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Molecular examination of nosemosis and foulbrood pathogens
in honey bee populations from southeastern Morocco
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Abstract — The western honey bee is highly valued for its important role as natural pollinator. In Morocco, pol-
lination services of Apis mellifera along with other insect pollinators were estimated at 1.2 billion US$. Regret-
tably, biological stressors including pathogens are leading factors contributing to colony losses and hampering
pollination services. The aim of this study was to investigate the occurrence and prevalence of four agents
responsible for nosemosis and foulbrood diseases in the oases of southeastern Morocco. Using polymerase chain
reaction (PCR), we have analyzed 87 beehives sampled during two successive years from four provinces and
representing two different beekeeping operation types, namely migratory (N=>51) versus stationary (N =36).
The results obtained revealed the absence of Nosema apis and Paenibacillus larvae. However, Nosema ceranae
and Melissococcus plutonius were present at prevalence rates of 16.09% and 62.07% respectively. During the
winter of 2020, there was higher prevalence rates of both pathogens compared to the winter of 2019. The prov-
ince of Errachidia was free of N. ceranae, while the other three provinces were infected with different prevalence
rates. On the other hand, M. plutonius was more prevalent in all four sampling areas. In addition, infection and
co-infection patterns of N. ceranae and M. plutonius were found to be more prevalent in migratory beehives as
opposed to stationary colonies. Results of this work constitute the first contribution to study infection patterns of
nosemosis and foulbrood in Morocco, while more inquiries are needed in order to elaborate sustainable strategies
for the beekeeping industry in Morocco.

nosemosis / foulbrood / beekeeping operation type / honey bee / morocco

1. INTRODUCTION

The western honey bee is a globally distributed
pollinator with more than 31 subspecies, dissemi-
nated naturally in Africa, Europe, and western
Asia (Ruttner 1988; Ilyasov et al. 2020). This spe-
cies is largely appreciated for its important role as
a pollinator of natural ecosystems and industrial

Corresponding author: A. Aglagane, abdessamad.agl15@
gmail.com
Manuscript editor: David Tarpy

crops all around the world. In fact, the economic
value of insect pollination (mainly honey bees)
was estimated at 4.5 billion US$ in North Africa
(Gallai et al. 2009), and at 1.2 billion US$ in
Morocco, which accounts for 8.52% of the total
value of the agricultural GDP (Sabbahi 2022).
Furthermore, 68.57% of Morocco’s major crops
are directly affected by insect pollination includ-
ing honey bees (Sabbahi 2022).

In recent decades, beekeeping in Morocco
has become one of the main agricultural activi-
ties that contribute to improving the income of
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local populations. According to the Ministry of
Agriculture, there were about 910,100 beehives
that have been registered in Morocco during the
year 2019 with an increase of 482% compared
with the year 2009. In addition, the overall honey
production for the same year has reached 7960
tonnes with an added value of 0.08 billion US$
(Ministry of Agriculture 2019). Furthermore,
during the year 2020, the overall production has
reached 8334 tonnes of honey and 59 tonnes of
beeswax (FAOSTAT 2020).

