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Abstract: Pesticides are increasing honeybee (Apis mellifera) death rates globally. Clothianidin
neonicotinoid appears to impair the microbe–immunity axis. We conducted cage experiments on
newly emerged bees that were 4–6 days old and used a 16S rRNA metataxonomic approach to
measure the impact of three sublethal clothianidin concentrations (0.1, 1 and 10 ppb) on survival,
sucrose syrup consumption and gut microbiota community structure. Exposure to clothianidin
significantly increased mortality in the three concentrations compared to controls. Interestingly,
the lowest clothianidin concentration was associated with the highest mortality, and the medium
concentration with the highest food intake. Exposure to clothianidin induced significant variation
in the taxonomic distribution of gut microbiota activity. Co-abundance network analysis revealed
local dysbiosis signatures specific to each gut section (midgut, ileum and rectum) were driven by
specific taxa. Our findings confirm that exposure to clothianidin triggers a reshuffling of beneficial
strains and/or potentially pathogenic taxa within the gut, suggesting a honeybee’s symbiotic defense
systems’ disruption, such as resistance to microbial colonization. This study highlights the role of
weak transcriptional activity taxa in maintaining a stable honeybee gut microbiota. Finally, the early
detection of gut dysbiosis in honeybees is a promising biomarker in hive management for assessing
the impact exposure to sublethal xenobiotics.

Keywords: honeybee; clothianidin; microbiota; dysbiosis; network analysis

1. Introduction

Honeybees are important pollinators that benefit nature and agriculture [1]. However,
they are continuously in contact with chemical agents, e.g., neonicotinoids [2], which are
intensively used for crop protection against vector enemies [3]. Because neonicotinoids
are soluble in water, honeybees are by consequence directly in contact with these stressors
via the water intake [4]. Furthermore, due to their persistence in the environment [5,6],
especially in pollen [4], neonicotinoids have been found both on the honeybee body [7]
and internally, e.g., within gut cells [8]. The resulting bioaccumulation has been shown
to alter honeybee physiology [9,10], cognition [11], neuronal communication [12,13], and
immunity [14]. Given that gut microbes are of primary importance in regulating the above-
mentioned beneficial functions in honeybees [15–18], an increasing number of studies have
focused on understanding the relationship between symbiotic microbes and bee health [15].
Recent research observed that exposure to neonicotinoids (thiacloprid [19], nitenpyram [20]
and imidacloprid [21]) exerted adverse effects on gut microbiota homeostasis. Clothianidin
(CAS 210880-92-5) was shown to impact microbiota structure and has been suspected of
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potentially disrupting the microbiota–immunity axis [21–23]. Thus, there is an urgent
need to understand to what extent those toxic compounds impact the homeostasis of the
honeybee gut microbiota. Recent studies on gut microbiota have evidenced its involve-
ment in crucial health-related functions such as detoxification [24], host immunity [15]
and pathogen prevention [25]. Control of innate immunity by the gut microbiota was
found in Drosophila, through the NF-κB pathway [26]. In honeybees, the NF-κB pathway
expression was observed to decrease following exposure to sublethal doses of clothianidin
(0.1 to 10 ppb (µg/L)) [22]. Given the importance of the gut microbiota on the honeybee
immunity [18,27], we expect that the microbiota–immunity axis is disrupted by sublethal
clothianidin concentrations.

Anatomically, the honeybee gut is partitioned into four distinct sections: crop, midgut,
ileum and rectum. Characterized by low taxonomic diversity [28], a healthy honeybee gut
microbiome harbors between five and nine phylotypes, representing more than 98% of the
bacterial 16S rRNA gene sequences [29] and subdivided into core members (i.e., present
in almost all individuals), non-core members [30] and low abundance taxa, which are
thought to play an important role in a microbial community [31]. The reappearance of
particular honeybee gut microbiota in non-culture-based 16S rDNA and metagenomic
sequences datasets suggests that most prevalent microorganisms in the gut microbiota
were inherited from hive members and not acquired from the external environment: Lacto-
bacillus (Firm-5, Firm-4), Bifidobacterium spp., Gilliamella apicola and Snodgrassella alvi are
ubiquitous in honeybees; whereas the presence of Frischella perrara, Bartonella apis, Apibacter
adventoris and/or Parasaccharibacter apium is more variable [18,30,32,33]. Acquisition of
each honeybee’s distinct gut microbiota occurs by trophallaxis between newly emerged
bees and nurse bees [34].

Pesticides may have both negative and positive effects on microbial communities [35,36].
Pesticide metabolization is a source of nutrients for some tolerant microbial strains, and
harms others, possibly killing more vulnerable ones [37,38]. Such ecological changes within
the microbial community structure can set off various chain reactions, depending on the tol-
erance of the microbial strain reacting to the pesticide first. For example, pesticide-tolerant
microbes can benefit from the removal or reduction of pesticide-sensitive microbes and
thrive under conditions of less competition for resources [39]. In previous studies investi-
gating microbiota response to clothianidin, field exposure of bumblebees was reported to
only induce marginal shifts in gut microbiota [40], whereas no significant changes were
observed in soil microbial structure [41,42]. Conversely, other studies reported clothianidin
degradation by microbial [43–45] and photocatalytic activities [46]. Furthermore, depend-
ing on their metabolism, microorganisms are able to degrade neonicotinoids into less or
more toxic metabolites, thereby controlling their impact on environmental integrity [47]
and possibly on the network of interacting microbiota. Therefore, the degree to which
the microbiota–immunity axis is disturbed depends on the ability of the gut microbiota
to metabolize pesticides. For instance, Drosophila melanogaster gut microbiota degrades
chlorpyrifos [48], while Apis mellifera gut microbiota cannot metabolize imidacloprid [49].
Degradation can differ depending on the chemical agent [43,50], the microbial strains
involved [43,50], and the metabolites generated, which may be more toxic than the parent
molecule [51]. Thus, we hypothesized that clothianidin induces gut microbiota dysbiosis
in honeybees, and we aimed to investigate to what extent the different sections of the
gut microbiota respond specifically to sublethal clothianidin concentrations tested in pre-
vious studies, ranging from 0.1 to 10 ppb [11,22]. Because of the importance of stable
positive correlations between gut microbiota members [52] for limiting colonization by
pathogens [53], we monitored the dynamics of negative/positive correlations between gut
microbial symbionts, as markers of microbiota dysbiosis [54–57].

In this study, we implemented a reverse-transcribed 16S rRNA-based metataxonomic
approach to characterize the gut microbiota’s functional dynamics. The 16S rRNA metatax-
onomic approach (i.e., quantifying the taxa’s overall gene expression with their relative
16S rRNA transcript copy numbers) allows for an evaluation of the functionally active
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taxonomic diversity and the relative contribution of each bacterial strain to the overall
microbiota activity, thereby providing relevant insights for deciphering their functional
roles [58]. The 16S rRNA transcript expression levels per taxon (hereby called activity)
were used to construct co-expression networks in order to detect and quantify community
activity changes during gut microbiota dysbiosis [59]. Furthermore, we evaluated to what
extent the alpha diversity and monitoring ratio of positive/negative correlations in bacte-
rial taxonomic networks are an effective approach for detecting and/or quantifying the
dysbiosis process when the host organism is facing stress. Most studies to date have tar-
geted one microbial niche (i.e., one type of host tissue) and one level of stress factor [54,60]
or a combination of individuals with various levels of a given factor [55,61], with most of
these using 16S rDNA metataxonomics. To obtain a more comprehensive assessment of
the gut microbiota response to exposure to clothianidin, we targeted three gut sections,
which are differentiated in terms of microbiota functional activity [30]. This study aims to
provide further insights into the correlations between the host, its microbiota and exposure
to xenobiotics.

