, S., et al. (2013b) Flight
behavior and pheromone changes associated to Nosema
ceranae infection of honey bee workers (Apis mellifera) in
field conditions. J Invertebr Pathol 113: 42-51.

Dussaubat, C., Maisonnasse, A., Crauser, D., Tchamitchian,
S., Bonnet, M., Cousin, M., et al. (2016) Combined neoni-
cotinoid pesticide and parasite stress alter honeybee
queens’ physiology and survival. Sci Rep 6: 31430.

Ebert, D. 1999. The evolution and expression of parasite
virulence. In Evolution in Health and Disease. Stearns,
S.C. (eds). Oxford: University Press, pp. 161-172.

Ebert, D., Zschokke-Rohringer, C.D., and Carius, H.J. (2000)
Dose effects and density-dependent regulation of two micro-
parasites of Daphnia magna. Oecologia 122: 200-209.

Eickbush, T.H., and Eickbush, D.G. (2007) Finely orches-
trated movements: evolution of the ribosomal RNA genes.
Genetics 175: 477-485.

Eiri, D.M., Suwannapong, G., Endler, M., and Nieh, J.C.
(2015) Nosema ceranae can infect honey bee larvae and
reduces subsequent adult longevity. PLoS One 10:
e0126330.

ElI-Shemy, A.A.H., lbrahim, Y.Y., and El-Kinani, D.D. (2012)
Detection of Nosema ceranae fries in Egypt and its sea-
sonal fluctuations. Bull Entomol Soc Egypt 1: 25-37.

Endler, M.B. (2014). Feeding larval honey bees (Apis melli-
fera) dead Nosema spores improves their ability to resist
Nosema infection as adults. Thesis in Science.San
Diego, CA, USA: University of California. [WWW docu-
ment]. URL https://escholarship.org/content/qt5x03051g/
qt5x03051g.pdf

Farrar, C.L. (1947) Nosema losses in package bees as
related to queen supersedure and honey vyields.
J Economic Entomol 40: 333—-338.

Fenoy, S., Rueda, C., Higes, M., Martin-Hernandez, R., and
Del Aguila, C. (2009) High-level resistance of Nosema
ceranae, a parasite of the honeybee, to temperature and
desiccation. Appl Environ Microbiol 75: 6886—6889.

Ferroglio, E., Zanet, S., Peraldo, N., Tachis, E., Trisciuoglio,
A., Laurino, D., and Porporato, M. (2013) Nosema

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



ceranae has been infecting honey bees Apis mellifera in
Italy since at least 1993. J Apic Res 52: 60-61.

Fontbonne, R., Garnery, L., Vidau, C., Aufauvre, J., Texier,
C., Tchamitchian, S., et al. (2013) Comparative susceptibil-
ity of three Western honeybee taxa to the microsporidian
parasite Nosema ceranae. Infect Genet Evol 17: 188—194.

Forfert, N., Natsopoulou, M.E., Frey, E., Rosenkranz, P,
Paxton, R.J., Moritz, R.FA., et al. (2015) Parasites and
pathogens of the honeybee (Apis mellifera) and their
influence on inter-colonial transmission. PLoS One 10:
e0140337. [WWW document]. URL https://doi.org/10.
1371/journal.pone.0140337.

Forsgren, E., and Fries, |. (2010) Comparative virulence of
Nosema ceranae and Nosema apis in individual Euro-
pean honey bees. Vet Parasitol 170: 212-217.

Forsgren, E., and Fries, I. (2013) Temporal study of Nosema
spp. in a cold climate. Environ Microbiol Rep 5: 78-82.

Francis, R.M., Amiri, E., Meixner, M.D., Kryger, P., Gajda,
A., Andonov, S., et al. (2014) Effect of genotype and
environment on parasite and pathogen levels in one api-
ary - a case study. J Apic Res 53: 230—-232.

Frazer, J.L., Tham, K.-M., Reid, M., van Andel, M.,
McFadden, A.M.J., Forsgren, E., et al. (2015) First detec-
tion of Nosema ceranae in New Zealand honey bees.
J Apic Res 54: 358-365.

Fries, I. (1988) Infectivity and multiplication of Nosema apis
Z. in the ventriculus of the honey bee (Apis mellifera L.).
Apidologie 19: 319-328.

Fries, I. (1993) Nosema apis — a parasite in the honey bee
colony. Bee World 74: 5-19.

Fries, I. (2010) Nosema ceranae in European honey bees
(Apis mellifera). J Invertebr Pathol 103: S73-S79.

Fries, |, Feng, F, da Silva, A., Slemenda, S.B., and
Pieniazek, N.J. (1996) Nosema ceranae n. sp. (Micro-
spora, Nosematidae), morphological and molecular char-
acterization of a microsporidian parasite of the Asian
honey bee Apis cerana (Hymenoptera, Apidae). Eur J
Protistol 32: 356—-365.

Furgala, B.F., and Mussen, E.C. (1990) Protozoa, In Honey
Bee Pests, Predators and Diseases. Morse, R.A., Nowog-
rodzki, R. (eds). New York, NY, USA: Cornell University
Press, pp. 49-63.

Gajda, A. (2016) The course of Nosema ceranae infection
in honeybees in Poland including the influence of associ-
ated infection with Black queen cell virus. PhD disserta-
tion.Poland: Warsaw University of Life Sciences.

Gajger, I.T., Vugrek, O., Grilec, D., and Petrinec, Z. (2010)
Prevalence and distribution of Nosema ceranae in Croa-
tian honeybee colonies. Vet Med (Praha) 2010: 457-462.

Gamboa, V., Ravoet, J., Brunain, M., Smagghe, G., Meeus,
I., Figueroa, J., et al. (2015) Bee pathogens found in
Bombus atratus from Colombia: A case study. J Invertebr
Pathol 129: 36-39.

Garcia-Palencia, P., Martin-Hernandez, R., Gonzalez-Porto,
A.V., Marin, P, Meana, A., and Higes, M. (2010) Natural
infection by Nosema ceranae causes similar lesions as in
experimentally infected caged-worker honey bees (Apis
mellifera). J Apic Res 49: 278-265.

Garrido, PM., Porrini, M.P., Antinez, K., Branchiccela, B.,
Martinez-Noél, G.M.A., Zunino, P, et al. (2016) Sublethal
effects of acaricides and Nosema ceranae infection on

Nosema ceranae in Apis mellifera 1323

immune related gene expression in honeybees. Vet Res
47: 51.

Gatehouse, H.S., and Malone, L.A. (1998) The Ribosomal
RNA gene region of Nosema apis (Microspora): DNA
sequence for small and large subunit rRNA genes and
evidence of a large tandem repeat unit size. J Invertebr
Pathol 71: 97-105.

