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Nosema ceranae is the most prevalent endoparasite of Apis mellifera iberiensis and it is a major health
problem for bees worldwide. The infective capacity of N. ceranae has been demonstrated experimentally
in honey bee brood, however no data are available about its prevalence in brood under natural conditions.
Thus, brood combs from 10 different hives were analyzed over two consecutive years, taking samples
before and after winter. A total of 1433 larvae/pupae were analyzed individually and N. ceranae
(3.53%) was the microsporidian most frequently detected, as opposed to Nosema apis (0.42%) which
was more frequently detected in conjunction with N. ceranae (0.71%). The active multiplication of both
microsporidians was confirmed by the expression (real-time-PCR) of the N. ceranae polar tube protein
3 gene and/or the N. apis RNA polymerase II gene in 24% of the brood samples positive for Nosema
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Nosema apis
Microsporidia spp. Both genes are related to microsporidian multiplication. As such, N. ceranae multiplication was con-
Epidemiology firmed in 1.06% of the samples, while N. apis multiplication was only observed in co-infections with N.

Brood infection ceranae (0.07%). Brood cells were analyzed for the presence of Nosema spp., as those are the immediate
environment where the brood stages develop. The brood samples infected by Nosema spp. were in brood
cells in which that microsporidians were not detected, while brood cells positive for N. ceranae hosted
brood stages that were not apparently infected, indicating that this is unlikely to be the main pathway
of infection. Finally, the colonies with brood infected by N. ceranae showed higher levels (numbers) of
infected adult bees, although the differences were not significant before (P =0.260), during (P = 0.055)
or after (P =0.056) brood sampling. These results show that N. ceranae is a bee parasite ubiquitous to
all members of the colony, irrespective of the age of the bee. It is also of veterinary interest and should
be considered when studying the epidemiology of the disease.

© 2019 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Microsporidians are a truly diverse lineage of extremely
reduced parasites that are related to the Order Rozellida (Rozel-
losporidia = Rozellomycota = Cryptomycota) or that diverged as
the branch below the fungi, within the Holomycota clade of
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Opisthokonta (James et al., 2013; Bass et al., 2018; Galindo et al.,
2018). These organisms are obligate intracellular parasites that
infect a wide range of vertebrates and invertebrates (Didier et al.,
2004). They are frequently found in domestically managed aquatic
and terrestrial hosts, many of which are vulnerable to epizootics
and all of which are crucial for the stability of the animal-human
food chain (Stentiford et al., 2016). In economically relevant insects
such as the silkworm (Bombyx mori) and honey bee (Apis mellifera),
microsporidians can cause serious diseases and, as a result, impor-
tant financial losses.

Some insects play a vital role as pollinators, regulating natural
ecosystems. Globally, nearly 90% of wild flowering plant species
to some extent depend on the transfer of pollen by animals, espe-
cially bees (IPBES, 2016, https://www.ipbes.net/system/tdf/spm_
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deliverable_3a_pollination_20170222.pdf?file=1&type=node&id=
15248; European Commission, 2017, http://ec.europa.eu/environ-
ment/nature/pdf/roadmap-for-the-eu-pollinators-initiative.pdf).
To date, three microsporidian species have been described in A.
mellifera honey bees: Nosema apis (Zander, 1909), Nosema ceranae
(Fries et al., 1996), and Nosema neumanni (Chemurot et al., 2017).
Due to its more recent identification, there is currently little infor-
mation available about the effects of N. neumanni infection, while
the other two Nosema spp. (N. apis and N. ceranae) have different
clinical consequences in honey bee colonies. Nosema apis was first
described over a century ago (Zander, 1909) and the consequences
of its infection in honey bee colonies were first described many
decades ago. Dysentery and bees crawling around the hive are
among the most recognizable clinical signs of N. apis infection
and, indeed, this disease is thought to cause significant economic
losses to beekeepers around the world. By contrast, N. ceranae
was first described in 1996 as a parasite of the eastern bee Apis cer-
ana (Fries et al., 1996), although by the beginning of this century it
was considered to be an epidemic for its new host, A. mellifera
(Higes et al., 2006; Martin-Hernandez et al., 2007; Paxton et al.,
2007). The disease provoked by N. ceranae has clinical signs dis-
tinct from those caused by N. apis, and N. ceranae infection can
be particularly unsettling for beekeepers because the infected colo-
nies do not generally show outward manifestations of infection
until their health is severely compromised (Higes et al., 2008a;
Botias et al., 2012a). Because the diseases caused by both
microsporidians are well differentiated, that produced by N. apis
is now referred to as Nosemosis type A and that caused by N. cer-
anae as Nosemosis type C (Higes et al., 2010). Indeed, Nosemosis
Type C has been associated with altered polyethism and a gradual
loss of workers bees, ultimately exhausting the colony and causing
its death (Higes et al., 2008a; Hatjina et al., 2011; Khoury et al,
2011, 2013; Botias et al., 2012a,b; Ravoet et al., 2013; Lodesani
et al., 2014; Bekele et al., 2015; Lecocq et al, 2016).

Both Nosema spp. have now been reported across the five con-
tinents where apiculture practices involve the use of sub-species
and variants of A. mellifera: Africa (Fries et al., 2003; Higes et al.,
2009a); Asia (Huang et al., 2008; Chen et al., 2009); North America
(Chen et al., 2008, Williams et al., 2008) and South America
(Calderén et al., 2008; Invernizzi et al., 2009); Europe (Higes
et al., 2006; Paxton et al., 2007); and Oceania (Giersch et al.,
2009). In fact, globalization has provided parasites/pathogens
opportunities to cross geographic boundaries and expand to new
hosts in apiculture (Chen et al., 2009; Chen and Huang, 2010; Li
et al.,, 2012; Vanbergen et al., 2013). Despite its more recent iden-
tification, N. ceranae is now not only more widespread but it is
even more predominant in many regions (Klee et al., 2007;
Martin-Hernadndez et al., 2007; Giersch et al., 2009; Invernizzi
et al., 2009; Fries, 2010; Copley et al., 2012; Porrini et al., 2016;
Gisder et al., 2017; Khezri et al., 2018; Tokarev et al., 2018). In fact,
the prevalence of N. ceranae is not only on an upward trend (Cox-
Foster et al., 2007; Botias et al., 2012b; Cepero et al., 2016; Gisder
et al.,, 2017) but since its prevalence could be favored at higher
temperatures (Martin-Hernandez et al., 2009; Paxton, 2010;
Sanchez Collado et al., 2014; Ozgor et al., 2015; Gisder et al.,
2017), it represents an important challenge in the face of global
warming.