2. Materials and Methods
2.1. Experimental Setup

Cage experiments on honeybees were conducted in the middle of July and August 2017
at the Centre de Recherche en Sciences Animales de Deschambault (CRSAD, Deschambault,
QC, Canada). All bees used for this study originated from two European honeybee
colonies (Apis mellifera L.) headed by sister queens. Newly emerging bees were obtained
as described in Williams et al. [62] using a “nursery colony” made of a Langstroth hive
body with five combs of capped brood (purple eye), one frame of honey and pollen, and
some adherent nurse bees (approximately 20–30 nurse bees per frame) from the original
colonies. The nursery colony was incubated at 32 ◦C and 55% relative humidity in a
model 3040 apparatus (Forma Scientific Inc., Marietta, OH, USA) for six days. Young bees
emerged in nursery colonies and were kept there for 4–6 days to ensure optimal microbiota
acquisition/colonization [34]. After this incubation period, these young bees were hand
collected and placed in cages. Each cage consisted of a Plexiglas structure (10 × 10 × 10
cm) adapted from [63] with an inverted sterile syringe (20 mL, BD, Franklin Lakes, NJ,
USA) containing 50%w/v sucrose syrup (sugar diluted in distilled water). Bees rapidly
learned to take the syrup from the bottom opening of the syringe. Then, 200 bees were
randomly distributed in each cage (5 cages per group) for a total of 4000 bees. Cages were
kept in a controlled environment room (32 ◦C ± 1 ◦C and 50% ± 5% relative humidity) for
28 days. Cages were randomly distributed between groups and clothianidin administration
began on day 3 (7–9 days post-emergence). Each exposed group was supplied with 50%w/v
sucrose solution supplemented with the tested clothianidin concentration. Experimental
groups were defined as follows: three clothianidin concentrations (0.1, 1 and 10 ppb) and
a control group (50%w/v sucrose solution without clothianidin). Mortality was recorded
daily in each cage. Once a week (T = 7, 14, 21 and 28), 20 bees were sampled from each
cage and stored at −80 ◦C.

2.2. Neonicotinoid Preparation and Quantification

Clothianidin (CAS Number 210880-92-5) was supplied by Sigma-Aldrich, Inc. (Oakville,
ON, Canada) and dissolved in distilled water to obtain three different final concentrations
(0.1, 1 and 10 ppb). Clothianidin was quantified by liquid chromatography–tandem mass
spectrometry (LC-MS/MS) at the INRS (Institut National de la Recherche Scientifique,
Québec, QC, Canada). Clothianidin concentration in honeybees was measured with a
modified QuEChERS method adapted from Paradis et al. [64] For each experimental
condition, 10 individual honeybees were sampled and pooled for LC-MS/MS analysis
(in triplicates). Prior to honeybee gut dissection and pooling for clothianidin quantification
experiments with LC-MS/MS, honeybees were washed using a diluted bleach solution
(1:100) for 2 min to ensure all clothianidin residue was removed from the surface of the
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body. Then, each honeybee was rinsed separately three times in clean distilled water to
remove bleach residues. This was followed by centrifugation for 45 s at 10,000 g at 20 ◦C
to remove all remaining residue. Stock standards for use in calibrating and determining
recovery were formulated with methanol (MeOH) and stored at 4 ◦C in a dark room.
The internal standard (IS) atrazine-D5 was purchased from CDN Isotopes (Pointe-Claire,
QC, Canada). Samples were mixed with acetonitrile (CH3CN—1.5 mL) and vortexed for
2 min. For extraction, a mixture of salts was added to each sample: magnesium sulfate
(MgSO4—4 g), sodium chloride (NaCl—1 g), sodium citrate dihydrate (1 g) and disodium
citrate sesquihydrate (0.5 g). Then, each mixture was agitated up and down for 15 min,
and centrifuged at room temperature for 5 min at 3000 g. The mixture was decanted, and
the supernatant (500 µL) was transferred to a new culture tube. The mixtures were then
dehydrated in a nitrogen evaporator set at 40 ◦C. Then, 100 µL of water:methanol (85:15)
+ atrazine-D5 (2 ppb) was added to dry pellets, and 100 µL of the resulting solution was
transferred to a new tube for pesticide quantification using LC-MS/MS.

2.3. Chromatography and Quantitative Analyses

Liquid chromatography analyses were carried out using a TSQ Quantum™ Access
MAX Triple Quadrupole Mass Spectrometer (Thermo Scientific, San Jose, CA, USA)
equipped with a column: Hypersil Gold aQ (Thermo Scientific) 5 µm, 2.1 × 100 mm
at T = 40 ◦C. The column temperature and chromatographic gradient were optimized to
avoid tailing peaks and to improve peak shapes. A gradient system was applied to achieve
the best separation of clothianidin molecules. Chromatographic separation was performed
at 40 ◦C with an injected volume of 10 µL and a run time of 18 min. The mobile phase
consisted of a mixture of 100% 10 mM Acetate Ammonium:Methanol (85:15) for 1 min.
The flow rate was set at 0.25 mL/minutes. Clothianidin was separated with the following
elution program: linear gradient from 1.1 to 3 min (15% Methanol: 85% 10 mM Acetate
Ammonium to 85% Methanol: 15% 10 mM Acetate Ammonium, respectively), and return
to the initial conditions—100% 10 mM Acetate Ammonium: Methanol (85:15) for 10 min.

Ionization was performed by an electrospray source (ESI) in positive ionization in SRM
mode, the ion tube was heated to 350 ◦C and the ions were detected by triple quadrupole
mass spectrometer: Clothianidin was as follows: m/z 250 (precursor ion), m/z 169 (product
ion), Atrazine-D5 m/z 221 (precursor ion) and m/z 179 (product ion). Quantification was
performed with Xcalibur Software (Thermo Scientific). Each substance was characterized by
its retention time (RT) and a quantification transition. Quantitative analysis of clothianidin
traces was determined by relating the area ratio (peak area of clothianidin/peak area of
internal standard) of each sample to the calibration curve of the clothianidin standard.

2.4. Feeding Rate

Every syringe was weighed daily to measure syrup consumption average per cage.
Syrup consumption per honeybee was calculated as the total measured syrup consumption
per cage divided by the average of the sum of living bees present at (T = t − 1) and
(T = t) per cage. The normality of distribution was assessed mathematically with the
Kolmogorov–Smirnov test [65] and then confirmed with the Shapiro–Wilk test [66]. For
pairwise statistical tests, we used the Wilcoxon signed-rank test [67] because the data did
not meet the assumption of normality. For post hoc comparisons between groups at specific
time points, we used the Kruskal–Wallis test [68].

2.5. Survival Analysis

To estimate honeybee survival rates, we used the Kaplan–Meier estimator [69] in the
survival R package (version 3.2.7) [70]. Statistically significant risk differences between
treatments were detected with a Cox’s proportional hazards regression using the coxph
model implemented in the survival R package, as previously described [71].
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2.6. RNA Extraction

Tissue sampling targeted three honeybee gut sections (midgut, ileum and rectum) at
T = 7. For RNA extraction, samples from the same cage were pooled (5 gut sections from
5 bees per cage) and RNA was extracted using the TriReagent method (Ambion, Thermo
Fisher Scientific). Intestinal tissues were placed into a 2 mL microtube containing 1 mL of
TriReagent. Each sample was crushed with a sterilized grinder, and then incubated at room
temperature (RT) for 5 min. Then, 200 µL of fresh chloroform per 1 mL of TriReagent was
added to each sample and vortexed for 15 s. Samples were incubated for a second time at
RT for 12 min and vortexed at half-time, then centrifuged for 15 min at 12,000 g at 4 ◦C.
Next, 400 µL of the upper aqueous phase was transferred into a new 1.5 mL microtube.
Then, 250 µL of isopropanol and 250 µL of hypersaline solution (1.2 M Trisodium citrate;
0.8 M NaCl) were added per mL of TriReagent. A few inversions followed to mix the
solutions together, which were incubated at RT for 10 min. Then, samples were centrifuged
for 15 min at 12,000 g at 25 ◦C and the supernatant was removed. Next, 1 mL of 75%
ethanol was added per mL of TriReagent, followed by centrifugation for 15 min at 12,000 g
at 25 ◦C. The supernatant was discarded. The RNA pellet was then air-dried and dissolved
in 30 µL of nuclease free water.