Gatehouse, H.S., and Malone, L.A. (1999) Genetic variabil-
ity among Nosema apis isolates. J Apic Res 38: 79-85.
Giersch, T., Berg, T., Galea, F., and Hornitzky, M. (2009)
Nosema ceranae infects honey bees (Apis mellifera) and
contaminates honey in Australia. Apidologie 40: 117-123.

Gisder, S., Hedtke, K., Mockel, N., Frielitz, M.-C., Linde, A.,
and Genersch, E. (2010) Five-year cohort study of
Nosema spp. in Germany: does climate shape virulence
and assertiveness of Nosema ceranae?. Appl Environ
Microbiol 76: 3032—-3038.

Gisder, S., Schiler, V., Horchler, L.L., Groth, D., and
Genersch, E. (2017) Long-term temporal trends of
Nosema spp. infection prevalence in northeast Germany:
continuous spread of Nosema ceranae, an emerging
pathogen of honey bees (Apis mellifera), but no general
replacement of Nosema apis. Front Cell Infect Microbiol
7: 1-14.

Goblirsch, M., Huang, Z.Y., and Spivak, M. (2013) Physio-
logical and behavioral changes in honey bees (Apis melli-
fera) induced by Nosema ceranae infection. PLoS One 8:
e58165.

Gomez-Moracho, T., Maside, X., Martin-Hernandez, R.,
Higes, M., and Bartolomé, C. (2014) High levels of
genetic diversity in Nosema ceranae within Apis mellifera
colonies. Parasitol 141: 475-481.

Gomez-Moracho, T., Bartolomé, C., Bello, X., Martin-
Hernandez, R., Higes, M., and Maside, X. (2015a)
Recent worldwide expansion of Nosema ceranae (Micro-
sporidia) in Apis mellifera populations inferred from multi-
locus patterns of genetic variation. Infect Genet Evol 31:
87-94.

Gomez-Moracho, T., Bartolomé, C., Martin-Hernandez, R.,
Higes, M., and Maside, X. (2015b) Evidence for weak
genetic recombination at the PTP 2 locus of Nosema
ceranae. Environ Microbiol 17: 1300-1309.

Graystock, P, Yates, K., Darvill, B., Goulson, D., and
William, O.H. (2013) Emerging dangers: deadly effects of
an emergent parasite in a new pollinator host. J Invertebr
Pathol 114: 114-119.

Graystock, P, Goulson, D., and Hughes, W.O.H. (2014)
The relationship between managed bees and the preva-
lence of parasites in bumblebees. Peer J 2: e522—e524.
[WWW document]. URL http://doi.org/10.7717/peerj.522.

Gregorc, A., Silva-Zacarin, E.C.M., Carvalho, S.M.,,
Kramberger, D., Teixeira, E.W., Malaspina, O., et al.
(2016) Effects of Nosema ceranae and thiametoxam in
Apis mellifera: a comparative study in Africanized and
Carniolan honey bees. Chemosphere 147: 328-336.

Guerrero-Molina, C., Correa-Benitez, A., Hamiduzzaman,
M.M., and Guzman-Novoa, E. (2016) Nosema ceranae is
an old resident of honey bee (Apis mellifera) colonies in
Mexico, causing infection levels of one million spores per
bee or higher during summer and fall. J Invertebr Pathol
141: 38-40.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



1324 R. Martin-Hernandez et al.

Haddad, N.J. (2014) First Detection of Nosema ceranae in
Jordan. Eur Sci J 10: 1857-1881.

Hamilton, W.D. (1987) Kinship, recognition, disease, and
intelligence: constraints of social evolution. In Animal
Societies: theory and Facts. Ito, Y., Brown, J. L., Kikkawa,
J. (eds). Tokyo, Japan: Japanese Scientific Society Press,
pp. 81-102.

Hartmann, U., Forsgren, E., Charriére, J.-D., Neumann, P.,
and Gauthier, L. (2015) Dynamics of Apis mellifera fila-
mentous virus (AmFV) infections in honey bees and rela-
tionships with other parasites. Viruses 7: 2654—2667.

Hatjina, F., Tsoktouridis, G., Bouga, M., Charistos, L.,
Evangelou, V., Avtzis, D., et al. (2011) Polar tube protein
gene diversity among Nosema ceranae strains derived
from a Greek honey bee health study. J Invertebr Pathol
108: 131-134.

Hedtke, K., Jensen, PM., Jensen, A.B., and Genersch, E.
(2011) Evidence for emerging parasites and pathogens
influencing outbreaks of stress-related diseases like
chalkbrood. J Invertebr Pathol 108: 167—173.

van den Heever, J.P., Thompson, T.S., Curtis, J.M., Ibrahim,
A., and Pernal, S.F. (2014) Fumagillin: an overview of
recent scientific advances and their significance for api-
culture. J Agric Food Chem 62: 2728-2737.

van den Heever, J.P., Thompson, T.S., Otto, S.J.G., Curtis,
J.M., Ibrahim, A., and Pernal, S.F. (2016a) Evaluation of
Fumagilin-B and other potential alternative chemothera-
pies against Nosema ceranae-infected honeybees (Apis
mellifera) in cage trial assays. Apidologie 47: 617-630.

van den Heever, J.P., Thompson, T.S., Otto, S.J.G., Curtis,
J.M., Ibrahim, A., and Pernal, S.F. (2016b) The effect of
dicyclohexylamine and fumagillin on Nosema ceranae-
infected honey bee (Apis mellifera) mortality in cage trial
assays. Apidologie 47: 617—630. doi:10.1007/s13592-
015-0409-3

Higes, M., Martin, R., and Meana, A. (2006) Nosema cera-
nae, a new microsporidian parasite in honeybees in
Europe. J Invertebr Pathol 92: 93-95.

Higes, M., Garcia-Palencia, P, Martin-Hernandez, R., and
Meana, A. (2007) Experimental infection of Apis mellifera
honeybees with Nosema ceranae (Microsporidia).
J Invertebr Pathol 94: 211-217.

Higes, M., Martin-Hernandez, R., Botias, C., Bailén, E.G.,
Gonzalez-Porto, A.V., Barrios, L., et al. (2008a) How nat-
ural infection by Nosema ceranae causes honeybee col-
ony collapse. Environ Microbiol 10: 2659-2669.

Higes, M., Martin-Hernandez, R., Garrido-Bailén, E.,
Botias, C., Garcia-Palencia, P., and Meana, A. (2008b)
Regurgitated pellets of Merops apiaster as fomites of
infective Nosema ceranae (Microsporidia) spores. Environ
Microbiol 10: 1374-1379.