Nosema infection occurs after the ingestion of mature spores in
food or water, and it is mainly transmitted by trophalaxis (food
sharing: Smith, 2012) or the fecal-oral route (fecal waste cleaning)
via an infected nest mate (Webster, 1993; Higes et al., 2009b). The
target tissue for both N. apis and N. ceranae is the bees’ ventriculum
(Higes et al., 2007; Huang and Solter, 2013), infecting the epithelial
cells in which these microsporidian species produce their prolifer-
ative stages.

All A. mellifera castes (workers, queen and drones) are suscepti-
ble to Nosema spp. infection (Higes et al., 2007; Webster et al.,
2008; Higes et al., 2009a,b; Traver and Fell, 2011, 2012; Martin-
Hernandez et al., 2012). Although Nosemosis has traditionally been
considered an adult disease, drone and queen pupae were seen to
be weakly infected by N. ceranae in naturally infected colonies
(Traver and Fell, 2011, 2012), and both N. apis and N. ceranae were
detected in spring workers and queen larvae and/or pupae in Chile
(Rodriguez et al., 2012. A later study confirmed that pre-pupae of A.
mellifera workers could be successfully infected under laboratory
conditions (Eiri et al., 2015), producing a range of pathological
problems in the adults that emerged from them after metamor-
phosis, shortening their life, delaying normal age polyethism and
disrupting the balance of the colony (Eiri et al., 2015; Benvau
and Nieh, 2017). Immature stages of other hymenopterans have
previously been reported to be susceptible to experimental infec-
tion by microsporidians, eg Bombus terrestris to Nosema bombi
(van den Eijnde and Vette, 1993; Schmid-Hempel and Loosli,
1998). Similarly, larvae of Loxostege sticticalis (Lepidoptera:
Crambidae) were successfully infected with fresh N. ceranae spores
isolated from A. mellifera (Malysh et al., 2018), and N. apis and N.
ceranae DNA was also recently isolated from the larvae of the
honey bee pest Galleria mellonella (Lepidoptera: Pyralidae)
collected from honey bee hives in Turkey (Ozgor et al., 2017).

Due to the high prevalence of N. ceranae in Spain (Botias et al.,
2012b; Cepero et al., 2014, 2016), the aim of this study was to
determine if brood infection occurs naturally in Nosema spp.
infected colonies, assessing two well-defined beekeeping
moments: before and after winter cluster formation. Additionally,
correlations with the levels of infection at different developmental
bee stages were studied, as was the presence of the microsporidi-
ans in the brood cells, to evaluate this as a possible route of bee
brood exposure.

2. Materials and methods
2.1. Colonies

Ten Apis mellifera iberiensis colonies located at an experimental
apiary of the Centro de Investigacién Apicola y Agroambiental de
Marchamalo (CIAPA) Research Center (Marchamalo, Spain) were
used for this study. Two consecutive studies were carried out
between 2015 and 2017, using five colonies in each assay. The
colonies H1 to H5 were included in the first study (Assay 1:
2015-2016) and H6 to H10 in the second one (Assay 2: 2016-
2017). All of them were positive for N. ceranae infection from pre-
vious DNA analyses.

2.2. Bee brood (BB) sampling

The sampling times are indicated in Table 1. In order to analyze
bee brood (BB) samples before and after winter bee cluster forma-
tion, one comb with a BB was collected from each colony in Octo-
ber 2015 and February 2016 (Assay 1; colonies H1-H5), or in
November 2016 and March 2017 (Assay 2; colonies H6-H10).
Despite using different sampling months in the two assays, the
samples were collected at the same beekeeping moment ie prior
to the wintering cluster formation (pre-clustering; October/
November) and after winter cluster formation (post-clustering;
February/March). Brood combs were collected at the experimental
apiary and immediately transported to the laboratory, where they
were frozen at —80 °C until analysis.

The total number of brood samples (including recently capped
larvae, pupae and pre-emerging adult bees) is shown in Table 2.
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Table 1

Study sampling design: months in which bee broods, adult bees and brood-cells were collected between September 2015 and July 2017.

Assay 1

Assay 2

Pre-clustering Post-clustering

Pre-clustering Post-clustering

Sep 15 Oct 15 Nov 15 Jan 16 Feb 16 Mar 16 Apr 16 Oct 16 Nov 16 Dec 16 Mar 17 May 17 Jul 17
Bee brood (BB) X X X X
Interior bees (IB) X X X X X X X X X X X X X
Forager bees (FB) X X X X X X X X X X X X X
Cells X X
Hive identification H1-H5 H6-H10

At each sampling time, 90 capped BBs were analyzed from each
colony when possible; post-clustering in Assay 1, three colonies
(H1, H3 and H4) had died and thus brood samples were only taken
from the remaining colonies. Similarly, the H7 colony was very
weak in November 2016 (Assay 2), with no consistent brood, so
no brood comb was taken from it.