2.7. 16S rRNA Gene Sequencing
2.7.1. cDNA Synthesis

RNA samples were reverse transcribed into complementary DNA (cDNA) with the
qScriptTM cDNA SuperMix method (QuantaBio, VWR, Beverly, MA, USA) by following
the manufacturer’s protocol [72]. Then, partial 16S rDNA amplicons of the hypervariable
V3-V4 regions were obtained in a two-step dual indexing procedure.

2.7.2. Two-Step 16S rDNA Amplicon Library Preparation

First, the V3-V4 hypervariable region was amplified by PCR using universal primers
(10 µM) [347-F (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-GGAGGCAGCA
GTRRGGAAT-3′) and 803-R (5′-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-
CTACCRGGGTATCTAATCC-3′)] (Sigma-Aldrich Life Science, Oakville, ON, Canada),
which were tailed on the 5′ end with part of the Illumina TruSeq adapters. The first PCR
was conducted in a total volume of 50 µL: reaction buffer (Q5) (5×) 10 µL; dNTPs (10 mM)
1 µL; 347-F 2.5 µL; 803-R 2.5µL; high GC enhancer (Q5) (5×) (NEB) 10 µL; Q5 high-fidelity
DNA polymerase (NEB) 1 µL; H20 20 µL; and DNA template 3µL. After initial denaturation
at 98 ◦C for 2 min, amplification was performed using 35 cycles of 10 s at 98 ◦C, 30 s at
60 ◦C and 30 s at 72 ◦C followed by a final extension at 72 ◦C for 2 min. PCR reactions
were purified using the sparQ PureMag Beads PCR cleanup kit (Quantabio, VWR, Ontario,
Canada). Amplification products were run on 2.0% agarose gels to detect fragments of ex-
pected size (~450 bp), then quantified using a Nanodrop 1000 spectrophotometer (Thermo
Fisher, Ottawa, ON, Canada).

Then, a second PCR was performed to attach the remaining adapter sequences
(regions that anneal to the flow cell and library specific barcodes). The second PCR
was conducted in a total volume of 50 µL: reaction buffer (Q5) (5×) 10 µL; dNTPs
(10 mM) 1 µL; generic forward primer (5′-AATGATACGGCGACCACCGAGATCTACAC-
[index1]-ACACTCTTTCCCTACACGAC-3′) (Sigma-Aldrich) (10 µM) 1 µL; reverse primer
(5′-CAAGCAGAAGACGGCATACGAGAT-[index2]-GTGACTGGAGTTCAGACGTGT-3′)
(Sigma-Aldrich) (10 µM) 1 µL; high GC enhancer (Q5) (5×) (NEB) 10 µL; Q5 high-fidelity
DNA polymerase (NEB) 1 µL; H20 24 µL; and DNA template (10–15 ng/µL) 3µL. After
initial denaturation at 98 ◦C for 2 min, amplification was performed using 12 cycles of 10 s
at 98 ◦C, 30 s at 60 ◦C and 30 s at 72 ◦C followed by a final extension at 72 ◦C for 2 min. The
quality of purified PCR products was verified on a DNA 7500 BioAnalyzer chip (Agilent)
in order to detect an insert fragment size of 550 bp, then quantified using a Nanodrop 1000
dpectrophotometer.
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2.7.3. Paired End Illumina Sequencing

Barcoded amplicons were pooled in equimolar concentrations and sequenced at
the “Plate-forme d’Analyses Génomiques” of Laval University (Québec, Canada) using
Illumina MiSeq paired end technology (2 × 300 bases). We used 15–20% of the PhiX control
v3 Library (MiSeq Reagent kit v3 600 cycles PE, Illumina, Inc., San Diego, CA, USA) in the
sequencing runs as a calibration control.

2.7.4. Disclaimer

Please note that primers used in this work contain Illumina-specific sequences pro-
tected by intellectual property (Oligonucleotide sequences © 2021–2013 Illumina, Inc., all
rights reserved. Derivative works created by Illumina customers are authorized for use
with Illumina instruments and products only. All other uses are strictly prohibited).

2.8. Bioinformatics Analysis
2.8.1. Sequence Clustering

In total, 120 samples (2 replicates of 5 bees × 3 gut sections × 5 cages per group × 4
treatments) were sequenced individually. Raw sequences from all 120 samples were checked
for accuracy using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
(accessed on 28 March 2018)). Prior to analysis, we obtained a total of 6,283,142 sequences
from which we kept a total of 3,141,571 reads after filtration. Reads were processed through
the dada2 pipeline (version 1.12) [73]; the quality control of reads was processed through
the filterAndTrim function by using the following parameters: 270 for the read truncation
length, 2 as the Phred score threshold for total read removal and a maximum expected error
of 2 for forward reads and 4 for reverse reads. Filtered reads were then fed to the error
rate learning, dereplication and amplicon sequence variant (ASV) inference steps using the
functions learnErrors, derepFastq and dada. Chimeric sequences were removed using the
removeBimeraDenovo function with the “consensus” method parameter. For information
regarding the reads tracking process and the number of ASVs per sample, see Supplementary
Table S1.

2.8.2. Taxonomic Assignment

Taxonomic classification was carried out using blast matches from the NCBI 16S Mi-
crobial database [74]. As the NCBI database for 16S sequences is updated more frequently
than other sources, it met our requirements for exhaustive information about lesser-known
taxa, while minimizing ambiguous annotations. Matches above 98% identity were assigned
the reported taxonomic identity. Sequences with no matches above the identity threshold
were assigned taxonomy using a lowest common ancestor method generated from the
top 50 blast matches obtained. This method is closely inspired by the LCA algorithm
implemented in MEGAN [75].

2.8.3. Alpha Diversity

The assumption of normality was measured using a Shapiro–Wilk test [66]. Because
the data distribution was not Gaussian, the Kruskal–Wallis test (KW) was used for multiple
group comparison. After the KW test, a post hoc analysis (Dunn’s test) was performed
to determine any significant differences between the different clothianidin concentrations
tested in this study. Significance was assessed with a false discovery rate adjustment test
using the Benjamini–Hochberg method [76]. Differential activity analysis performed using
the DESeq2 package (v.1.30.0) [77] was used to determine statistically significant differences
for ASVs with differential activity (p < 0.05) between the unexposed group (control) and
the group exposed (experimental; 0.1, 1 and 10 ppb) to clothianidin in each honeybee
gut section.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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2.8.4. Network Analysis

Co-abundance networks were built using Rstudio (Version 1.3.1093) to identify signifi-
cant taxon–taxon correlations in each gut section per experimental condition. Data were
divided into subsets by condition (gut section + concentration). Correlation matrices were
constructed using the Hmisc R (version 4.2-0) [78] package with p-values corrected with
the false discovery rate (FDR) method [76]. The function rcorr() (in Hmisc package) was
used to compute a matrix of Spearman’s rho rank correlations coefficients. It provides
both the correlation coefficients and the p-value of the correlation for all possible pairs of
columns in the ASV table. Afterwards, a false discovery rate test “Bonferroni” was applied
to confirm the significance of correlation pairs. Pairs of ASVs with R Spearman coefficients
≥ 0.4 and ≤−0.4 and Corr p-value < 0.05 and Bonferroni p-value < 0.05 were considered as
significant. The Spearman coefficient method is solid and comparable to the new methods
of mutual information in inferring correlation [56]. Twelve microbial networks were gen-
erated from pairwise correlations between the sum of functional activity for each taxon
(summarized to the genus level), and visualized using the software Cytoscape (version
3.7.2) [79]. Each node represents a bacterial genus. The size of each node is proportional to
genus functional activity. The darker the node color, the more interconnected it is in the
network. For network interpretation, we took in consideration (i) edge with significant
positive or negative correlations according to Spearman’s correlation coefficient such that
−1 ≤ r ≤ −0.4 (negative, red edge) and 0.4 ≤ r ≤ 1 (positive, green edge); p-value < 0.05
with FDR correction; and (ii), we only accounted for bee gut taxa that occurred in most
replicated samples (n > 7 on 10 samples per condition). We defined low activity taxa as
genera with a very low activity (<0.01%) of the total sample activity that occurred in very
few samples (n < 3 on 10 per condition).