Regrettably, the human food security is
currently at high risk as there are many reports
of registered honey bee colony loses all over the
world (Gray et al. 2019, 2020, 2022). Morocco
is no exception, as the year of 2021/2022 has
registered high and unprecedent beehives mortality
reaching a mean rate of 30% and ranged between
4 and 80% depending on region (Ministry of
Agriculture 2022). The reasons behind these losses
have been deeply investigated by researchers and
blamed on a variety of factors including climate
change, pesticides, beekeeping practices, land use
intensification, and habitat loss, fragmentation,
and degradation (Potts et al. 2010). However,
parasites and pathogens remain one of the leading
factors responsible for honey bee mortality (Potts
et al. 2010). Nosemosis and foulbrood are two
well-known diseases found to be infecting the
western honey bees Apis mellifera. Nosema apis
and Nosema ceranae — recently renamed as
Vairimorpha ceranae (Tokarev et al. 2019) — are
the two microsporidian species responsible for the
Nosema infection (Fries et al. 1996, 2013; Higes
et al. 2006). On the other hand, Paenibacillus
larvae and Melissococcus plutonius are the two
bacteria responsible for American and European
foulbrood respectively (de Graaf et al. 2013;
Forsgren et al. 2013). Both diseases are listed in
the world organization for animal health (WOAH
Terrestrial Animal Health Code 2022) and are
widely known to cause substantial economic
losses to beehives and beekeepers worldwide.
Nosemosis is a common infection of brood and
adult honey bees (Fries et al. 2013), while both
foulbrood types are recognized to infect honey
bee brood (de Graaf et al. 2013; Forsgren et al.
2013). Nosema ceranae, Paenibacillus larvae,
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and Melissococcus plutonius have already been
detected in Moroccan apiaries (Matheson 1993;
Roudel et al. 2013); however, no information is
available regarding the occurrence of Nosema
apis (Boncristiani et al. 2020). To our knowledge,
none of the four pathogenic agents have been
investigated in Moroccan beehives in terms of their
prevalence, intensity, and geographic distribution.
Thus, the goal of this study is to investigate with
molecular analyses the occurrence, prevalence,
infection levels, and geographic distribution of
the four agents responsible for nosemosis and
foulbrood diseases.

2. MATERIALS AND METHODS
2.1. Study area and sampling

Honey bee samples consisting of 30 worker
bees per colony, when possible, were obtained
from four provinces of southeastern oases of
Morocco (Figure 1). Samples were taken from
a total number of 87 clinically healthy beehives
distributed along the Darda-Tafilalet region as
follows: Ouarzazate “N=29”, Zagora “N=19",
Tinghir “N=28”, and Errachidia “N=11". The
colonies were chosen based on two beekeeping
operation types: stationary beehives “N=36"
and migratory beehives “N=51". Sampling
was carried out during winter season (Decem-
ber through February) of two consecutive years.
During winter 2019/2020, all four provinces
were sampled “N=64"; however, during winter
2020/2021, only Tinghir and Zagora were sam-
pled “N=23".

2.2. Nosema spore count

Detection and quantification of Nosema spp.
was traditionally performed using light micros-
copy, and the infection level was estimated using
a hemocytometer to count spores according to
the Manual of Diagnostic Tests and Vaccines
for Terrestrial Animals (2022). Positive samples
were then submitted to species identification
with a PCR end-point method. All samples with
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Figure 1. Map of the distribution of infection prevalence of nosemosis and foulbrood diseases in four provinces of
southeastern Morocco. Numbers shown under barplots represent the total samples in each province along with migra-

tory versus stationary beehive samples between brackets.

a concentration of <3300 spores/bee, which is
a very low level of infection, according to the
Manual of Diagnostic Tests and Vaccines for
Terrestrial Animals (2022) were not used for
molecular diagnosis.

2.3. Homogenate preparation

Each honey bee sample was washed three times
with PBS ISO solution (IZSLER, Brescia). Sam-
ples were mechanically homogenized in a stom-
acher bag by keeping the ratio of 3 honey bee/1 mL
physiological saline (max. 30 honey bee/10 mL).
The filtered homogenate was collected and stored
at—70 °C for further investigation.

2.4. DNA extraction

Two milliliters of each bee filtered homogen-
ate was centrifuged at 21,000 x g for 10 min. The
obtained pellet was washed with 1 mL of a solu-
tion containing 10 mM Tris—HCI, 1 mM EDTA,

and NaCl 0.9%, centrifuged at 21,000 x g for
10 min, resuspended in 400 uL of lysozyme solu-
tion, and incubated for 1 h at 37 °C according
to the protocol previously described by Bakonyi
et al. (2003). Then, DNA was purified according
to QIA symphony DSP Virus/Pathogen kit (Qia-
gen, Hilden, Germany) with the addition of 10
uL of Internal Control (IC) High Concentration
(Qiagen, Hilden, Germany). At the end, DNA
was eluted in 60 pL of elution buffer according
to the manufacturer’s instructions.