To collect brood samples, frozen brood combs were thawed suf-
ficiently to be able to carefully cut them and individually extract
the different developmental bee stages (larvae and pupae) from
their cells. Brood samples were selected randomly from the BB
area, trying to include most of the developmental phases present
in the combs. Each sample was aseptically removed from the cell
one by one, with the aid of a sterile wooden stick and sterile tweez-
ers to first completely open the operculum and break the cell wall.
The samples were then extracted, avoiding any external contami-
nation with Nosema spp. spores outside their own cells. Samples
were discarded when larvae or pupae came into contact with the
external surface of the cell or when there was any contact with
an adjacent brood. To remove any spores on the brood surface,
the brood sample was washed after it was taken out of the cell
with MilliQ® H,O (MilliQ® system, Merck, Damstadt, Germany)
using a sterile disposable Pasteur pipette.

The brood samples were then visually classified into seven
groups according to their developmental post-capping time (pct)
stage (Human et al., 2013): L (capped stretched larva; 2-3 days
pct); P1 (white eye pupa stage; 4 days pct); P2 (pink eye stage;
5-6days pct); P3 (dark pink-purple eye pupa stage; 7-8 days
pct); P4 (dark purple eye pupa stage; 9 days pct); P5 (black eye
pupa; 10-11 days pct) and P6 (resting adult pre-emergence stage;
12 days pct).

2.3. Brood cell sampling

The cells were examined during the second assay to evaluate
the presence of Nosema spp. DNA in the area where the brood
develops (Table 1). Having carefully removed the brood samples
(Section 2.2), approximately 20 cells per brood comb were sampled
by dripping 100 ul of doubled-distilled water (dd-H,O; PCR
quality) slowly onto the cell walls and subsequently recovering it
from the bottom of the cell with a disposable sterile Pasteur
pipette. A total of 164 cells were analyzed: 77 cells from four

colonies pre-clustering and 87 cells from all five colonies post-
clustering (Table 2).

2.4. Adult bee sampling

Details of both interior bee (IB) and forager bee (FB) sampling
collection can be seen in Table 1. In Assay 1, 25 IBs plus 25 FBs
were sampled per honey bee colony at each of seven time points
between September 2015 and April 2016. During Assay 2, in order
to increase the detection limit of Nosema spp., the sample size was
increased and 100 IBs plus 100 FBs were collected at each of six
time points between September 2016 and July 2017, except in
November 2016 when only 25 IBs were collected. The total number
of worker bees sampled is shown in Table 2. The IBs were sampled
from the brood chamber, brushing away the bees from the first
combs with no brood, while the FBs were collected at the hive
entrance at midday, blocked as described previously (Meana
et al.,, 2010). During bee clustering in the coldest months of autumn
and winter, no FBs were sampled since no foraging activity was
observed (H1 November 2015 and January 2016; H4: November
2015; H6-H10: November and December 2016).

2.5. Sample processing and nucleic acid extraction

2.5.1. Brood samples

Each immature stage was placed individually into a well of a
96-well collection plate (Deltalab, Barcelona, Spain, No. 409004)
over an ice surface. Every well contained 180 pl of 60% AL lysis buf-
fer (Qiagen, Hilden, Germany No. 1014600), 1 pig/ml of RNA carrier
(Qiagen, 148037710) and four 2 mm glass beads (Sigma®), as
described previously (Cepero et al., 2014). One well in every 20
brood samples was left empty as a negative control (with milliQ®
H,0 and the reagents only). The plates were sealed and shaken
at 30 Hz for 6 min (TyssueLyser II, Qiagen®), and 180 pl of the
resulting macerate were transferred to a new multi-well plate
(Eppendorf® AG, Hamburg, Germany, No. 0030128.575), mixed
with 200 pl of 60% AL buffer and 20 pl of protease (supplied with
the BioSprint® 96 DNA Blood Kit, Qiagen®), and incubated for
10 min at 70 °C and 300 rpm. Total nucleic acid extraction was per-
formed using the BioSprint® 96 DNA Blood Kit (Qiagen®, No.
940057) and the BS96 DNATissue® protocol (Qiagen®), in a

Table 2
Number of samples analyzed in this study.
Year Hive ID Season Bee brood Cells Interior bees Foragers Total adult
2015-2016 H1-H5 Pre-clustering 447 - 350 300 650
Post-clustering 179 - 225 175 400
2016-2017 H6-H10 Pre-clustering 360 77 1125 500 1625
Post-clustering 447 87 1625 1400 3025
Total H1-H10 1433 164 3325 2375 5700
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Biosprint® 96 workstation (Martin-Hernandez et al., 2012), with a
final elution volume of 100 pul. Immediately after extraction, 25 pl
of the 100 pul of the eluted nucleic acid sample was treated with
RNase-free DNase I (Qiagen®, No. 79254) and used to generate first
strand cDNAs using the iScript™ cDNA Synthesis Kit (Bio-Rad, Her-
cules, California, No. 1708891), according to the manufacturer’s
instructions. The cDNA was generated by maintaining the reaction
mix at 25 °C for 5 min, 46 °C for 20 min and finally, 95 °C for 1 min
(Mastercycler® ep gradient S; Eppendorf), storing the generated
cDNA at —20 °C until use. Negative controls were run in parallel
for each step (DNA and RNA extraction, and reverse transcription
controls).

2.5.2. Brood cell samples

The double distilled (dd)-H,0 (100 pul) recovered from the bot-
tom of the cells (Section 2.3) was placed individually into a well
of a Deepwell-96 plate with 100 pl of 50% AL buffer and 1 pg/ml
of RNA carrier (Cepero et al., 2014). The plates were then processed
in the same way as those with the BB samples (Section 2.5.1) and
again, one well with no sample was included with every 20 sam-
ples as a negative control.