To further assess significant gut bacterial disturbances induced by clothianidin, we
measured the distribution of the following network topological parameters: Degree (DG),
Neighborhood Connectivity (NC) and Closeness Centrality (CC) obtained with the Net-
work Analyser function built into Cytoscape. DG is a local quantification representing
the communication activity inside a network. The more the DG of a node increases, the
more a node is connected locally inside the network [80,81]. NC is a quantitative score
providing the average connectivity of a specific node to the overall network. The more the
NC increases, the more this node will impact the global network dynamics [82,83]. CC is a
qualitative measure representing the mean of the shortest path length. A high CC means
that the node is central inside the network and can interact with the other nodes [84].

3. Results
3.1. Honeybee Survival Is Unexpectedly Lower When Exposed to Lesser Concentrations
of Clothianidin

Our results indicated a significant difference between the survival rate of the group
exposed to 0.1 ppb clothianidin and the control group at the beginning of the experiment,
with a trend that was shown to decrease over time (Table 1). The other exposure levels
(1 and 10 ppb) did not show significant difference with the control group at the beginning
of the experiment. However, a significant difference of the survival rates between these two
groups increased with time (Table 1). These observations are endorsed by Kaplan–Meier
survival curves in honeybees in Figure 1. Honeybee survival was inversely proportional
to the clothianidin concentration: bees exposed to 0.1 ppb of clothianidin had the highest
mortality relative to 1 and 10 ppb groups. Similarly, bees exposed to 1 ppb had higher
mortality compared to bees exposed to 10 ppb (Figure 1). For bees exposed to 0.1 ppb,
survival probability was 19.6%, 23.7% and 30.4% less than the control (unexposed group)
on days 7, 14 and 21, respectively (Figure 1), and significantly different from control
at all time points (Supplementary Materials Table S2). Similarly, honeybees exposed to
1 ppb showed significant differences of survival probabilities from the second week of
the experiment with 7.8% and 17.1% less than the unexposed group, respectively, on days
14 and 22 (Figure 1) (Supplementary Materials Table S2). Honeybees exposed to 10 ppb
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showed significant differences in survival probabilities only at the beginning and at the
end of the experiment (Supplementary Materials Table S2). Finally, as shown in Figure 1,
honeybees exposed to 0.1 ppb reached 50% mortality at T 16 of the experimental assay.
Then, bees exposed to 1 ppb reached 50% mortality at T 20. Unexposed honeybees and
bees exposed to 10 ppb reached 50% mortality at T 22.

Table 1. Clothianidin effect explained by a Cox model non-proportional risk analysis comparisons
between the 0.1, 1 and 10 ppb relative to the unexposed experimental group.

Coef Exp(Coef) Se(Coef) Robust Se z p

0.1 ppb 1.64479 5.17992 0.22153 0.57321 2.869 0.00411 **

1 ppb 0.16670 1.18140 0.24819 0.78791 0.212 0.83244

10 ppb −0.67473 0.50929 0.28351 0.41147 −1.640 0.10105

Logtime 0.1 ppb −0.49352 0.61048 0.08382 0.21253 −2.322 0.02023 *

Logtime 1 ppb 0.01193 1.01200 0.09169 0.28505 0.042 0.96661

Logtime 10 ppb 0.30299 1.35390 0.10303 0.13766 2.201 0.02774 *

Likelihood ratio test = 168.2 on 6 df, p = < 2.2 × 10−16; n = 4262, number of events = 2461. “*” p < 0.05; “**”p < 0.01.

Figure 1. Kaplan–Meier survival curves of bees in each experimental group during the 28-day cage
experiment. The y-axis represents the Kaplan–Meier estimates of the survival probability. The x-axis
represents the experimental days. The red, blue and violet curves represent survival probability of
honeybees exposed to 0.1, 1 and 10 ppb clothianidin, respectively. The green curve represents the
survival rate of honeybees supplemented with 50%w/v sucrose solution only.

3.2. Feeding Rate of Honeybees Depends on Sublethal Clothianidin Concentration

Syrup consumption average per honeybee differed in all groups (Figure 2), with a
significant difference between control and all exposed groups (Wilcoxon test, p < 0.001),
suggesting a treatment effect on feeding rates (Supplementary Materials Table S3). Bees
from the 1 ppb group consumed more syrup than the other experimental groups (Figure 2)
and exhibited a significant difference at T 25 relative to the control (p < 0.05) (Supplementary
Materials Table S4). For bees exposed to 0.1 ppb, we observed only a significant difference
of the syrup consumption average per honeybee at T 6 relative to the control (p < 0.05)
(Supplementary Materials Table S4). However, honeybees exposed to 10 ppb showed no
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significant differences in the syrup consumption average per honeybee at any time points
relative to the control (Supplementary Materials Table S4).

Figure 2. Syrup consumption in each experimental group during the 28-day cage experiment.
Clothianidin effect on syrup consumption was analyzed using a non-parametric Wilcoxon test in
R. The x-axis represents the experimental days. The red, blue and violet curves represent the syrup
consumption of honeybees exposed relative to 0.1, 1 and 10 ppb clothianidin. The green curve
represents the syrup consumption of honeybees supplemented with 50%w/v sucrose solution only.
Each dot represents the average of the syrup consumption per honeybee per group (5 cages per group,
200 worker bees per cage) measured as followed: mean of the total measured syrup consumption per
cage divided by the average of the sum of living bees present at (T = t − 1) and (T = t) per cage.

3.3. Mean Clothianidin Quantification in Experimental Honeybees

Mean clothianidin concentration accumulated (per honeybee) varied differently across
all experimental groups (Supplementary Materials Table S5). At T 7, bees from the 0.1 ppb
group accumulated more clothianidin than bees from the 1 and 10 ppb groups. At T 14,
mean clothianidin concentration increased in the 10 ppb group in comparison to the 0.1
and 1 ppb groups. Mean clothianidin concentration in the 0.1 and 1 ppb groups decreased
over time.

3.4. Clothianidin-Induced Changes to the Taxonomic Distribution of Intestinal Microbiota Activity

Clothianidin exposure impacted the relative contribution to microbiota activity of the
ten most active ASVs (Bartonella, Bifidobacterium, Bombella, Frishella, Gilliamella, Lactobacillus,
Parasaccharibacter, Pediococcus, Snodgrassella and unassigned ASVs) in all treatment groups
versus the unexposed group (control) at the genus (Figure 3A) and species (Figure 3B)
levels. Based on the relative transcriptional activity, assessment of alpha diversity in
the intestinal microbial communities revealed higher richness (Figure 4A) and higher
evenness (Figure 4B) regardless of gut section for honeybees exposed to clothianidin when
compared to the intestinal microbiota of unexposed (control) honeybees. Our observations
(Figure 4A,B) suggest a significant clothianidin dose effect on the taxonomic diversity of
gut bacterial symbionts contributing to gut microbiota activity.
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Figure 3. Mean of the relative activity of the 10 most dominant microbial ASVs summarized at (A) the genus and (B) species
level in the honeybee gut sections (midgut, ileum and rectum) isolated from bees exposed only to sucrose syrup (0 ppb) and
to three clothianidin pesticide concentrations (0.1, 1 and 10 ppb). Significant differences between the mean of the relative
activity of the 10 most dominant microbial ASVs among the different experimental groups were calculated using pairwise
comparisons in a Wilcoxon rank test (p < 0.05) corrected with the FDR method. n = 10 replicates per experimental condition
(2 pools of 5 worker bees per cage; 5 cages per group, 50 bees per group). “*” p <0.05.