2.5. End-point PCR for the detection
of nosemosis

DNA was amplified using different sets of
primers depending on the pathogen investigated
(Table I). For N. ceranae and N. apis, two differ-
ent PCR were performed in a total volume of 25
uL containing a final concentration of 1X GoTlaq
Hot Start Master Mix 2x (Promega, Madison,
WI, USA), | mM MgCl2, 0.1 uM of each set of
primers, and 5 pL. of DNA. PCR was carried out
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Table I Primers and TagMan probes used for PCR end-point and real time PCR assays

Target Forward Reverse Probe Length of Type of PCR  Reference
primer primer amplicon performed
Nosema apis ~ CCGACGATG CACTATTAT // 209 PCR end-point (Webster et al.
TGATAT CATCCT 2004)
GAGATG CAGATC
ATA
Nosema cera- CGGCGACGA CCCGGTCAT // 218 PCR end-point (Martin-
nae TGTGAT TCTCAA Hernandez
ATGAAA ACAAAA et al. 2018)
ATATTAA AACCG
Paenibacillus  PL_ TGACTTCTT (6-FAM) TAA /" Real time PCR  Carra et al.
larvae FOR_76_19 CATGCG GACCGGGAT 2022)
GTTTCY AAGAAAC AACTTGCGG
TTCGGG AAACGTG
AGACGCC (BHQ1)
PL_
FOR_76_20
GTTTCT
CTTCGG
GAGACGCC
Melissococcus CAGCTAGTC TTGGCTGTA (6-FAM) CTT /" Real time PCR  (Roetschi
plutonius GGTTTG GATAGA GGTTGGTCG et al. 2008)
GTTCC ATTGAC TTGAC(MGB)
AAT

according to the listed thermal cycling conditions:
denaturation step at 95 °C for 2 min and by 40
cycles of PCR, each consisting of 30 s at 95 °C,
30 s at 55 °C (N. apis) and at 62 °C (N. ceranae),
and 1 min at 73 °C. Reactions were completed by
a final elongation step for 5 min at 73 °C. The
PCR products were electrophoresed in a 2%
Tris—acetate-EDTA-agarose gel and stained with
GelRed Nucleic Acid Stain (BIOTIUM). A UV
trans-illumination was used to visualize the DNA
bands. The size of DNA fragments was estimated
by comparison with the 100 bp DNA Ladder (Inv-
itrogen, Waltham, MA, USA).

2.6. Real-time PCR assays for the
detection of foulbrood agents

Two distinct real-time PCR assays were set up
for each sample: one for determining the pres-
ence/absence of Paenibacillus larvae DNA and
one for the presence/absence of Melissococcus
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plutonius DNA. Both real-time PCR assays
were performed with the QuantiFast Pathogen
PCR + (Internal Control) IC kit (Qiagen, Hilden,
Germany) according to the manufacturer’s
instructions. For Paenibacillus larvae, the ampli-
fication reactions were carried out in a final vol-
ume of 25 uL containing 5 pL of DNA extract,
1 X QuantiFast Pathogen PCR Master Mix with
ROX, 350 nM of forward primer, 700 nM of
reverse primer, 200 nM of probe (Table I), 1 X
Internal Control Assay (Qiagen, Hilden, Ger-
many), and RNase-Free water according to Carra
et al. (2022). For Melissococcus plutonius, the
amplification reactions were set up as for P. lar-
vae using 700 nM of both primers and 200 nM
of the probe according to Roetschi et al. (2008)
and listed in Table I. For both targets, the thermal
profile was composed of an initial denaturation
step at 95 °C for 5 min, followed by 45 cycles
of denaturation at 95 °C for 15 s and annealing/
extension at 60 °C for 30 s, as recommended by
the manufacturer’s instructions of the Master



Mix. A fluorescent signal was detected during
the annealing/extension step at each cycle. All of
the assays were performed on a StepOnePlus™
Real-Time PCR System, Thermo Fisher Scien-
tific (formerly Applied Biosystems™) (Waltham,
MA, USA). At the end of each run, all of the sam-
ples tested were evaluated for the presence of an
amplification curve of the IC, and then evaluated
for the presence/absence of the specific target
curve. In the case of the absence of the IC curve,
the samples were retested and diluted 1/10 in
order to reduce the PCR inhibition factor.