Higes, M., Martin-Hernandez, R., Garrido-Bailén, E.,
Garcia-Palencia, P, and Meana, A. (2008c) Detection of
infective Nosema ceranae (Microsporidia) spores in cor-
bicular pollen of forager honeybees. J. Invertebr. Pathol
97: 76-78.

Higes, M., Martin-Hernandez, R., Garrido-Bailén, E.,
Gonzalez-Porto, A.V., Garcia-Palencia, P., Meana, A.,
et al. (2009a) Honeybee colony collapse due to Nosema
ceranae in professional apiaries. Environ Microbiol Rep
1: 110-113.

Higes, M., Martin-Hernandez, R., Garrido-Baildon, E.,
Botias, C., and Meana, A. (2009b) The presence of
Nosema ceranae (Microsporidia) in North African honey
bees (Apis mellifera intermissa). J Apic Res 48: 217-219.

Higes, M., Martin-Hernandez, R., and Meana, A. (2010a)
Nosema ceranae in Europe: an emergent type C nose-
mosis. Apidologie 41: 375-392.

Higes, M., Garcia-Palencia, P., Botias, C., Meana, A., and
Martin-Hernandez, R. (2010b) The differential develop-
ment of microsporidia infecting worker honey bee (Apis
mellifera) at increasing incubation temperature. Environ
Microbiol Rep 2: 745-748.

Higes, M., Martin-Hernandez, R., Martinez-Salvador, A.,
Garrido-Bailon, E., Gonzalez-Porto, A.V., Meana, A.,
et al. (2010c) A preliminary study of the epidemiological
factors related to honey bee colony loss in Spain. Environ
Microbiol Rep 2: 243-250.

Higes, M., Nozal, M.J., Alvaro, A., Barrios, L., Meana, A,
Martin-Hernandez, R., et al. (2011) The stability and
effectiveness of fumagillin in controlling Nosema ceranae
(Microsporidia) infection in honey bees (Apis mellifera)
under laboratory and field conditions. Apidologie 42:
364-377.

Higes, M., Meana, A., Bartolomé, C., Botias, C., and
Martin-Hernandez, R. (2013) Nosema ceranae (Micro-
sporidia), a controversial 21st century honey bee patho-
gen. Environ Microbiol Rep 5: 17-29.

Higes, M., Rodriguez-Garcia, C., Gomez-Moracho, T,
Meana, A., Bartolomé, C., Maside, X., et al. (2016) Sur-
vival of honey bees (Apis mellifera) infected with Crithidia
mellificae spheroid forms (Langridge and McGhee:
ATCC® 30254™) in the presence of Nosema ceranae.
Spanish J Agric Res 14: e05SC02.

Hochberg, M.E. (1991) Non linear transmission rates and
the dynamics of infectious disease. J Theoretical Biol
153: 301-321.

Huang, Q., Kryger, P, Le Conte, Y., and Moritz, R.F. (2012)
Survival and immune response of drones of a Nosemosis
tolerant honey bee strain towards Nosema ceranae infec-
tions. J Invertebr Pathol 109: 297-302.

Huang, Q., Kryger, P, Le Conte, Y., Lattorff, H.M.G., Kraus,
F.B., and Moritz, R.F. (2014a) Four quantitative trait loci
associated with low Nosema ceranae (Microsporidia)
spore load in the honeybee Apis mellifera. Apidologie 45:
248-256.

Huang, Q., Lattorff, H.M.G., Kryger, P, Le Conte, Y., and
Moritz, R.F. (2014b) A selective sweep in a microspori-
dian parasite Nosema-tolerant honeybee population, Apis
mellifera. Anim Genet 45: 267-273.

Huang, Q., Chen, Y.P, Wang, R.W., Cheng, S., and Evans,
J.D. (2016) Host-parasite interactions and purifying selec-
tion in a microsporidian parasite of honey bees. PLoS
One 11: e0147549.

Huang, W.F, Jiang, J.-H., Chen, Y.-W., and Wang, C.-H.
(2007) A Nosema ceranae isolate from the honeybee
Apis mellifera. Apidologie 38: 30-37.

Huang, W.-F., Bocquet, M., Lee, K.-C., Sung, |.-H., Jiang, J.-
H., Chen, Y.-W., and Wang, C.-H. (2008) The comparison
of rDNA spacer regions of Nosema ceranae isolates
from different hosts and locations. J Invertebr Pathol 97:
9-13.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



Huang, W.-F., Solter, L.F., Yau, PM., and Imai, B.S. (2013)
Nosema ceranae escapes fumagillin control in honey
bees. PLoS Pathog 9: e1003185.

Huang, W.-F, Solter, L., Aronstein, K., and Huang, Z.
(2015) Infectivity and virulence of Nosema ceranae and
Nosema apis in commercially available North American
honey bees. J Invertebr Pathol 124: 107-113.

Invernizzi, C., Abud, C., Tomasco, |.H., Harriet, J., Ramallo,
G., Campa, J., et al. (2009) Presence of Nosema cera-
nae in honeybees (Apis mellifera) in Uruguay. J Invertebr
Pathol 101: 150-153.

Jack, CJ., Uppala, S.S., Lucas, H.M., and Sagili, R.R.
(2016) Effects of pollen dilution on infection of Nosema
ceranae in honey bees. J Insect Physiol 87: 12—19.

Jara, L., Cepero, A., Garrido-Bailon, E., Martin-Hernandez,
R., Higes, M., and De la Rua, P. (2012) Linking evolution-
ary lineage with parasite and pathogen prevalence in the
Iberian honey bee. J Invertebr Pathol 110: 8-13.

Jensen, A.B., Aronstein, K., Flores, J.M., Vojvodic, S.,
Palacio, M.A., and Spivak, M. (2013) Standard methods
for fungal brood disease research. J Apic Res 52:
10.3896/IBRA.1.52.1.13.

Keymer, A.E. (1982) Density-dependence mechanisms in
the regulation of intestinal helminth populations. Parasitol-
ogy 84: 573-587.

Khoury, D.S., Myerscough, M.R., and Barron, A.B. (2011) A
quantitative model of honey bee colony population
dynamics. PLoS One 6: e18491.

Khoury, D.S., Barron, A.B., and Myerscough, M.R. (2013)
Modelling food and population dynamics in honey bee
colonies. PLoS One 8: e59084.

Kim, J.H., Park, J.K., and Lee, J.K. (2016) Evaluation of
antimicrosporidian activity of plant extracts on Nosema
ceranae. J Apic Sci 60: 167-178.