2.5.3. Adult bee samples

Similarly, the abdomen of each adult bee (IB and FB) was placed
individually into a well of a Deepwell-96 plate on ice, which con-
tained 180 ul of 50% AL buffer and 1 pg/ml of RNA carrier
(Cepero et al., 2014). The plates were then stored at —80 °C until
further processing and again, one in every 20 wells was left with
no sample and processed in parallel as a negative control. After
maceration, the DNA was extracted from the adult samples col-
lected in Assay 1 as indicated in Section 2.5.1. However, DNA
was extracted from the adult bees from Assay 2 using a different
method, transferring 50 pl of the bee macerate to a new multi-
well plate with 50 pl of a Tris—HCI solution (10 mM Tris-HCI, pH
8.0, 1TmM EDTA) and 15pul of Proteinase K (Qiagen®, No.
1019499), and incubating for 20 min at 95 °C. This method has a
similar limit of detection for Nosema spp. as that used for the sam-
ples from Assay 1 but it is quicker and cheaper (Rodriguez-Garcia,
C., Higes, M., De La Rua, P., Martin-Herndndez, R., 2014. Compara-
tive analysis of different methods for gDNA extraction and
detection of Nosema ceranae, Nosema apis and Nosema bombi. In:
Pilar de la Rda (Ed.), Proceedings of the Sixth European Conference
of Apidologie, Universidad de Murcia, Spain pp. 211-212. http://
www.eurbee.org/Files/book%200f%20abstracts%20Eurbee6.pdf).
Negative controls were run in parallel for each step of the two
assays.

2.6. Molecular detection of Nosema spp. (PCR): BB, adult bees and
brood cell samples

The presence of N. apis and N. ceranae spp. was assessed in all
the samples using a triplex conventional PCR as described previ-
ously (Martin-Hernandez et al., 2012), including the detection of
A. mellifera DNA as an internal control (IPC) for the PCRs. All the
PCRs were carried out in a volume of 25 pL containing the HotSplit
DNA polymerase (1 U/ul: Biotools®, Madrid, Spain, cod. 10.531-
10.533), 0.4 uM of each primer, 0.2 mg/ml of BSA, 0.1% Triton
X-100 and 2.5 uL of DNA template in customized gelified plates
(Biotools®). These reaction conditions had the same sensitivity as
that described previously (Martin-Hernandez et al., 2012): 2.5
spores of N. ceranae and/or 25 spores of N. apis in 150 ul of bee
macerate. All reactions were carried out in a Mastercycler® ep gra-
dient S (Eppendorf) and analyzed in a QIAxcel Advanced System
(Qiagen®) using a QIAxcel DNA Screening Kit (Qiagen®, No.
929004). The AM420 method was applied (sample uptake 10s at
5 KV, separation 420s at 5 KV), with QX Alignment Markers

15 bp/1 kb (Qiagen®, No. 929521) and QX Size Markers 50-800
pb at 20 ng/ ul (Qiagen®, No. 929556). The electropherograms were
analyzed with BioCalculator 3.0 (Qiagen®), and all samples that
generated a fragment of the expected length and yielded >0.1
relative fluorescent units (RFU) were considered to be positive.
Positive controls and no template controls were analyzed in paral-
lel to detect possible contamination or amplification failures.

2.7. Multiplication of Nosema spp. in a BB (real-timePCR (RT-PCR))

The brood samples that proved positive for Nosema spp. by con-
ventional tripex-PCR were analyzed by real-time-PCR (RT-PCR) to
determine whether the detection did indeed correspond to an
active infection (Nosema spp. multiplication) or if it was merely
due to the presence of inactive spores or contamination. The cDNA
from Nosema spp. positive brood samples was analyzed to detect
the expression of genes from these microsporidians. The single-
copy gene selected for N. ceranae encodes the polar tubule protein
3 (PTP3) and for N. apis, the largest subunit of RNA polymerase II
(RPB1). Both genes were selected since they have been related to
sporogonial phases (Brosson et al, 2006) or transcription
(Katinka et al, 2001) and protein maturation processes
(Belkorchia et al., 2017), and are therefore related to microsporid-
ian multiplication.

To select the conserved areas for primer design, the sequences
available in the GenBank database (https://www.ncbi.nlm.
nih.gov/genbank/) were aligned using BioEdit® Sequence Align-
ment Editor software (Hall, 1999), and the primers and probes
for N. ceranae-PTP3 and N. apis-RPB1 were designed using the
Universal ProbeLibrary Assay Design Center (https://lifescience.
roche.com/en_es/brands/universal-probe-library.html#assay-
design-center). The specificity of primers was initially in silico ver-
ified by the BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.
cgi). MIQE (minimum information for publication of quantitative
real-time PCR experiments) guidelines were followed for the RT-
PCR design (Bustin et al., 2009). The honey bee B-actin gene was
also assayed in each sample as an internal control of mRNA preser-
vation and cDNA synthesis, using the primers and probes described
previously (Martin-Hernandez et al., 2017). Controls with no tem-
plate control (NTC) or with no reverse transcription (RTC) were run
in parallel. The sequences of the primers and probes used in this
study and the amplicon sizes are shown in Table 3.

All RT-PCRs were performed on a Roche LightCycler® 480 ther-
mocycler using 20 pl reaction mixes with the LightCycler® 480
Probes Master Mix (Roche), according to the manufacturer’s
instructions: primers at 500 nM and universal probes at 10 nM
(UPL, Roche®). The PCR program consisted of an initial step of
10 min at 95 °C, followed by 45 cycles of 95 °C for 10 s, 60 °C for
30s and 72 °C for 1s each, and a final cooling step at 40 °C for
30 s. Each amplification cycle was analyzed with the LightCycler®
480 software v1.5.1 (Roche Diagnostics) and the crossing point
(Cp) was determined by the second derivative maximum of each
curve, and it was recorded for all samples. Any Cp value over the
threshold level was interpreted as multiplication of either N. cer-
anae or N. apis, while nil Cp values were considered to indicate
uninfected BBs and the absence of microsporidian replication.
Negative and positive controls were also included.