2.7. Statistical analysis

Chi-square test was used to determine pos-
sible association between infection prevalence
and beekeeping operation type. Likewise,
Mann—Whitney test was used to compare results
of infection levels (based on cycle threshold (Cy)
values) between the two beekeeping operation
types. A 5% level of significance was considered
in all analyses. All statistical analyses were per-
formed using ggstatsplot package (Patil 2021)
under R software ver. 4.2.2.

3. RESULTS

3.1. Prevalence rates of nosemosis and
foulbrood infections

All investigated colonies across both years
have resulted in a negative detection of either N.
apis and P. larvae. Conversely, infections were
detected in 14 (16.09%) and 54 (62.07%) out of
the 87 beehives sampled for N. ceranae and M.
plutonius, respectively. Both of the detected path-
ogens showed an overall higher prevalence rate
during the winter of 2020 (47.83% and 69.57%
respectively for N. ceranae and M. plutonius)
in comparison to the winter of 2019 (4.69% and
59.38% respectively for N. ceranae and M. plu-
tonius) (Figure 3). It is worth mentioning that for
both pathogens, the prevalence rate decreases in
stationary beehives during the second year, while
the opposite was observed for migratory beehives
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(Figure 3). All analyzed samples from Errachidia
province showed no infection with N. ceranae,
while the three other provinces showed varying
infection rates (Figure 1). In contrast, honey bee
samples from all four provinces were positively
infected with M. plutonius. The highest prevalence
rate was found in Ouarzazate (68.97%), followed
by Errachidia (63.64%), Zagora (63.16%), and
finally Tinghir (53.57%) (Figure 1).

Interestingly, the analysis of pathogens’ infec-
tion based on the beekeeping operation type fol-
lowed by beekeepers has revealed that stationary
beehives showed lower prevalence rates (8% and
53% for N. ceranae and M. plutonius, respec-
tively) against higher rates in migratory beehives
(22% and 69% respectively for the same patho-
gens) (Figure 2a and b). However, statistical
analysis based on chi-square test revealed no sig-
nificant difference for both pathogens (y*>=2.74,
p=0.10 and y*=2.25, p=0.13 respectively for
N. ceranae and M. plutonius).

Out of the 87 analyzed beehives, 30 were
found free of any of the investigated pathogens
(34.48%). Conversely, 46 colonies were found
to be infected with a single pathogen (52.87%),
while only 11 of them revealed double infection
(12.64%) (Figure 2c). The comparison of co-
infection patterns shows that stationary beehives
with no infection were more abundant (44%)
than their migratory relatives (27%). The same
trend was also observed when comparing single
and double infection between the two beekeeping
operation types, where stationary colonies were
less infected than migratory ones. However, chi-
square test also shows no association between
co-infection patterns and beekeeping operation
type (y*=4.30, p=0.12).

3.2. Evaluation of M. plutonius
infection levels

In the case of samples resulted positive by
real-time PCR for the presence of M. plutonius
DNA, it was possible to do a semi-quantitative
assessment of the infection level on the basis of
the cycle threshold (Cy) values obtained. Higher
and lower Cy values indicate lower and higher

INRAZ $D|B @Springer
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Figure 2. Infection patterns of M. plutonius (a), N. ceranae (b), and coinfection (c) between beekeeping operation

types: migratory and stationary beehives.

infection levels respectively. In particular, cycle
thresholds below 26 were categorized as severe
infection, between 26 and 33 as moderate infec-
tion, and above 33 as low infection. The results
obtained indicated that 33 (61.11%) colonies
were characterized as having low infection,
while 6 (11.11%) colonies were designated as

moderately infected, and finally, 15 (27.78%)
colonies were classified as heavily infected.
Our survey included determination of bee-
keeping operation type, which enabled us to dif-
ferentiated between migratory versus stationary
colonies. We initially hypothesized that higher
pathogen loads would occur within colonies of

Winter 2019/2020 Winter 2020/2021
100% (3/17)
(13/34) (13/30) 17.6%
38.2%
75% R /6)
66.7% =
&)
50% 5
EX
G
25%
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o©
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3i30
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Migratory Stationary Migratory Stationary
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Figure 3. Prevalence rates of M. plutonius and N. ceranae during the 2 years of sampling based on beekeeping
operation type. Numbers between brackets indicate positive cases out of total samples.
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the former operation type. Surprisingly, results
of the analysis have revealed that migratory bee-
hives showed slightly lower infection levels with
M. plutonius over stationary beehives; however,
this difference was not statistically significant
(Wnann-whitney = 396, p=0.25) (Figure 4).