Klee, J., Besana, A.M., Genersch, E., Gisder, S., Nanetti,
A., Tam, D.Q., et al. (2007) Widespread dispersal of the
microsporidian Nosema ceranae, an emergent pathogen
of the western honey bee, Apis mellifera. J Invertebr
Pathol 96: 1-10.

Klowden, M.J. (2002) Physiological Systems in Insects. San
Diego, CA: Academic Press , 696 p.

Kralj, J., and Fuchs, S. (2010) Nosema sp. influences flight
behavior of infected honey bee (Apis mellifera) foragers.
Apidologie 41: 21-28.

Kunieda, T., Fujiyuki, T., Kucharski, R., Foret, S., Ament, S.
A., Toth, A. L., et al. (2006) Carbohydrate metabolism
genes and pathways in insects: insights from the honey
bee genome. Insect Mol Biol 15: 563-576.

Kurze, C., Le Conte, VY., Dussaubat, C., Erler, S., Kryger, P,
Lewkowski, O., et al. (2015) Nosema tolerant honeybees
(Apis mellifera) escape parasitic manipulation of apopto-
sis. PLoS One 10: e0140174.

Kurze, C., Mayack, C., Hirche, F., Stangl, G.l., Le Conte, Y.,
Kryger, P, and Moritz, R.F. (2016) Nosema spp. infec-
tions cause no energetic stress in tolerant honeybees.
Parasitol Res 115: 2381-2388.

Lecocq, A., Jensen, A.B., Kryger, P, and Nieh, J.C. (2016)
Parasite infection accelerates age polyethism in young
honey bees. Sci Rep 6: 22042.

Lee, S.C., Corradi, N., Doan, S., Dietrich, F.S., Keeling,
P.J., and Heitman, J. (2010) Evolution of the sex-related

Nosema ceranae in Apis mellifera 1325

locus and genomic features shared in microsporidia and
fungi. PLoS One 5: e10539.

Leoncini, ., Crauser, D., Robinson, G.E., and Le Conte, Y.
(2004) Worker-worker inhibition of honey bee behavioural
development independent of queen and brood. Insect
Soc 51: 392-394.

Li, J., Chen, W., Wu, J., Peng, W., An, J., Schmid-Hempel,
P., and Schmid-Hempel, R. (2012) Diversity of Nosema
associated with bumblebees (Bombus spp.) from China.
Int J Parasitol 42: 49-61.

Li, W., Evans, J.D., Li, J., Su, S., Hamilton, M., and Chen,
Y. (2017) Spore load and immune response of honey
bees naturally infected by Nosema ceranae. Parasitol
Res 116: 3265-3274.

Li, W., Chen, Y., and Cook, S.C. (2018) Chronic Nosema
ceranae infection inflicts comprehensive and persistent
immunosuppression and accelerated lipid loss in host
Apis mellifera honey bees. Int J Parasitol doi:10.1016/
j-ijpara.2017.11.004. (in press).

Little, C.M., Shutler, D., and Williams, G.R. (2016) Associa-
tions among Nosema spp. fungi, Varroa destructor mites,
and chemical treatments in honey bees, Apis mellifera.
J Apic Res 8839: 1-8.

Liu, F, Wang, Q., Dai, PL., Wu, Y.Y,, Song, H.K., and
Zhou, T. (2008) Natural stripe of Microsporidia of honey-
bee in China. Chinese Bull Entomol 45: 963—966.

Llorens-Picher, M., Higes, M., Martin-Hernandez, R., De la
Rda, P, Munoz, I., Aidoo, K., et al. (2018) Honey bee
pathogens in Ghana and the presence of contaminated
beeswax. Apidologie 48: 732-742.

Lodesani, M., Costa, C., Besana, A., DallOlio, R.,
Franceschetti, S., Tesoriero, D., and Giacomo, D. (2014)
Impact of control strategies for Varroa destructor on col-
ony survival and health in northern and central regions of
Italy. J Apic Res 53: 155-164.

Ma, Z., Li, C., Pan, G., Li, Z., Han, B., Xu, J., et al. (2013)
Genome-wide transcriptional response of silkworm
(Bombyx mori) to infection by the microsporidian Nosema
bombycis. PLoS One 8: e84137.

Maiolino, P, lafigliola, L., Rinaldi, L., De Leva, G., Restucci,
B., and Martano, M. (2014) Histopathological findings of
the midgut in European honey bee (Apis Mellifera L.) nat-
urally infected by Nosema spp. Vet Med Anim Sci 2: 4.

Malfroy, S.F., Roberts, J.M.K., Perrone, S., Maynard, G.,
and Chapman, N. (2016) A pest and disease survey of
the isolated Norfolk Island honey bee (Apis mellifera)
population. J Apic Res 55: 202-211.

Martin, S.J., Hardy, J., Villalobos, E., Martin-Hernandez, R.,
Nikaido, S., and Higes, M. (2013) Do the honeybee
pathogens Nosema ceranae and deformed wing virus act
synergistically?. Environ Microbiol Rep 5: 506-510.

Martinez, J., Leal, G., and Conget, P. (2012) Nosema cera-
nae an emergent pathogen of Apis mellifera in Chile. Par-
asitol Res 111: 601-607.

Martin-Hernandez, R., Meana, A., Prieto, L., Salvador,
A.M., Garrido-Bailén, E., and Higes, M. (2007) Outcome
of colonization of Apis mellifera by Nosema ceranae.
Appl Environ Microbiol 73: 6331-6338.

Martin-Hernandez, R., Meana, A., Garcia-Palencia, P,
Marin, P, Botias, C., Garrido-Bailéon, E., et al.
(2009) Effect of temperature on the biotic potential of

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



1326 R. Martin-Hernandez et al.

honeybee microsporidia. App! Environ Microbiol 75:
2554-2557.

Martin-Hernandez, R., Botias, C., Barrios, L., Martinez-
Salvador, A., Meana, A., Mayack, C., and Higes, M.
(2011) Comparison of the energetic stress associated
with experimental Nosema ceranae and Nosema apis
infection of honeybees (Apis mellifera). Parasitol Res
109: 605-612.

Martin-Hernandez, R., Botias, C., Bailon, E.G., Martinez-
Salvador, A., Prieto, L., Meana, A., and Higes, M. (2012)
Microsporidia infecting Apis mellifera: coexistence or
competition. Is Nosema ceranae replacing Nosema
apis?. Environ Microbiol 14: 2127-2138.

Martin-Hernandez, R., Higes, M., Sagastume, S., Juarranz,
A., Dias-Almeida, J., Budge, G.E., et al. (2017) Micro-
sporidia infection impacts the host cell’s cycle and
reduces host cell apoptosis. PLoS One 12: e0170183-
e0170117.