Figure 4. Bar plots showing the alpha diversity measures of (A) Chao1 estimated species richness
and (B) Shannon diversity in all honeybee gut sections exposed to different clothianidin (0.1 ppb).
We used 2 pools (2 replicates) of 5 workers per cage; 3 cages per group; 10 replicates per experimental
condition. Significant differences between the alpha diversity measures of the different experimental
groups were calculated using the Kruskal–Wallis test (p < 0.05) followed by a Dunn’s test (p < 0.05), the
p-values were adjusted with the Benjamini–Hochberg correction method. “*” p < 0.05; “***” p < 0.001.

3.5. Clothianidin Differentially Impacts the Activity of Certain Taxa at Specific Concentrations

Differential activity of ASVs depends on the clothianidin concentration. The lowest
clothianidin concentration (0.1 ppb) had the greatest impact on all three honeybee gut
sections (Figure 5).
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Figure 5. Differential activity of ASVs (total) that were significantly different (p < 0.05) between
each experimental gut section (midgut, ileum and rectum) exposed at 0.1 ppb, 1 ppb and 10 ppb
compared with the unexposed group (control) (10 replicates per experimental condition). Negative
fold change scores (log2) indicate genera with decreased activity in Clothianidin-treated samples,
and positive fold change scores indicate genera with increased activity. Each point represents an ASV.
Only significant difference in genera activity (Adj-p < 0.05) is shown.

The most impacted ASV in 0.1 ppb (midgut), with a significant increase and/or
decrease in activity, were the two Frischella perrara ASVs, two Lactobacillus spp. and an
unassigned ASV (Figure 5). The most impacted ASV in 0.1 ppb (ileum), with a significant
increase and/or decrease in activity, were two Frischella perrara ASVs and a Ralstonia
insidiosa ASV. At 0.1 ppb within the rectum, the only impacted ASV was Frischella perrara,
with a significant moderate decrease in activity. At 1 ppb, Lactobacillus apis ASV showed a
significant increase in activity; Lactobacillus kimbladii ASV showed a significant decrease in
activity (Figure 5).

The most impacted ASV at 10 ppb (midgut), with a significant increase and/or de-
crease in activity were two Gilliamella apicola ASVs, two Frischella perrara ASVs and an
unassigned ASV (Figure 5). The most impacted ASV at 10 ppb (ileum), with a significant in-
crease and/or decrease in activity were two Frischella perrara ASVs, a Lactobacillus apis ASV,
a Lactobacillus sp. ASV, a Lactobacillus helsinborgensis ASV and an unassigned ASV (Figure 5).
Regarding the taxonomic distribution of active ASVs contributing to the overall bacterial
activity, we observed a similar number of ASVs in the three gut sections (Supplementary
Materials Tables S6–S17).

3.6. Clothianidin Disturbs Taxon–Taxon Interactions in the Honeybee Gut Microbiota

All the results presented below are summarized in Supplementary Materials Tables S18–S30.
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• Midgut: At the genus taxonomic rank, the number of interacting ASVs varied from 45
(control midgut) to 35, 36 and 33, respectively, after 0.1, 1 and 10 ppb of exposure to
clothianidin (Figure 6). Significant positive correlations decreased from 96 (control
midgut) to 28, 30 and 40, respectively, at 0.1, 1 and 10 ppb of exposure to clothianidin,
and significant negative correlations increased from 1 (control midgut) to 5, 5 and 4,
respectively, at 0.1, 1 and 10 ppb of exposure to clothianidin (Supplementary Materials
Table S30). Concerning honeybee gut core members: Lactobacillus, Snodgrassella and
Gilliamella activity was variable across concentrations. For all clothianidin treatment
concentrations, Bifidobacterium (core members) activity increased, Frischella (core mem-
ber) activity decreased and Flavobacterium (low activity taxa) decreased. Then, there
was a gain in significant correlations with the following low activity ASV Ralstonia
(0.1 and 10 ppb). Finally, there was a loss of correlations with Devosia (0.1 and 1 ppb)
and Leifsonia (for all three concentrations).

Figure 6. Interaction networks were generated based on pairwise correlations between the relative abundance of different
bacterial genera for the midgut exposed at (A) 0 ppb, (B) 0.1 ppb, (C) 1 ppb and (D) 10 ppb. We used 10 replicates (5 workers
per replicate) per experimental condition. Each node represents a bacterial genus. The size of each node is proportional to
the bacterial functional activity of each genus. The darker the node, the more interconnected it is. Each edge represents
significant positive or negative Spearman correlation coefficients (−1 ≤ r ≤ −0.4) (negative, red) and (0.4 ≤ r ≤ 1) (positive,
green); (FDR-adjusted p-value < 0.05).

In terms of network metrics, exposed midgut ASVs were significantly less connected
(Low Degree, DG) relative to the control midgut network (0.1 ppb: p = 0.045; 1 ppb:
p ≤ 0.001; 10 ppb: p = 0.002) (Supplementary Materials Figure S1 and Tables S18–S21).
Regarding Closeness Centrality (CC) and Neighborhood Connectivity (NC), we observed
significantly higher values for CC (p = 0.03 at 0.1 ppb) and significantly lower values for
NC (p ≤ 0.001 at 0.1, 1 and 10 ppb) relative to the control midgut network (Supplementary
Materials Figures S2–S3 and Tables S18–S21). Our results support significant differences
for CC between the microbial networks exposed to clothianidin (p = 0.012 at 1 and 10 ppb,
relative to 0.1 ppb) (Supplementary Materials Figure S1). Additionally, we observed a
significantly lower NC (p ≤ 0.001; 0.1 ppb) and a significantly higher NC (p = 0.025; 10 ppb)
relative to 1 ppb (Supplementary Materials Figure S3 and Tables S19–S21).

• Ileum: At the genus taxonomic rank, the number of interacting ASVs varied from 35
(control ileum) to 42, 40 and 30, respectively, after 0.1, 1 and 10 ppb of exposure to
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clothianidin (Figure 7). Significant positive correlations increased from 27 (control
ileum) to 52, 73 and 29 at 0.1, 1 and 10 ppb (Figure 7, Supplementary Materials Table
S30). Regarding negative correlations, significant negative correlations decreased from
6 (control ileum) to 5, 4 and 2, respectively, at 0.1, 1 and 10 ppb of exposure to clothi-
anidin (Figure 7, Supplementary Materials Table S30). Concerning honeybee gut core
members, Lactobacillus and Gilliamella activity was variable across all treatment con-
centrations. For all concentrations, Bifidobacterium (core members) activity increased
and Snodgrassella and Frischella (core members) activity decreased. We observed a gain
in significant correlations with low activity ASVs: Moraxella and Prevotella (1 ppb);
Lawsonella (0.1 and 1 ppb) and Ralstonia (for all three concentrations). At 0.1 ppb,
we observed a slight increase in Pseudomonas and Flavobacterium taxa activity.

Figure 7. Interaction networks were generated based on pairwise correlations between the relative abundance of different
bacterial genera for the ileum exposed at (A) 0 ppb, (B) 0.1 ppb, (C) 1 ppb and (D) 10 ppb. We used 10 replicates (5 workers
per replicate) per experimental condition. Each node represents a bacterial genus. The size of each node is proportional to
the bacterial functional activity of each genus. The darker the node, the more interconnected it is. Each edge represents
significant positive or negative Spearman correlation coefficients (−1 ≤ r ≤ −0.4) (negative, red) and (0.4 ≤ r ≤ 1) (positive,
green); (FDR-adjusted p-value < 0.05).