4. DISCUSSION

The epidemiological survey conducted in this
study to investigate nosemosis and foulbrood
infecting agents has revealed the absence of N.
apis and P. larvae from honey bee populations in
the oases of southeastern Morocco. The American
Foulbrood has already been detected in Morocco
(Matheson 1993). However, to our knowledge,
there are no studies investigating the prevalence
and geographic distribution of this pathogen in
Moroccan beehives. The AFB is present widely
throughout northern Africa (Boncristiani et al.
2020). To date, there is no report of N. apis being
present in Moroccan apiaries (Boncristiani et al.
2020). Nevertheless, this pathogen has been
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detected in honey bee colonies from other north
African countries such as Algeria (Higes et al.
2009) and Tunisia (Abdi et al. 2018).

N. ceranae was detected in honey bee colonies
of southeastern Morocco with a prevalence rate of
16.09%. The infection rate in our study was lower
than that found in northern (> 90%) and southern
(>80%) Algeria (Adjlane et al. 2015; Menail et al.
2016) as well as in other Mediterranean countries:
Italy (Bordin et al. 2022 (> 60%); Cilia et al. 2022
(42.9%)), Turkey (>26%) (Ozkirim et al. 2019),
and Spain (>39%) (Buendia et al. 2018). How-
ever, this low infection could be related to the
sampling period of our study (winter season), as
the majority of the aforementioned studies were
carried out during spring/autumn season. Sev-
eral studies have reported that N. ceranae is now
displacing N. apis in honey bee colonies (Traver
and Fell 2011; Martin-Hernandez et al. 2018).
This might be the reason behind the absence of
this latter in our study; however, this cannot be
confirmed since there are no historical reports of
neither its occurrence nor its prevalence in Moroc-
can beehives.

20

25

30

Cycle threshold (CT)

35

o ey
-~ —|—
40 S

High
infection

Beekeeping operation type

B vigratory

B suionny

Moderate
infection

Low
infection

-

Migratory

Stationary

Beekeeping operation type

Figure 4. Distribution of M. plutonius real-time PCR cycle threshold (Ct) values between migratory and stationary
beehives, a semi-quantitative assessment of the infection level was done on the basis of the Ct values obtained. On
Y-axis, high Ct values correspond to low positivity and vice versa, low Ct values correspond to high positivity. The
horizontal lines corresponding to the Ct values 26 and 33 specifying the three infection levels: below 26 high infec-
tion, between 26 and 33 as moderate infection, and above 33 as low infection.
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Although the AFB and EFB are brood dis-
eases, we carried out the analysis on asympto-
matic adult bees and not brood samples. During
cleaning activities, adult bees become contami-
nated by P. larvae spores which makes them one
of the possible diagnosis matrices suitable for
foulbrood diseases. In fact, reports show that
larval mortality was closely linked to the spore
load of adult bees (Lindstrom et al. 2008). In
addition, a recent study has shown by mean of
a comparison between different matrices for the
detection of AFB that adult bees are well-suited
as sample materials for the early detection of P.
larvae spores (Ebeling et al. 2023).

Our survey has identified the occurrence of
bees infected by M. plutonius, the causative
agent of European Foulbrood, with an average
prevalence rate of 62.07%. The investigation
carried out in the extreme of north-east Algeria
during two consecutive years has resulted in a
negative detection of M. plutonius (Menail et al.
2016). Prevalence rate in our study was higher
than the one reported from Turkey (Mayack and
Hakanoglu 2022). Although our enquiry revealed
high prevalence rates of the EFB’s agent and the
molecular analysis performed did not allow for
exact quantification, the real-time PCR threshold
cycle (Ct) of positivity can serve as an estimate
of pathogen load (Roetschi et al. 2008). On the
basis of the semi-quantitative assessment done,
it was possible to infer that the infection severity
was low with the majority of bee samples show-
ing real-time PCR cycle thresholds above 33.