2.8. Validation of Nosema spp. multiplication

To test the reliability of the technique detecting the Nosema spp.
multiplication (active infection; see Section 2.7), environmental
spores of N. ceranae (n=6) and N. apis (n=5) were analysed. The
N. ceranae spores came from naturally infected experimental
colonies and N. apis spores came from the stocks kept at 4 °C in
the CIAPA. Spores were purified by 95% isotonic-Percoll® and the


http://www.eurbee.org/Files/book%20of%20abstracts%20Eurbee6.pdf
http://www.eurbee.org/Files/book%20of%20abstracts%20Eurbee6.pdf
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://lifescience.roche.com/en_es/brands/universal-probe-library.html#assay-design-center
https://lifescience.roche.com/en_es/brands/universal-probe-library.html#assay-design-center
https://lifescience.roche.com/en_es/brands/universal-probe-library.html#assay-design-center
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi

A. Urbieta-Magro et al./International Journal for Parasitology 49 (2019) 657-667 661

Table 3

Real Time PCR primers and probes used in this study to detect active multiplication of Nosema spp. in naturally infected bee brood samples: PTP3, the polar tubule protein 3 gene
of Nosema ceranae; RPB1, the largest subunit of the RNA polymerase II gene of Nosema apis.

Target Primer Sequence (5'-3') Reference Amplicon GenBank reference
organism length
N. ceranae PTP3 F: TGCTGATGTTATGGCTACAGAAG This study 90 bp XM_002996713.1. Nosema ceranae BRLO1
R: TACAGATTGCGCTGCTTTAA hypothetical protein (NCER_100083)
P: GCCAGGAA (UPL #72) mRNA, complete coding sequence
N. apis RPB1 F: CCCGAATGGTTAA GACTG This study 71 bp DQ996230.1. Nosema apis RNA
R: TCCCTCCATAACAATAGAAGGTCT polymerase II
P: CTCCTCCT (UPL #73) largest subunit (RPB1) gene, partial coding
sequence
Apis mellifera B-Actin F: GTATGCCAACACTGTCCTTTCTG Martin-Hernandez

R: AAGAATTGACCCACCAATCCA
P: CCTAGCACCATCCACCATGAAAATTAAGATCATC

etal, 2017

species confirmed by PCR (Martin-Hernandez et al., 2012). Spores
were pelleted by centrifugation and they were processed for DNA
extraction, DNase treatment and cDNA generation as described in
Section 2.5.1. Controls for the extraction step were processed in
parallel. In this case, all the samples were also processed with no
reverse transcriptase enzyme (RTC) to later verify the DNase treat-
ment had worked efficiently and no genomic DNA was present. All
samples were analysed in duplicate and RT-PCRs were performed
as described in Section 2.7. Additionally, the specificity of newly
designed primers was tested in vitro by cross-analysis of N. apis
DNA with NC-PTP3 primers and N. ceranae DNA with NA-RPB1
primers.

2.9. Parasitization levels and statistical analysis

The prevalence of BBs and adult bees (IBs and FBs) infected by
Nosema spp. were analyzed for each assay (Assay 1 and 2) and sam-
pling point (season: pre-clustering and post-clustering). The aver-
age infection in adult bees was calculated by determining the
mean of the IBs and FBs in each colony. The distribution of the
prevalence of BB microsporidians at each point analyzed
(four levels: year and season) was compared, employing non-
parametric tests (Kruskal-Wallis test), since the basal assumptions
of parametric tests (normality and constant variance) were not
satisfied.

The colonies were divided in two groups according to whether
the colony had been detected with BBs positive or negative to N.
ceranae infection. The level of infection in adult bees was compared
between both groups using the Mann-Whitney test. P < 0.05 was
considered significant and all statistical analyses were carried out
using IBM SPSS Statistics software V24.

3. Results
3.1. Prevalence of Nosema spp. in brood

Nosema ceranae was found more frequently than N. apis in
brood of A. mellifera iberiensis.

3.1.1. Detection by conventional PCR

Brood samples from all stages of development were analyzed in
this study (n=1,433, Table 4), from recently sealed larvae
(L; 2-3 days pct) up to pre-emergent adults (P6; 12 days pct). All
NTC controls analyzed by conventional PCR were negative. The dis-
tribution of the samples for each developmental phase differed due
to the random selection of the brood. Of the 1433 brood samples
analyzed, amplification of the IPC indicated good DNA extraction
and conservation in 1418 and thus, only these samples were ana-
lyzed further. Of these 1418 samples, Nosema spp. were detected

in 66 by triplex-PCR (see Tables 4 and 5), most frequently N. cer-
anae. This species was found in all immature stages (n=>50,
Table 4), and pre- and post-clustering, with the highest prevalence
at the L stage (6.41%). Nosema apis was detected alone in L and P2
stages (n = 6), although at levels below 1%, whereas N. ceranae and
N. apis were detected together in L, P1 and P6 stages (n = 10), with
the highest prevalence at P6 (1.72%).

The annual prevalence was assessed according to clustering
(pre- or post-clustering, Table 5) and the relative detection of N.
ceranae pre-clustering was very low in both assays. No immature
stages were positive for Nosema spp. post-clustering in Assay 1
and only two colonies were still alive. However, the highest preva-
lence for N. ceranae was detected post-clustering in Assay 2, with a
positive result in 10.45% of the BBs. This sampling point was also
the only point when N. apis was detected, either alone (1.36%) or
together with N. ceranae (1.82%).

3.1.2. Nosema spp. multiplication (RT-PCR)

Table 4 shows the number of positives and the prevalence of
Nosema infection according to the larvae/pupae age. All brood sam-
ples analyzed by RT-PCR showed a correct amplification of the
honey bee p-actin gene, showing the integrity of mRNA. The
expression of the N. ceranae-PTP3 or N. apis-RPB1 gene was ana-
lyzed in the 66 brood samples in which Nosema spp. had been
detected by conventional PCR. Multiplication of microsporidians
was confirmed in only 16 of these samples (24%), of which 15 were
positive for N. ceranae at a prevalence which was always lower
than 2% (L, P1, P3, P4, P5 and P6 stages; range 1.12-1.60%; Table 4;
Supplementary Table S1). Conversely, active multiplication of N.
apis was only detected in one larva that was co-infected by N. cer-
anae (L stage, 0.18%, Table 4). Indeed, this was the only confirmed
case of N. apis multiplication in immature stages in the 2 years of
study, and only when accompanied by N. ceranae in a co-
infection. All samples showed high Cp values (>34 cycles; Supple-
mentary Table S1) although the extraction controls, RTC and NTC
were negative, indicating the absence of any contamination or
non-specific DNA amplification.