In terms of network metrics, exposed ileum networks were significantly more con-
nected (Higher Degree, DG) (p = 0.018) at 1 ppb and significantly less connected (p = 0.002)
at 10 ppb compared to the control ileum network, respectively (Figure 7; Supplementary
Materials Figure S4). Regarding Closeness Centrality (CC) and Neighborhood Connectivity
(NC), there was a significantly lower CC (p = 0.023) and lower NC (p ≤ 0.001) at 1 ppb
relative to the control ileum network, respectively (Supplementary Materials Figures S5
and S6 and Tables S22 and S24), and a significantly higher CC (p = 0.001) and higher NC
(p ≤ 0.001) at 10 ppb, respectively, relative to the control ileum network (Supplementary
Materials Figures S5 and S6 and Tables S22 and S25). Our results also support signifi-
cant differences between the microbial networks exposed to clothianidin. There was a
significantly lower CC (p = 0.001) at 1 ppb relative to 0.1 ppb (Supplementary Materials
Figure S5 and Tables S23 and S24); there was a significantly higher CC (p ≤ 0.001) at 10 ppb
relative to 1 ppb (Supplementary Materials Figure S5 and Tables S24 and S25); there was a
significantly lower NC (p ≤ 0.001) at 1 ppb relative to 0.1 ppb (Supplementary Materials
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Figure S6 and Tables S23 and S24); there was a significantly higher NC (p ≤ 0.001) at 10 ppb
relative to 0.1 ppb (Supplementary Materials Figure S6 and Tables S23 and S25); there was
a significantly higher NC (p ≤ 0.001) at 10 ppb relative to 1 ppb (Supplementary Materials
Figure S6 and Tables S24 and S25). At 0.1 ppb, Snodgrassella was positively correlated
with Roseburia, a low activity ASV; Ralstonia was positively correlated with a low activity
ASV, Commensalibacter (Figure 7). At 1 ppb, Ralstonia experienced an increase in DG, CC
and NC (Supplementary Materials Table S24). In addition, Bifidobacterium was positively
correlated with a low activity ASV, Ralstonia, and a probiont like Snodgrassella, and nega-
tively correlated with a probiont like Gilliamella; Gilliamella was negatively correlated with
Bifidobacterium and Snodgrassella; Ralstonia was positively correlated with the low activity
ASVs Pelomonas and Prevotella (Figure 7). At 10 ppb, Frischella was negatively correlated
with Snodgrassella; Lactobacillus was positively correlated with Bifidobacterium; Gilliamella
was positively correlated with a low activity ASV, Pelomonas; and Parasaccharibacter was
positively correlated with Roseburia, a low activity ASV; Ralstonia was positively correlated
with Pelomonas and Flavobacterium (Figure 7).

• Rectum: At the genus taxonomic rank, the number of interacting ASVs varied from
34 (control rectum) to 25, 23 and 22, respectively, after 0.1, 1 and 10 ppb of exposure
to clothianidin (Figure 8). We observed a strong decrease in significant positive
correlations, from 108 (control rectum) to 21, 13 and 17, respectively, at 0.1, 1 and
10 ppb of exposure to clothianidin, and a decrease in significant negative correlations
from 5 (control rectum) to 1, 0 and 3, respectively, at 0.1, 1 and 10 ppb of exposure to
clothianidin (Figure 8, Supplementary Materials Table S30). Concerning honeybee
gut members: Lactobacillus, Snodgrassella and Gilliamella (core members) activity was
variable across treatment concentrations. For all concentrations, Bifidobacterium (core
member) activity increased, while Frischella (core member) activity decreased.

Figure 8. Interaction networks were generated based on pairwise correlations between the relative abundance of different
bacterial genera for the rectum exposed at (A) 0 ppb, (B) 0.1 ppb, (C) 1 ppb and (D) 10 ppb. We used 10 replicates (5 workers
per replicate) per experimental condition. Each node represents a bacterial genus. The size of each node is proportional to
the bacterial functional activity of each genus. The darker the node, the more interconnected it is. Each edge represents
significant positive or negative Spearman correlation coefficients (−1 ≤ r ≤ −0.4) (negative, red) and (0.4 ≤ r ≤ 1 ) (positive,
green); (FDR-adjusted p-value < 0.05).
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In terms of network metrics, exposed rectum networks were significantly less con-
nected (DG) compared to the control rectum network (p ≤ 0.001, p = 0.004 and p = 0.001,
respectively, at 0.1, 1 and 10 ppb) (Supplementary Materials Figure S7). Then, there was
a significantly lower CC (p ≤ 0.001, p = 0.028 and p = 0.008, respectively, at 0.1, 1 and 10
ppb) and a significantly lower NC (p ≤ 0.001, respectively, at 0.1, 1 and 10 ppb) relative
to the control rectum network (Supplementary Materials Figures S8 and S9 and Tables
S26–S29). Our results support a significantly higher CC in microbial networks exposed to 1
and 10 ppb of clothianidin relative to 0.1 ppb (p = 0.003 and p = 0.008, respectively, at 1 and
10 ppb) (Supplementary Materials Figure S8 and Tables S27–S29).

4. Discussion

First, exposure to a gradient of three doses of clothianidin left different signatures of
microbiota dysbiosis in the three gut sections of honeybees. Changes in correlations in each
gut section reveal a rise in beneficial ASVs with probiotic properties, which offsets the activity
increase of spikes of potential opportunistic strains. Such dysbiosis patterns were expected,
given as gut sections are colonized by specific microbial communities [32]. In the midgut
and the rectum, an overall decrease in ASVs activity correlation was detected in all groups
exposed to clothianidin. In the ileum, two types of variations occurred: significant correlations
among ASVs increased in 0.1 and 1 ppb groups and decreased in the 10 ppb group.

We expected that exposure to clothianidin would significantly impact the gut micro-
biota network structure by increasing positive and negative correlations between putative
opportunistic strains [56,85] by a change in correlation type between core members [57]
due to a direct and/or an indirect clothianidin toxicity to microbes [86] and by variations
occurring in the alpha diversity readouts [56]. Despite disrupted microbial activity correla-
tions, dominant core and non-core members were still active in all test groups (Figure 3),
as reported in a previous study focusing on ASV abundance [87]. Our results indicate that
exposure to clothianidin (three concentrations) had a different impact on the activity of
honeybee gut-specific ASVs. The respective activities of Lactobacillus Firm-5 and L. Firm-4
clades [88,89] changed depending on the gut section and the pesticide concentration (0.1, 1
and 10 ppb). Within the honeybee rectum, which is known to be mostly dominated by
Lactobacillus Firm-5 and L. Firm-4 clades [30], we detected changes in Lactobacillus activities
at 0.1 (Supplementary Materials Tables S14 and S15), 1 ppb (Supplementary Materials
Tables S14 and S16) and 10 ppb of clothianidin (Supplementary Materials Tables S14,S17).
Gilliamella apicola, which is known to be abundant within the honeybee ileum gut [30],
was shown to be strongly impacted at 1 ppb, with a decrease in activity of 67.2% (Supple-
mentary Materials Tables S10 and S12). The lowest clothianidin concentration (0.1 ppb)
induced a 13% decrease in G. apicola activity (Supplementary Materials Tables S10-S11),
while the highest concentration (10 ppb) induced a 58.75% increase in G. apicola activity
(Supplementary Materials Tables S10 and S13).

Interestingly, our study highlights that microbiota gut dysbiosis does not necessarily
translate into a decrease in alpha diversity. The increase in alpha diversity that occurred
for the three concentrations of clothianidin (Figure 4) is consistent with a previous study
resulting in increased alpha diversity and a surge in negative correlations in the interacting
network in yellow perch [56]. Both of these studies contrast with two previous studies in
honeybee gut microbiota that found either a decrease in alpha diversity after exposure to
antibiotics [90] or no difference after exposure to imidacloprid [49].