To study the effect of beekeeping management
on the infection level and/or prevalence of N.
ceranae and M. plutonius, we compared infection
and co-infection patterns between migratory
and stationary beehives. Results of the infection
patterns have revealed that both pathogens were
more prevalent in migratory colonies than in
stationary ones. Similarly, co-infection patterns
indicate higher prevalence of single and double
infections in migratory beehives as well as a
higher number of pathogen-free colonies in
stationary colonies. Nevertheless, statistical
analyses have ruled out any association between
infection/co-infection patterns and beekeeping
operation type. Unexpectedly, M. plutonius
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infection level was higher in stationary beehives;
however, this difference was also not statistically
significant. The lack of statistical support
could be attributed to the low number of tested
bee colonies or simply to the fact that honey
bee samples were obtained from small scale
beekeepers with generally low intensive migratory
beekeeping. It is worth mentioning that there are
other factors underlying pathogens’ prevalence
such as operation size, land use, time of year,
and ecosystem type which makes it difficult to
interpret differences between the two beekeeping
operation types (Pfeiffer and Crowder 2022;
Simone-Finstrom et al. 2022). There is a variety
of research investigations that have highlighted the
negative effect of migratory beekeeping as one
of the factors inducing susceptibility to various
diseases and acting as pathogen spillover both
in honey bees and wild pollinators (Alger et al.
2018; Simone-Finstrom et al. 2022; Martinez-
Lépez et al. 2022). For instance, prevalence
analysis of several pathogens including viruses,
bacteria, and microsporidia occurring in honey
bee colonies implicated in almond pollination
revealed increased positive tests ranging from
155 bee samples to 223 respectively before and
after almond pollination (Cavigli et al. 2016).
Specifically, infection levels of N. ceranae have
amplified from 14 to 66.5% before and after
almond pollination respectively (Cavigli et al.
2016). Likewise, infestation rates of chalkbrood
disease Ascosphaera apis in migratory beehives
were higher and significantly different than those
found in stationary colonies (Jara et al. 2018). The
same trend was also observed for viral infections,
where migratory colonies show a higher number
of infecting viruses than stationary colonies
(Aglagane et al. unpublished). The differences
found in infection levels of pathogens between
the two beekeeping operation types could be
explained by the stress associated with migratory
management (Jara et al. 2020). In fact, several
studies have pointed out that long distance
transportation of beehives can interfere with
honey bee glands development (Ahn et al. 2012),
decreases life span, and affects oxidative stress
levels (Simone-Finstrom et al. 2016), which may
lead to a higher vulnerability to pathogens.



5. CONCLUSION

The primary purpose of our survey was to
determine the occurrence, prevalence, and geo-
graphic distribution of four agents responsible
for nosemosis and foulbrood diseases in the
oases of southeastern Morocco. Results of this
investigation were negative for N. apis and P.
larvae, but positive for N. ceranae and M. plu-
tonius. Both of the latter pathogens were pre-
sent at infection levels of 16.09% and 62.07%
respectively. Nevertheless, the level of infection
of M. plutonius was categorized as generally
low. To our knowledge, information regarding
the prevalence, infection level, and geographic
distribution of nosemosis and foulbrood infect-
ing agents is lacking not only for Morocco but
also for the majority of north African countries,
and more inquiries are needed to fill the gap. In
a second time, we were interested in investigat-
ing the effect of migratory beekeeping on the
intensity and/or prevalence of N. ceranae and M.
plutonius as well as on their co-infection. Both
pathogens along with their co-infection were
found to occur with higher prevalence levels in
migratory beehives when compared to station-
ary colonies. However, we found no statistical
significance linking the prevalence rates of those
diseases to the beekeeping operation type cho-
sen by beekeepers. Additional work is needed
to inquire the prevalence and infection level of
these pathogens in other regions of Morocco. In
addition, the effect of migratory beekeeping as a
possible factor of pathogen spillover needs fur-
ther investigations in order to promote sustain-
able beekeeping.
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