Maside, X., Gomez-Moracho, T., Jara, L., Martin-
Hernandez, R., De La Rua, P, Higes, M., and Bartolomé,
C. (2015) Population genetics of Nosema apis and
Nosema ceranae: One host (Apis mellifera) and two dif-
ferent histories. PLoS One 10: e0145609—e0145621.

Mayack, C., and Naug, D. (2009) Energetic stress in the
honeybee Apis mellifera from Nosema ceranae infection.
J Invertebr Pathol 100: 185—-188.

Mayack, C., and Naug, D. (2010) Parasitic infection leads to
decline in hemolymph sugar levels in honeybee foragers.
J Insect Physiol 56: 1572—-1575.

Mayack, C., and Naug, D. (2013) Individual energetic state
can prevail over social regulation of foraging in honey-
bees. Behav Ecol Sociobiol 67: 929-936.

Mayack, C., Natsopoulou, M.E., and McMahon, D.P. (2015)
Nosema ceranae alters a highly conserved hormonal
stress pathway in honeybees. Insect Mol Biol 24: 662—
670.

McCowen, M.C., Callender, M.E., and Lawlis, J.F. (1951)
Fumagillin (H-3), a new antibiotic with amebicidal proper-
ties. Science 113: 202-203.

McDonnell, C.M., Alaux, C., Parrinello, H., Desvignes, J.-P,,
Crauser, D., Durbesson, E., et al. (2013) Ecto- and endo-
parasite induce similar chemical and brain neurogenomic
responses in the honey bee (Apis mellifera). BMC Ecol
13: 25.

McGowan, J., De la Mora, A., Goodwin, P.H., Habash, M.,
Hamiduzzaman, M.M., Kelly, P.G., and Guzman-Novoa,
E. (2016) Viability and infectivity of fresh and cryopre-
served Nosema ceranae spores. J Microbiol Methods
131: 16-22.

Meana, A., Martin-Hernandez, R., and Higes, M. (2010)
The reliability of spore counts to diagnose Nosema
ceranae infections in honey bees. J Apic Res 49: 212—
214.

Meana, A., Llorens-Picher, M., Euba, A., Bernal, J.L.,
Meana, A., Llorens-Picher, M., et al. (2017) Risk factors
associated with honey bee colony loss in apiaries in Gali-
cia, NW Spain. Spanish J Agric Res 15: e0501.

Medici, K., Sarlo, E.G., Porrini, M.P., Braunstein, M., and
Eguaras, M.J. (2012) Genetic variation and widespread
dispersal of Nosema ceranae in Apis mellifera apiaries
from Argentina. Parasitol Res 110: 859-864.

Mendoza, Y., Antinez, K., Branchiccela, B., Anido, M.,
Santos, E., and Invernizzi, C. (2014) Nosema ceranae
and RNA viruses in European and Africanized honeybee
colonies (Apis mellifera) in Uruguay. Apidologie 45: 224—
234.

Mendoza, VY., Diaz-Cetti, S., Ramallo, G., Santos, E.,
Porrini, M., and Invernizzi, C. (2017) Nosema ceranae
winter control: study of the effectiveness of different
fumagillin treatments and consequences on the strength
of honey bee (Hymenoptera: Apidae) colonies. J Econ
Entomol 110: 1-5.

Michalczyk, M., Sokdt, R., and Koziatek, S. (2016) Evalua-
tion of the effectiveness of selected treatments of
Nosema Spp. infection by the hemocytometric method
and duplex PCR. Acta Vet Brno 66: 115-124.

Milbrath, M.O., Xie, X., and Huang, Z.Y. (2013) Nosema cera-
nae induced mortality in honey bees (Apis mellifera) depends
on infection methods. J Invertebr Pathol114: 42—44.

Milbrath, M.O., van Tran, T., Huang, W.-F., Solter, L.F,
Tarpy, D.R., Lawrence, F., and Huang, Z.Y. (2015) Com-
parative virulence and competition between Nosema apis
and Nosema ceranae in honey bees (Apis mellifera).
J Invertebr Pathol 125: 9-15.

Muli, E., Patch, H., Frazier, M., Frazier, J., Torto, B.,
Baumgarten, T., et al. (2014) Evaluation of the distribu-
tion and impacts of parasites, pathogens, and pesticides
on honey bee (Apis mellifera) populations in east Africa.
PLoS One 9: €94459.

Nabian, S., Ahmadi, K., Nazem Shirazi, M.H., and Gerami
Sadeghian, A. (2011) First detection of Nosema ceranae,
a microsporidian protozoa of European honeybees (Apis
mellifera) in Iran. Iran J Parasitol 6: 89-95.

Nanetti, A., Rodriguez-Garcia, C., Meana, A., Martin-
Hernandez, R., and Higes, M. (2015) Effect of oxalic acid
on Nosema ceranae infection. Res Vet Sci 102: 167-172.

Natsopoulou, M.E., Mcmahon, D.P., Doublet, V., Bryden, J.,
and Paxton, R.J. (2014) Interspecific competition in hon-
eybee intracellular gut parasites is asymmetric and
favours the spread of an emerging infectious disease.
Proc R Soc B 282: 20141896.

Natsopoulou, M.E., Doublet, V., and Paxton, R.J. (2016)
European isolates of the Microsporidia Nosema apis and
Nosema ceranae have similar virulence in laboratory
tests on European worker honey bees. Apidologie 47: 57.

Natsopoulou, M.E., McMahon, D.P, Doublet, V., Frey, E.,
Rosenkranz, P, and Paxton, R.J. (2017) The virulent,
emerging genotype B of deformed wing virus is closely
linked to overwinter honeybee worker loss. Sci Rep 7: 5242.

Naug, D. (2014) Infected honeybee foragers incur a higher
loss in efficiency than in the rate of energetic gain. Biol
Lett 10: 20140731.

Nei, M. (1987) Molecular Evolutionary Genetics. New York:
Columbia University Press.

Nelson, C.M., lhle, K.E., Amdam, G.V., Fondrk, M.K., and
Page, R.E. (2007) The gene vitellogenin has multiple
coordinating effects on social organization. PLoS Biol 5:
e62-677.

Oguz, B., Karapinar, E., Dinger, E., and Deger, M.S. (2017)
Molecular detection of Nosema spp. and black queen-cell
virus in honeybees in Van Province, Turkey. Turkish J Vet
Anim Sci 41: 221-227.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



O’Mahony, E.M., Tay, W.T., and Paxton, R.J. (2007) Multiple
rRNA variants in a single spore of the microsporidian
Nosema bombi. J Eukaryot Microbiol 54: 103—109.