Second, the clothianidin–microbiota interaction induced a toxicity tolerance scenario.
The microbial strain that first metabolizes the molecule into an intermediate molecule,
or a derivate influences the syntrophic exchange network. For instance, honeybee gut
microbiota exposed to two fipronil concentrations did not respond similarly: the lowest
concentration (0.25 µg/kg) affected Bifidobacterium sp. abundance, with no significant bee
mortality increase, whereas the highest concentration (1 µg/kg) did not affect Bifidobac-
terium sp. abundance, but induced a significant increase in bee mortality [8]. Daisley
et al. [48] showed in gnotobiotic Drosophila that the pesticide chlorpyrifos was more toxic
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than its metabolite (chlorpyrifos oxon). In our case, the final toxicity of metabolites based
on the initial clothianidin concentration could differentially impact honeybee physiology,
and in turn, survival.

Interestingly, clothianidin quantification with LC-MS/MS suggests a slower degrada-
tion at 0.1 ppb (Supplementary Materials Table S5), which could result from a different
clothianidin metabolization pathway, potentially translating into higher toxicity, and thus a
lower survival rate. Previous studies reported clothianidin degradation by Flavobacterium and
Pseudomonas sp. [44] and imidacloprid degradation by Leifsonia sp. [43]. Interestingly, activity
of Flavobacterium and Pseudomonas increased in the ileum of 0.1 ppb group (Supplementary
Materials Tables S22 and S23), where the highest mortality rate was recorded (Figure 1), and
to a lesser extent in the 1 ppb group (Supplementary Materials Tables S22–S24). In a recent
study on honeybee gut dysbiosis, activity of Flavobacteriales was increased in N. ceranae-
infected group exposed to 0.5 µg/L fipronil [91]. Additionally, infection of Drosophila with a
distinct Pseudomonas strain enhanced gut dysbiosis [92]. In a vertebrate model, an increase
in abundance of Flavobacterium and Pseudomonas taxa was observed following copper expo-
sure [93]. Further analysis on metabolites generated by Flavobacterium spp. and Pseudomonas
spp. grown in media with a clothianidin concentration gradient might yield more infor-
mation on their possible ability to modulate clothianidin toxicity in the honeybee. Second,
the significant changes that occurred within the overall exposed gut microbial community
may also depend on direct and/or indirect toxicity induced by the different pesticide con-
centrations and characterized by changes in the interactions among microbes [86,94,95] as
illustrated by our results (Figures 6–8).

A previous study [96] showed that nutritional stress in honeybees primarily targeted
ileum microbiota, translating into the highest level of dysbiosis in this gut section. They
pointed out a significant increase in the intrinsic pathogen Frischella combined with an
increase in the non-core ileum bacteria Parasaccharibacter apium. In concordance with our
study, we highlighted an increased activity of a Frischella ASV in the ileum at 0.1 and
10 ppb (Figure 5), which was correlated with an increase of interactions with low activity
taxa potentially opportunistic strains and/or with probiotic properties (Figure 7). Gut
microorganisms have the ability to modify host immunological activity, which may have
an indirect effect on other gut microorganisms and host fitness [32]. Increase of Frischella
perrara activity in the ileum may be a direct immune host response in reaction to a microbial
gut disbalance [97] in reaction to exposure to clothianidin, in our case. We also highlighted
a positive correlation between Roseburia sp., a low activity taxon, with core (Snodgrassella at
0.1 ppb) and non-core (Parasaccharibacter at 10 ppb) gut microbes in the ileum (Figure 7).
Roseburia sp. has shown to be involved in SCFAs production to enhance immunity in a
vertebrate host [93]. It is possible that increase of Roseburia sp. interactions with more
abundant symbionts in clothianidin-exposed ileum may be a direct immune response
to pathogenic invasion. For example, an increase of the Ralstonia genus was shown to
induce a great impact in the ileum networks at all three concentrations (0.1, 1 and 10 ppb)
(Figure 7B–D) with a greater impact in the ileum (0.1 ppb) (Figure 5) where the highest
mortality rate was recorded (Figure 1).

Collectively, all these changes in the microbiota structure support a dysbiosis signature
in the ileum gut microbiota in our study and may suggest a clothianidin’s possible relation
to the honeybee microbiota–immunity axis. In [96], the authors hypothesized that ileum
dysbiosis reflected on other gut sections, inducing a systemic dysbiosis impact on the
overall honeybee gut microbiota. However, evidence is lacking in our experiment to
argue that different dysbiosis signatures observed in the midgut and the rectum (all three
concentrations) (Figures 6 and 8) are resulting from the disbalance occurring in the ileum
exposed to sublethal dose of clothianidin (Figure 7).

To summarize, clothianidin differentially impacted the activity of certain ASVs at
specific concentrations, disturbed ASV–ASV interactions in the honeybee gut microbiota
and properties of clothianidin degradation are determined by specific ASV. Likewise,
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different members may have handled the molecule first, determining excreted metabolites
and thus toxicity, which may not be proportional to the initial pesticide concentration.

Third, low activity ASVs exhibit keystone species properties in honeybee gut micro-
biota. Our work highlights the importance of low activity ASVs, previously shown to
ensure stability [81,98–101], as keystone species in the gut microbiota. For instance, there
was a noticeable loss of interactions with Leifsonia (0.1 and 1 ppb) and Devosia (for all three
concentrations) relative to the control midgut (Figure 6), in which these taxa are charac-
terized by a high degree of connectivity based on the network metrics (Supplementary
Materials Table S18), therefore supporting their status as keystone species in honeybee
gut microbiota. A Leifsonia strain was isolated from honeybee brood comb and hive floor
in Uruguay [102]. Interestingly, another Leifsonia strain was also found in agricultural
soil and shown to be able to degrade imidacloprid, a neonicotinoid pesticide [51,103].
Devosia strains were previously isolated from insect’s environment, specifically from the
floral nectar of the herb Pulmonaria officinalis, which is known to be pollinated by bees, in
Belgium [104], from the gut microbiota of the Asian insect ladybird Harmonia axyridis [105],
from the soil microbiome [106] and, finally, another Devosia strain was discovered with an
obligatory plant ant, Pseudomyrmex ferrugineus, in Mexico [107].

Fourth, low activity taxa showed their implications in the honeybee gut eubio-
sis/dysbiosis microbiota. To understand why the lowest clothianidin concentration in-
duced the lowest honeybee survival rate, we investigated whether a specific signature
of microbiota dysbiosis could be associated with the lowest clothianidin concentration
(0.1 ppb) treatment group. Loss of positive correlations with increasing neonicotinoid
concentrations along intestinal sections indicates dysbiosis [108].

As stated above, the most extensive adverse impact, in terms of correlational network
structure, was recorded at 0.1 ppb (Figures 6–8). For instance (in the rectum), for Bifidobac-
terium, Pediococcus and Commensalibacter are known either as core microbiota members or
as probiotics [15,109,110]. Furthermore, numerous correlations occurred with Lawsonella, a
low activity taxa, thus supporting its role as a keystone species inside the ileum (Supple-
mentary Materials Tables S22 and S23). In this respect, Lawsonella strains were also detected
in the healthy gut microbiota of Phasmotaenia lanyuhensis, an insect [103], suggesting a
potential beneficial role in honeybee gut microbiota. In the midgut, numerous correlations
occurred with low activity taxa (Figure 6), translating into high NC (Supplementary Mate-
rials Table S19) for Moraxella spp. [111], which suggests another positive effect on overall
network connectivity. Moraxella strains belong to the Moraxellaceae family, and were
previously isolated from the intestinal giant Asian honeybee Apis dorsata in low abundance
(0.5%) [107], the herb Pulmonaria officinalis floral nectar [98] and, finally, from the intestinal
honeybee Apis mellifera, where they exhibited an antimicrobial resistance to the bacterial
pathogen Paenibacillus larvae [111]. The other taxa identified in this study have not been
well studied and were not reported in previous studies on honeybee gut microbiota.