The annual prevalence of Nosema spp. in BBs (Table 5) was also
calculated according to the total number of BBs analyzed in each
season (pre- and post-clustering). The highest multiplication rate
(2.27%) was observed for N. ceranae post-clustering in Assay 2,
when the highest level of detection (10.45%) was registered. The
only larvae positive to N. apis and N. ceranae (Table 4) corre-
sponded to Assay 2 in the post-clustering season.

Six out of 10 beehives were positive for Nosema spp. in BBs at
some point during the study (four colonies out of nine were found
infected in pre-clustering and three out of six post-clustering:
Supplementary Table S2) and the infection was only persistent in
the BBs of a single colony (H8) in Assay 2.
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Number of positive samples and percentage (in brackets) to Nosema spp. detected by conventional PCR+ (detection) and by Real Time (RT) PCR (multiplication), according to the
developmental phase of the bee brood: L (capped stretched larva; 2-3 days pct); P1 (white eye pupa stage; 4 days pct); P2 (pink eye stage; 5-6 days pct); P3 (dark pink-purple eye
pupa stage; 7-8 days pct); P4 (dark purple eye pupa stage; 9 days pct); P5 (black eye pupa; 10-11 days pct) and P6 (resting adult pre-emergence stage; 12 days pct). Co-infection

indicates brood with N. ceranae and N. apis together.

Bee brood stage

L P1 P2 P3 P4 P5 P6 Total
n 562 179 233 210 117 59 58 1418
Detection N. ceranae 36 6 1 3 1 1 2 50
(PCR+) (6.41) (3.35) (0.43) (1.43) (0.85) (1.69) (3.45) (3.53)
N. apis 5 0 1 0 0 0 0 6
(0.89) (0.00) (0.43) (0.00) (0.00) (0.00) (0.00) (0.42)
Co-infection 8 1 0 0 0 0 1 10
(1.42) (0.56) (0.00) (0.00) (0.00) (0.00) (1.72) (0.71)
Multiplication N. ceranae 9 2 0 1 1 1 1 15
(RT-PCR+) (1.60) (1.12) (0.00) (0.48) (0.85) (1.69) (1.72) (1.06)
N. apis 0 0 0 0 0 0 0 0
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)
Co-infection 1 0 0 0 0 0 0 1
(0.18) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.07)

pct, post capping time.

Table 5

Percentage of brood samples positive for Nosema spp. detected by conventional PCR (detection) and by real time (RT) PCR (multiplication) according to the season (pre- and post-
clustering). Co-infection indicates a brood infected with both Nosema ceranae and Nosema apis.

Bee brood samples

Detection (% PCR+)

Multiplication (% RT-PCR+)

Year Hive ID Season n N. ceranae  N. apis Co-infection No. positive N. ceranae  N. apis Co-infection No. positive
samples samples
2015-2016  H1-H5 Pre-clustering 447 0.45 0.00 0.00 2 0.45 0.00 0.00 2
Post-clustering 172 0.00 0.00 0.00 0 - - - 0
2016-2017 H6-H10 Pre-clustering 359 0.56 0.00 0.56 4 0.84 0.00 0.28 4
Post-clustering 440 10.45 1.36 1.82 60 227 0.00 0.00 10
2015-2017 H1-H10  Study 1418 3.53 0.42 0.71 66 1.06 0.00 0.07 16

The analysis of the prevalence in BBs pre-clustering and post-
clustering adopted a non-normal distribution. The frequency of
the samples displaying active multiplication of N. apis
(co-infected with N. ceranae) was very low (one sample) so no fur-
ther statistical analyses were performed. The non-parametric
Kruskal-Wallis test proved that there were no significant differ-
ences in the prevalence of natural N. ceranae infections of BBs in
the two assays (year of study), or seasonally (pre- or post-
clustering, P> 0.05).

3.2. Detection of Nosema spp. DNA in the brood cells

A total of 164 cells were studied, corresponding to 20.32% of the
total brood analyzed in Assay 2. As the results on the BBs lodged in
those cells were also available, both sets of data were represented
together (Fig. 1). Of 164 cell samples analyzed, Nosema spp. were
only detected in 26 cells (15.9%), of which N. ceranae was found
in 17 cells (10.4%) and N. apis in four cells (2.4%), with both species
detected in five cells (3.1%). Moreover, 12 cells (7.3%) that were
negative for Nosema spp. DNA had hosted eight larvae/pupae in
which N. ceranae was detected only by conventional PCR (4.9%),
and another four brood samples (2.4%) were positive following
RT-PCR which indicated the multiplication of this microsporidian.
All controls (extraction and NTC) were negative; N. apis and N. cer-
anae positive controls showed amplicons of the expected size.

3.3. Nosema spp. prevalence in adult bees
A total of 5700 adult worker bees were analyzed individually to

determine the number of infected bees in each colony and at each
sampling time point (Tables 1 and 2). As only 5650 adult bees

(3348 IBs and 2302 FBs) were positive for the IPC, only these sam-
ples were analyzed further. Extraction controls PCR-NTC were neg-
ative, showing the absence of any contamination; N. apis and N.
ceranae positive controls showed amplicons of the expected size.
The mean prevalence of ABs in the colonies with BBs infected by
N. ceranae was higher than in the colonies with BBs not infected,
and these results were always observed, irrespective of whether
they were analyzed pre- and post-clustering or if they were ana-
lyzed before, after or at the same time as brood comb sampling
(Fig. 2). However those results were not statistically significant
(P>0.5).