Otti, O., and Schmid-Hempel, P. (2007) Nosema bombi: a
pollinator parasite with detrimental fitness effects. J Invert
Pathol 96: 118-124.

Palmer, K.A., and Oldroyd, B.P. (2003) Evidence for intra-
colonial genetic variance in resistance to American foul-
brood of honey bees (Apis mellifera): further support for
the parasite/pathogen hypothesis for the evolution of
polyandry. Naturwissenschaften 90: 265-268.

Paxton, R.J. (2010) Does infection by Nosema ceranae
cause “Colony Collapse Disorder” in honey bees (Apis
mellifera)?. J Apic Res 49: 80-84.

Paxton, R.J., Klee, J., Korpela, S., and Fries, I. (2007)
Nosema ceranae has infected Apis mellifera in Europe
since at least 1998 and may be more virulent than
Nosema apis. Apidologie 38: 558-565.

Pelin, A., Selman, M., Aris-Brosou, S., Farinelli, L., and
Corradi, N. (2015) Genome analyses suggest the pres-
ence of polyploidy and recent human-driven expansions
in eight global populations of the honeybee pathogen
Nosema ceranae. Environ Microbiol 17: 4443—4458.

Peng, Y., Baer-Imhoof, B., Millar, A.H., and Baer, B. (2015)
Consequences of Nosema apis infection for male honey
bees and their fertility. Sci Rep 5: 10565.

Perry, C.J., Savik, E., Myerscough, M.R., and Barron, A.B.
(2015) Rapid behavioral maturation accelerates failure of
stressed honey bee colonies. Proc Natl Acad Sci USA
112: 3427-3432.

Pettis, J.S., Vanengelsdorp, D., Johnson, J., and Dively, G.
(2012) Pesticide exposure in honey bees results in
increased levels of the gut pathogen Nosema. Naturwis-
senschaften 99: 153—-158.

Pettis, J.S., Lichtenberg, E.M., Andree, M., Stitzinger, J.,
Rose, R., and vanEngelsdorp, D. (2013) Crop pollination
exposes honey bees to pesticides which alters their sus-
ceptibility to the gut pathogen Nosema ceranae. PLoS One
8: €70182. hitps://doi.org/10.1371/journal.pone.0070182

Piiroinen, S., and Goulson, D. (2016) Chronic neonicotinoid
pesticide exposure and parasite stress differentially
affects learning in honeybees and bumblebees. Proc R
Soc B 283: 20160246.

Plischuk, S., and Lange, C.E. (2016) Bombus brasiliensis
Lepeletier (Hymenoptera, Apidae) infected with
Nosema ceranae (Microsporidia). Rev Bras Entomol 60:
347-351.

Plischuk, S., Martin-Hernandez, R., Prieto, L., Lucia, M.,
Botias, C., Meana, A., et al. (2009) South American
native bumblebees (Hymenoptera: Apidae) infected by
Nosema ceranae (Microsporidia), an emerging pathogen
of honeybees (Apis mellifera). Environ Microbiol Rep 1:
131-135.

Porrini, M.P., Audisio, M.C., Sabaté, D.C., Ibarguren, C.,
Medici, S.K., Sarlo, E.G., et al. (2010) Effect of bacterial
metabolites on microsporidian Nosema ceranae and on
its host Apis mellifera. Parasitol Res 107: 381-388.

Porrini, M.P.,, Sarlo, E.G., Medici, S.K., Garrido, P.M.,
Porrini, D.P., Damiani, N., and Eguaras, M.J. (2011)
Nosema ceranae development in Apis mellifera: influence
of diet and infective inoculum. J Apic Res 50: 35-41.

Nosema ceranae in Apis mellifera 1327

Porrini, M.P., Porrini, L.P., Garrido, P.M., de Melo, C., Neto,
S., Porrini, D.P,, et al. (2017) Nosema ceranae in South
American native stingless bees and social wasp. Microb
Ecol 74: 761-764.

Ptaszynska, A.A., Borsuk, G., Mulenko, W., and Demetraki-
Paleolog, J. (2014) Differentiation of Nosema apis and
Nosema ceranae spores under Scanning Electron
Microscopy (SEM). J Apic Res 53: 537-544.

Ptaszynska, A.A., Paleolog, J., and Borsuk, G. (2016)
Nosema ceranae infection promotes proliferation of
yeasts in honey bee intestines. PLoS One 11: e0164477.

Ravoet, J., Maharramov, J., Meeus, |., De Smet, L.,
Wenseleers, T., Smagghe, G., and de Graaf, D.C. (2013)
Comprehensive bee pathogen screening in belgium
reveals crithidia mellificae as a new contributory factor to
winter mortality. PLoS One 8: e€72443.

Ravoet, J., De Smet, L., Meeus, |, Smagghe, G.,
Wenseleers, T., and de Graaf, D.C. (2014) Widespread
occurrence of honey bee pathogens in solitary bees.
J Invertebr Pathol 122: 55-58.

Razmaraii, N., Sadegh-Eteghad, S., Babaei, H., Paykari,
H., Esmaeilnia, K., and Froghy, L. (2013) Molecular iden-
tification of Nosema species in East Azerbaijan province.
Iran Arch Razi Inst 68: 23-27.

Retschnig, G., Neumann, P, and Wiliams, G.R. (2014)
Thiacloprid-Nosema ceranae interactions in honey bees:
host survivorship but not parasite reproduction is depen-
dent on pesticide dose. J Invertebr Pathol 118: 18—19.

Retschnig, G., Wiliams, G.R., Odemer, R., Boltin, J., Di
Poto, C., Mehmann, M.M., et al. (2015) Effects, but no
interactions, of ubiquitous pesticide and parasite stres-
sors on honey bee (Apis mellifera) lifespan and behaviour
in a colony environment. Environ Microbiol 17: 4322—
4331.

Roberts, K.E., and Hughes, W.O.H. (2014) Immunosenes-
cence and resistance to parasite infection in the honey
bee, Apis mellifera. J Invertebr Pathol 121: 1-6.

Roberts, K.E., and Hughes, W.O.H. (2015) Horizontal trans-
mission of a parasite is influenced by infected host phe-
notype and density. Parasitology 142: 395-405.

Roberts, K.E., Evison, S.E.F., Baer, B., and Hughes,
W.O.H. (2015) The cost of promiscuity: sexual transmis-
sion of Nosema microsporidian parasites in polyandrous
honey bees. Sci Rep 5: 10982.

Robinson, G.E., and Vargo, E.L. (1997) Juvenile hormone
in adult eusocial Hymenoptera: gonadotropin and behav-
ioral pacemaker. Arch Insect Biochem Physiol 35: 559—
583.

de Roode, J.C., Culleton, R., Cheesman, S.J., Carter, R.,
and Read, A.F. (2004) Host heterogeneity is a determi-
nant of competitive exclusion or coexistence in genetically
diverse malaria infections. Proc R Soc B Biol Sci 271:
1073-1080.

Roudel, M., Aufauvre, J., Corbara, B., Delbac, F., Blot, N.,
Université, C., et al. (2013) New insights on the genetic
diversity of the honeybee parasite Nosema ceranae
based on multilocus sequence analysis. Parasitology
140: 1346-1356.

Russell, S., Barron, A.B., and Harris, D. (2013) Dynamic
modelling of honey bee (Apis mellifera) colony growth
and failure. Ecol Modell 265: 158—169.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



1328 R. Martin-Hernandez et al.

Ruttner, F. (1988) Biogeography and Taxonomy of Honey
Bees. Berlin, Germany: Springer, 284 p.

Sagastume, S., Del Aguila, C., Martin-Hernandez, R.,
Higes, M., and Henriques-Gil, N. (2011) Polymorphism
and recombination for rDNA in the putatively asexual
microsporidian Nosema ceranae, a pathogen of honey-
bees. Environ Microbiol 13: 84—95.

Sagastume, S., Martin-Hernandez, R., Higes, M., and
Henriques-Gil, N. (2014) Ribosomal gene polymorphism
in small genomes: analysis of different 16S rRNA
sequences expressed in the honeybee parasite Nosema
ceranae (Microsporidia). J Eukaryot Microbiol 61: 42-50.

Sanchez Collado, J.G., Higes, M., Barrio, L., and Martin-
Hernandez, R. (2014) Flow cytometry analysis of
Nosema species to assess spore viability and longevity.
Parasitol Res 113: 1695—-1701.

Santrac, V., Granato, A., and Mutinelli, F. (2010) Detection
of Nosema ceranae in Apis mellifera from Bosnia and
Herzegovina. J Apic Res 49: 100-101.

Schmid, M.R., Brockmann, A., Pirk, CW.W., Stanley, D.W.,
and Tautz, J. (2008) Adult honeybees (Apis mellifera L.)
abandon hemocytic, but not phenoloxidase-based immu-
nity. J Insect Physiol 54: 439-444.

Schulz, D.J., Huang, Z.-Y.,, and Robinson, G.E. (1998)
Effects of colony food shortage on behavioral develop-
ment in honey bees. Behav Ecol Sociobiol 42: 295-303.

Schwarz, R.S., and Evans, J.D. (2013) Single and mixed-
species trypanosome and microsporidia infections elicit dis-
tinct, ephemeral cellular and humoral immune responses in
honey bees. Dev Comp Immunol 40: 300-310.

Seeley, T.D., and Tarpy, D.R. (2007) Queen promiscuity low-
ers disease within honeybee colonies. Proc R Soc B 274:
67-72.

Seitz, N., Traynor, K.S., Steinhauer, N., Rennich, K,
Wilson, M.E., Ellis, J.D., et al. (2015) A national survey of
managed honey bee 2014-2015 annual colony losses in
the USA. J Apic Res 54: 292-304.

Simeunovic, P., Stevanovic, J., Cirkovic, D., Sonja, R.,
Lakic, N., Stanisic, L., and Stanimirovic, Z. (2014)
Nosema ceranae and queen age influence the reproduc-
tion and productivity of the honey bee colony. J Apic Res
53: 545-554.

Smart, M.D., and Sheppard, W.S. (2012) Nosema ceranae
in age cohorts of the western honey bee (Apis mellifera).
J Invertebr Pathol 109: 148-151.

Soroker, V., Hetzroni, A., Yakobson, B., David, D., David,
A., Voet, H., et al. (2011) Evaluation of colony losses in
Israel in relation to the incidence of pathogens and pests.
Apidologie 42: 192—-199.

Stevanovic, J., Stanimirovic, Z., Genersch, E., Kovacevic,
S.R., Ljubenkovic, J., Radakovic, M., and Aleksic, N.
(2011) Dominance of Nosema ceranae in honey bees in
the Balkan countries in the absence of symptoms of col-
ony collapse disorder. Apidologie 42: 49-58.

Stevanovic, J., Simeunovic, P., Gajic, B., Lakic, N., Radovic,
D., Fries, |., and Stanimirovic, Z. (2013) Characteristics of
Nosema ceranae infection in Serbian honey bee colonies.
Apidologie 44: 522-536.

Strauss, U., Human, H., Gauthier, L., Crewe, R.M.,
Dietemann, V., and Pirk, CW.W. (2013) Seasonal preva-
lence of pathogens and parasites in the savannah

honeybee (Apis mellifera scutellata). J Invertebr Pathol
114: 45-52.

Suwannapong, G., Maksong, S., Seanbualuang, P, and
Benbow, M.E. (2010) Experimental infection of red dwarf
honeybee, Apis florea, with Nosema ceranae. J Asia
Pacific Entomol 13: 361-364.

Suwannapong, G., Yemor, T., Boonpakdee, C., and
Benbow, M.E. (2011) Nosema ceranae, a new parasite in
Thai honeybees. J Invertebr Pathol 106: 236—241.

Szumowski, S.C., and Troemel, E.R. (2015) Microsporidia—
host interactions. Curr Opin Microbiol 26: 10-16.

Tapaszti, Z., Forgach, P., Kovago, C., Békési, L., Bakonyi,
T., and Rusvai, M. (2009) First detection and dominance
of Nosema ceranae in Hungarian honeybee colonies.
Acta Vet Hung 57: 383-388.

Tarpy, D.R. (2003) Genetic diversity within honeybee colo-
nies prevents severe infections and promotes colony
growth. Proc R Soc Lond B Biol Sci 270: 99—103.

Tarpy, D.R., and Seeley, T.D. (2006) Lower disease infec-
tions in honeybee (Apis mellifera) colonies headed by
polyandrous vs monandrous queens. Naturwissenschaf-
ten 93: 195-199.

Tay, W.T., O'Mahony, E.M., and Paxton, R.J. (2005) Com-
plete rRNA gene sequences reveal that the microspori-
dium Nosema bombi infects diverse bumblebee (Bombus
spp.) hosts and contains multiple polymorphic sites.
J Eukaryot Microbiol 52: 505-513.

Teixeira, E.W., Santos, L.G., Sattler, A., Message, D.,
Alves, M.L., Martins, M.F.,, et al. (2013) Nosema ceranae
has been present in Brazil for more than three decades
infecting Africanized honey bees. J Invertebr Pathol 114:
250-254.