3.4. Validation of Nosema spp. multiplication assay

Table 6 shows the results on DNA and cDNA obtained from N.
apis and N. ceranae environmental spores and analyzed by RT-
PCR. All the cDNA samples were negative, showing that the envi-
ronmental spores of N. apis or N. ceranae demonstrated no activity
of RPB1 or PTP3 genes, respectively. In addition, the same samples
that had been processed with no reverse transcriptase enzyme
(RTC) did not show any amplification, thus demonstrating that
the DNase treatment had been efficient and no genomic DNA
remained. Conversely, the DNA obtained from the same samples
showed low amplification Cp values, thus confirming good preser-
vation of spores (CIAPA stocks) used for this assay.

On the other hand, no cross-reaction was observed and
NC-PTP3 primers specifically detected N. ceranae samples while
NA-RPB1 primers detected only N. apis samples. NTCs were nega-
tive in all the analyses performed and positive controls indicated
the right amplification in their respective reactions.
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Fig. 1. Percentage of brood cells positive for Nosema spp. relative to the detection of Nosema spp. in the bee brood (BB). +, positive result; —, negative result. Positive brood:
percentage of brood cells that were negative for Nosema spp., that were occupied with brood positive by PCR (Nosema spp. DNA detection) or by real-time-PCR (Nosema spp.
multiplication). Positive cell: percentage of brood cells positive that were occupied with bee immature stages that had been found negative (uninfected brood).

4. Discussion

This work confirms that Nosema spp. infection occurs naturally
in immature honey bees, as proposed previously based on labora-
tory studies (Eiri et al., 2015; Benvau and Nieh, 2017). Although
nosemosis has been traditionally considered an adult disease since
it was first described in A. mellifera (Zander, 1909; Bailey, 1955;
Fries, 1988; Higes et al., 2006; Huang et al., 2007; Fries et al.,
1996), there were a few descriptions of infection at immature
stages that had been overlooked. The first report of microsporidi-
ans in brood was the detection of N. apis spores in the hemolymph
of larvae (Gilliam and Shimanuki, 1967). Some years later “brood
Nosema” infection of late larval or pupal honey bees was described
in an apiary in South Africa (Buys, 1972, 1977; cited in Clark, 1980),
believed to be a species distinct from N. apis which had not yet
been confirmed. Many years later, N. ceranae was detected by
PCR in immature drones, queens and workers (Traver and Fell,
2011, 2012; Rodriguez et al., 2014) and N. apis in worker pupae
(Rodriguez et al., 2014), although data about their prevalence were
not provided and their multiplication was not confirmed. Thus, to
our knowledge, this is the first study reporting the prevalence of N.
ceranae and N. apis infection in immature worker stages under nat-
ural conditions.

As expected, N. ceranae (3.53%) was found more frequently than
N. apis, the latter being more frequent together with N. ceranae
infection (0.71%) than alone (0.42%). The detection of RNAm of N.
ceranae-PTP3 or N. apis-RPB1 genes proved to be a useful tool to
confirm the multiplication of these microsporidians. Environmen-
tal spores are considered dormant stages with very low or even
absent cellular activity (reviewed in Williams et al., 2014). In this
work, spores failed to show any amplification by RT-PCR and con-
sequently, the positive results obtained in BBs confirm the active

multiplication of both Nosema spp., although the level of expres-
sion was low as reflected by the high Cp values observed (Supple-
mentary Table S2). Indeed, N. ceranae multiplication was observed
in 1.06% of the immature stages examined, while N. apis was only
confirmed when the two species were co-infecting hosts (0.07%).
PTP3 gene expression, as with other spore-specific proteins, has
been reported to be synthesized during the second half of sporo-
gony during Encephalitozoon cuniculi infection (Brosson et al.,
2006; Taupin et al., 2006; Grisdale et al., 2013). On the other hand,
RPB1 is directly related to the transcription of protein-coding genes
(Katinka et al., 2001; Chymkowitch and Enserink, 2013) during the
S phase of the cell cycle and to the production of non-coding RNA
(Belkorchia et al., 2017) involved in various crucial cellular
processes.

It was previously shown that N. ceranae spores could develop
intracellularly in midgut cells at the pre-pupal stage when the
brood was experimentally infected (Eiri et al., 2015). However, N.
apis had only been considered to develop successfully in adult bees
(van den Eijnde and Vette, 1993, https://www.nev.nl/pages/publi-
caties/proceedings/nummers/04/205-208.pdf). Nevertheless, our
data confirm that both microsporidians can develop an active
infection in brood under natural conditions, although at low levels
for N. ceranae and almost anecdotally for N. apis. In fact,
microsporidian multiplication was evident from the youngest (L)
to the oldest stages (P6) studied, and no relationship was found
between the detection or transcription of N. ceranae and/or N. apis
genes and the stage of bee development. Similarly, N. ceranae
completed its full life cycle inside brood midgut cells of larvae of
the same age as those tested here (L: Eiri et al., 2015), the tissue
that will become the adult ventriculum (Carreck et al., 2013). This
fact was also confirmed for N. apis via the transcription of the RPB1
gene, as for the N. ceranae PTP3 gene. Nevertheless, multiplication
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Fig. 2. Prevalence of Nosema ceranae infection in adult bees comparing colonies in which the bee brood (BB) was positive (+) or negative (—), grouped pre-clustering or post-
clustering. a, no significant difference (P> 0.05). #, number of colonies available with infected BBs. Vertical lines indicate S.D.

Table 6

Validation of Nosema ceranae and Nosema apis multiplication assay by real-time-PCR (RT-PCR). DNA and RNA were extracted from environmental spores of N. apis and N. ceranae.
Cp [Crossing point] values were obtained for DNA, cDNA and with no-retrotransciptase enzyme (RTC). O value indicates no amplification detected. Efficiency for the B-actin gene
(91.4%) was determined using a previously described methodology (Martin-Hernandez et al., 2017).