Tokarz, R., Firth, C., Street, C., Cox-Foster, D.L., and
Lipkin, W.I. (2011) Lack of evidence for an association
between iridovirus and colony collapse disorder. PLoS
One 6: €21844.

Toplak, 1., Jamnikar Ciglenecki, U., Aronstein, K., and
Gregorc, A. (2013) Chronic bee paralysis virus and
Nosema ceranae experimental co-infection of winter honey
bee workers (Apis melliferaL.). Viruses 5: 2282—2297.

Toth, A.L. (2005) Nutritional status influences socially regu-
lated foraging ontogeny in honey bees. J Exp Biol 208:
4641-4649.

Traver, B.E., and Fell, R.D. (2011) Prevalence and infection
intensity of Nosema in honey bee (Apis mellifera L.) colo-
nies in Virginia. J Invertebr Pathol 107: 43—49.

Traver, B.E., and Fell, R.D. (2015) A scientific note: Survey
for Nosema spp. in preserved Apis spp. Apidologie 46:
194-196.

Traynor, K., and Traynor, M. (2008) Bee breeding around
the world. Am Bee J 148: 135—-139.

Traynor, K.S., Rennich, K., Forsgren, E., Rose, R., Pettis,
J., Kunkel, G., et al. (2016) Multiyear survey targeting dis-
ease incidence in US honey bees. Apidologie 47: 325-
347.

Tritschler, M., Vollmann, J.J., Yanez, O., Chejanovsky, N.,
Crailsheim, K., and Neumann, P. (2017) Protein nutrition
governs within-host race of honey bee pathogens. Sci
Rep 7: 14988.

Underwood, R.M., and Currie, R.W. (2009) Indoor winter
fumigation with formic acid for control of Acarapis woodi

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



(Acari: Tarsonemidae) and Nosema disease, Nosema sp.
J Econ Entomol 102: 1729-1736.

Valera, F., Gomez-Moracho, T., Yuan, H.-W., Munoz, |., De
la Rua, P, Martin-Hernandez, R., et al. (2017) Any role
for the dissemination of Nosema spores by the blue-tailed
bee-eater Merops philippinus? J Apic Res 8839: 1-8.

Vidau, C., Diogon, M., Aufauvre, J., Fontbonne, R., Vigues,
B., Brunet, J.L., et al. (2011) Exposure to sublethal doses
of fipronil and thiacloprid highly increases mortality of
honeybees previously infected by Nosema ceranae.
PLoS One 6: e21550.

Vidau, C., Panek, J., Texier, C., Biron, D.G., Belzunces,
L.P, Le Gall, M., et al. (2014) Differential proteomic anal-
ysis of midguts from Nosema ceranae-infected honey-
bees reveals manipulation of key host functions.
J Invertebr Pathol 121: 89-96.

Villa, J.D., Bourgeois, A. L., and Danka, R.G. (2013) Nega-
tive evidence for effects of genetic origin of bees on
Nosema ceranae, positive evidence for effects of Nosema
ceranae on bees. Apidologie 44: 511-518.

Weedall, G.D., and Hall, N. (2015) Sexual reproduction and
genetic exchange in parasitic protists. Parasitol 142
(Suppl 1): S120-S127.

Whitaker, J., Szalanski, A.L., and Kence, M. (2011) Molecu-
lar detection of Nosema ceranae and N. apis from Turk-
ish honey bees. Apidologie 42: 174—180.

Williams, G.R., Sampson, M.A., Shutler, D., and Rogers,
R.E.L. (2008) Does fumagillin control the recently
detected invasive parasite Nosema ceranae in western
honey bees (Apis mellifera)?. J Invertebr Pathol 99:
342-344.

Williams, G.R., Shutler, D., Little, C.M., Burgher-Maclellan,
K.L., and Rogers, R.E.L. (2011) The microsporidian
Nosema ceranae, the antibiotic Fumagilin-B®, and west-
ern honey bee (Apis mellifera) colony strength. Apidolo-
gie 42: 15-22.

Williams, G.R., Shutler, D., Burgher-MacLellan, K.L., and
Rogers, R.E.L. (2014) Infra-population and -community

Nosema ceranae in Apis mellifera 1329

dynamics of the parasites Nosema apis and Nosema
ceranae, and consequences for honey bee (Apis melli-
fera) hosts. PLoS One 9: €99465-e€99410.

Wolf, S., McMahon, D.P,, Lim, K.S., Pull, C.D., Clark, S.J.,
Paxton, R.J., and Osborne, J.L. (2014) So near and yet
so far: Harmonic radar reveals reduced homing ability of
Nosema infected honeybees. PLoS One 9: e103989.

Wolf, S., Nicholls, E., Reynolds, A.M., Wells, P, Lim, K.S.,
Paxton, R.J., and Osborne, J.L. (2016) Optimal search
patterns in honeybee orientation flights are robust against
emerging infectious diseases. Sci Rep 6: 32612.

Woyciechoski, M., and Krol, E. (2001) Worker genetic diver-
sity and infection by Nosema apis in honey bee colonies.
Folia Biol (KraKow) 49: 107—-112.

Wu, J.Y., Smart, M.D., Anelli, C.M., and Sheppard, W.S.
(2012) Honey bees (Apis mellifera) reared in brood
combs containing high levels of pesticide residues exhibit
increased susceptibility to Nosema (Microsporidia) infec-
tion. J Invertebr Pathol 109: 326—-329.

Yoshiyama, M., and Kimura, K. (2011) Distribution of
Nosema ceranae in the European honeybee, Apis melli-
fera in Japan. J Invertebr Pathol 106: 263—267.

van der Zee, R., Gomez-Moracho, T., Pisa, L., Sagastume,
S., Garcia-Palencia, P, Maside, X., et al. (2014) Viru-
lence and polar tube protein genetic diversity of Nosema
ceranae (Microsporidia) field isolates from Northern and
Southern Europe in honeybees (Apis mellifera iberiensis).
Environ Microbiol Rep 6: 401-413.

Zheng, H.Q., Gong, H.R., Huang, S.K., Sohr, A., Hu, FL.,
and Chen, Y.P. (2015) Evidence of the synergistic effect
of honey bee pathogens Nosema ceranae and Deformed
Wing Virus. Vet Microbiol 177: 1-6.

Zhu, X., Zhou, S., and Huang, Z.Y. (2014) Transportation
and pollination service increase abundance and preva-
lence of Nosema ceranae in honey bees (Apis mellifera).
J Apic Res 53: 469-471.

© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 20, 1302—1329