Gene Sample Cp values RT-PCR efficiency
DNA cDNA RTC
PTP3 NC 1.1 27.24+0.01 0 1] 99.8%
NC 1.2 27.11+£0.09 0 0
NC 1.3 32.02 +0.40 0 0
NC 1.4 32.18+0.03 0 0
NC 3.1 24.89 +0.11 0 0
NC 3.3 29.81+0.01 0 0
RPB1 NA 1.2 21.09 +0.19 1] 0 102%
NA 1.3 22.65+0.13 0 0
NA 1.4 21.51+0.07 0 0
NA 3.2 27.60 +0.04 1] 0
NA 3.3 35.19+1.43 0 0

C+, C—, positive and negative controls.

was only confirmed in the 24% of the samples in which Nosema the exhaustive method to process the brood ruled out surface con-
spp. were identified by conventional PCR, indicating that infection tamination). This might have been because the germination of
by many of the microsporidians was apparently not successful (as spores ingested by a brood did not actually occur (Bailey, 1955)
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or because the Nosema spp. life cycle was stopped at some point,
which could result in infection latency or spore dormancy
(BenVau and Nieh, 2017). Some pathogenic consequences of brood
infection on resulting mature adult bees have been reported (Eiri
et al.,, 2015; Benvau and Nieh, 2017) that are detrimental to colony
viability. These consequences of larval infection may include
reduced longevity (Eiri et al., 2015), an altered sting morphology,
and an increase in vitellogenin titers that could affect normal age
polyethism and disturb the colony balance (Goblirsch et al.,
2013; Lecocq et al., 2016; Benvau and Nieh, 2017). Microsporidian
infection of brood stages is not rare as it has been confirmed for
other species such as N. bombi infection of B. terrestris larvae (van
den Eijnde and Vette, 1993, https://www.nev.nl/pages/publi-
caties/proceedings/nummers/04/205-208.pdf; Schmid-Hempel
and Loosli, 1998) or Nosema furnacalis and Nosema granulosis infec-
tion of L. sticticalis larvae (Malysh et al., 2018). In fact, immature
stages may be the only stages susceptible to infection by some spe-
cies (van de Eijnde and Vette, 1993; Malysh et al., 2018), although
once acquired, N. ceranae (Malysh et al., 2018) and N. bombi infec-
tion (van den Eijnde and Vette, 1993, https://www.nev.nl/pages/
publicaties/proceedings/nummers/04/205-208.pdf) can also
develop during adult stages.

Once brood infection was established, the brood cells were ana-
lyzed to test them as a possible means of transmission. The pres-
ence of Nosema spp. DNA was detected at low levels (15.9%),
confirming the cells were contaminated and mainly with N. cer-
anae. However, none of the contaminated cells had been occupied
by an infected brood, whereas some cells (7.3%) in which Nosema
spp. DNA was not detected had hosted brood infected by N. cer-
anae, although only a few of these (2.7%) had a confirmed and
active infection (positive by RT-PCR). As such, it would appear that
contamination of the brood’s immediate environment was not the
main pathway of transmission, even when the prevalence of
infected adult bees was quite high (reflecting a more intense con-
tamination of the colony). Nosema ceranae spores can remain
viable in wax cells (Maclnnis C.I, 2017. Nosema ceranae: A sweet
surprise? Investigating the viability and infectivity of the honey
bee (Apis mellifera L.) parasite N. ceranae. MSc Thesis. University
of Alberta, Canada. https://era.library.ualberta.ca/items/7b26607f-
08fb-4e85-9f7a-0fbacOafee68/view/ccb5adfe-2b24-47c9-9ef6-
79b69e598637/Maclnnis_Courtney_I_201705_MSc.pdf) and they
have been detected by PCR in royal jelly (Cox-Foster et al., 2007;
Traver and Fell, 2012), which could be the main means of transmis-
sion to immature bees following exposure to the spores through
brood food (Traver and Fell, 2012; Goblirsch, 2017).

Horizontal transmission of microsporidians is possible through
different routes that include fecal-oral and oral-oral transmission,
and the ingestion of contaminated food and water (Didier et al.,
2004). The ingestion of spores via contaminated food, water and
pollen by honey bees has already been confirmed (Fries, 1993;
Higes et al., 2008b), through the exchange of food between bees
or when they perform their cleaning duties (Bailey, 1955; Fries,
1993; Higes et al., 2009b; Smith, 2012). In fact, food exchange by
nurse bees was probably the main source of infection here as they
play a pivotal role in brood feeding (Crailsheim, 1990). Other
routes have been suggested, such as vertical transmission of spores
from the queen to BBs (Traver and Fell, 2011), and this possibility
cannot be ruled out as no data about queen infection was collected
here.

The prevalence of Nosema spp. infection in adult bees was
assessed to determine whether the more infected adult bees, the
greater the probability of infection of the brood. This effect might
have been expected since the infected immature stages can survive
to adulthood, their infection persisting after metamorphosis and
when they become adults (Eiri et al., 2015; Benvau and Nieh,
2017). However, although Fig. 2 shows the higher level of infection

in colonies where a BB was positive, this relationship could not be
statistically confirmed. Consequently, more studies including a
higher number of colonies should be developed to demonstrate
this apparent pattern. Moreover, the spread of the pathogen from
the newborn infected bees to their healthy nest mates may be very
variable, depending on whether they engage in intensive interac-
tions or are socially isolated, which influences the health status
of the whole colony at different times of the year (Biganski et al.,
2017).

According to the results presented here, N. ceranae and N. apis
are not only an adult honey bee parasite, although there is little
risk of infection of the worker brood under field conditions even
though the level of infection in adult bees is relatively high. The
consequences of brood infection are of veterinary interest and it
will be necessary to determine the temporal evolution of such an
infection, as well as the effect it may have on the epidemiology
of the disease and on the evolution of the colonies.
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