Fifth, our study highlights a local honeybee gut microbiota reaction to exposure to
clothianidin. Within all three gut sections, we observed a gain in significant correlations
(positive and/or negative) for the genera Bifidobacterium, Frischella, Gilliamella, Lactobacillus,
Parasaccharibacter and Snodgrassella. Each of these bee symbionts are known to be involved
in either host immunity or maintenance of a homeostatic microbiota [53,97,112–114]. For
example, Gilliamella apicola [115] and Lactobacillus [116] are responsible for short-chain fatty
acid production, and their diminishing activity likely alters the host’s immunity [117].
Moreover, the functional complementarity between Snodgrassella alvi and G. apicola ensures
homeostatic microbiota in the intestinal ecosystem [114]. Frischella perrara [97] and Parasac-
charibacter spp. [112] were documented as important key factors in the immune system.
Investigating the local effect of clothianidin gradient on the gut microbiota structure, we
found a gain in correlations (positive and/or negative) among low activity taxa. Strains of
these genera have been documented as pathogenic, opportunistic or potentially beneficial,
with some showing probiotic properties [111]. Therefore, in this study, low activity ASVs
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that were not formally identified as pathogenic or beneficial for bees are deemed potential
opportunistic strains.

Exposure to 0.1 ppb clothianidin (midgut) (Figure 6B) was more harmful relative to
the other concentrations (Figure 6C,D), as honeybee gut Lactobacillus Firm-5 and L. Firm-4
clades were restricted, evidenced by the significant decrease in the respective activities
(Supplementary Materials Tables S6–S9) and loss of connectivity (NC) in networks (Sup-
plementary Materials Tables S18-S19). In contrast, the activity of the distinct Lactobacillus
ASV increased in DG and CC (Supplementary Materials Tables S18 and S19), establishing
these specific ASVs as keystone species at the lowest concentration of clothianidin (0.1 ppb).
Overall, the Lactobacillus genus is known to improve the immune system and resistance
against pathogens [21,55,118,119] as well as reduce pesticide toxicity [120]. This func-
tional profile suggests that this Lactobacillus ASV activity may partly ensure physiological
homeostasis during dysbiosis.

Complementarily, loss of connectivity (diminishing DG) for Bifidobacterium and Pediococcus
(diminishing CC) (Supplementary Materials Tables S18 and S19) supports an adverse impact of
clothianidin on these genera known for their probiotic properties [15,109,110,121,122]. However,
an increase in NC for Bifidobacterium may suggest a more local cooperation despite an
overall loss of connectivity. Similarly, an increase in Frischella perrara ASV activity (Figure 5)
at 0.1 ppb (midgut) supports honeybee immune system activation [97]. Taken together,
the correlation patterns and network metrics may suggest a pathogenic shift compensated
by mutualistic correlation (e.g., Lactobacillus, Bifidobacterium and Pediococcus) following
exposure to clothianidin. This competition shift suggests a dysbiosis rewiring pattern [57].

Previous studies highlighted fluctuations of honeybee microbiota facing stress. Appli-
cations of coumaphos, tau-fluvalinate [123] and tetracycline [90] were shown to increase
Giamella apicola abundance. Different experimental approaches may induce microbial com-
position variability [53], as observed in our work with Giamella apicola, Snodgrassella alvi and
Frischella perrara. We observed a decrease and/or an increase in Frischella perrara activity,
while exposure to other pesticides was variable, as it either induced (nitenpyram) [20] or
failed to induce (imidacloprid) an increase in F. perrara abundance [49]. F. perrara is known
to play a key role in honeybee immunity by limiting microbial resistance [97]; therefore,
F. perrara disbalance may affect honeybee gut immunity, leading to microbiota dysbiosis.
Finally, the increasing activity of Bifidobacterium activity confirms results of previous studies
that tested honeybee exposure to nitenpyram and thiacloprid [19–21].

Additionally, Snodgrassella alvi is involved for the upregulation of the gene expression
related to antimicrobial peptides [124]. Destabilization of the honeybee gut biofilm pioneer,
S. alvi, may create an overall imbalance in gut microbiota. A decrease in S. alvi activity
in the ileum following exposure to pesticide is consistent with findings of two previous
studies [125,126]. In our experiment, it is likely that decreasing S. alvi activity played a
role in adversely impacting the immune response of Apis mellifera when facing an increase
in potential opportunistic strains such as Roseburia and Pelomonas. Our results provide
additional evidence on the level of bacterial activity, showing that honeybees exposed to
neonicotinoids are more sensitive to microbial gut pathogens [49,127,128].

More specifically, the increase of potential opportunistic ASVs activity was variable
along the gut section and gradient of exposure. Ralstonia genus had a greater impact on
the ileum (0.1, 1 and 10 ppb) networks (Figure 7B–D). For instance, high CC and NC for
Ralstonia revealed its extensive connectivity within the overall ileum network (Supplemen-
tary Materials Tables S18–S20 and S22–S25), suggesting this strain exerts an important
negative impact on microbiota wiring following exposure to clothianidin. Overall, cloth-
ianidin induced negative correlations between core (e.g., Giamella apicola, Snodgrassella
alvi and Frischella perrara) and non-core members within each gut section. Given that
these core symbionts are either involved in host immunity and/or microbiota equilib-
rium [53,97,112–114], our results provide a better understanding of the dysbiosis induced
by exposure to clothianidin and its impact on the microbiota–immunity axis [21–23].
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Sixth, this study highlights how environmental factors adversely shape individual
honeybee health. The link established here between low exposure to clothianidin, high
mortality and overall honeybee health differs somewhat from previous studies. Alka-
ssab and colleagues [4] reported on laboratory and field experiments in which honeybees
were exposed to clothianidin concentrations ranging between 1 and 200 µg/L, showing
that the 200 µg/L exposure in field induced the highest honeybee mortality rate. Other
completed experiments with honeybees exposed to sublethal clothianidin concentrations
(0.5–2 µg/L) [129] (0.5–0.97 ppb) [130] did not observe significant differences between the
mortality rate of honeybees exposed to clothianidin versus healthy honeybee colonies.
These differences in findings may be due to the variability of honeybee colonies with
seasons, where winter honeybees are less susceptible to mortality compared to summer
bees [131]. Both studies [4,129] used winter honeybees, whereas Rolke and colleagues [130]
used spring/summer bees. Winter honeybees seemed more resistant to clothianidin sub-
lethal doses than summer bees. In addition, these three former studies [4,129,130] were
performed under field conditions, while our work was performed under laboratory condi-
tions. Variables present under field conditions differ from those in the laboratory, where
honeybees are more susceptible to exposure to pesticides [4]. Osterman and colleagues [132]
did not observe a negative impact on the survival of bees exposed to sublethal doses of
clothianidin. In the second year, they observed a positive impact, with increased brood
production and improved honeybee fitness. These results may be due to “hormesis”, a
beneficial response to low exposure [133]. Other researchers [134] also studied the individ-
ual immunocompetence of honeybees exposed to clothianidin in which the antimicrobial
activity of hemolymph was reduced in all clothianidin concentrations (10–200 ppb). To-
gether, these studies showed that the impact of sublethal clothianidin concentrations on
individual honeybees depends on many environmental factors.

Finally, this study showed how honeybees are significantly more attracted by syrup
supplied with the medium sublethal clothianidin concentration. In a previous study, honey-
bees were found to be more attracted to contaminated than non-contaminated syrup [135].
A dose-dependent attraction was observed for the neonicotinoid nitenpyram, where food
consumption was negatively correlated with pesticide concentration: normal with 3–30
µL/L and low with 300 µL/L [20]. In our study, honeybees exposed to 1 ppb clothianidin
consumed significantly more syrup, translating into the lowest pesticide bioaccumulation
in the 1 ppb group, relative to the other groups (Figure 2, Supplementary Materials Table
S5). This low clothianidin bioaccumulation may suggest that the honeybee gut microbiota
may have used clothianidin as a nutrient [136,137], translating into an intermediate effect
regarding survival, between 0.1 and 10 ppb groups (Figure 1, Supplementary Materials
Table S2). Previous studies highlighted how nutritional stress shapes the gut microbiota
composition [136,137], resulting in long-term negative impacts on honeybee health [137].
Further analyses are needed to further understand the link between sublethal exposure to
clothianidin, syrup consumption, dysbiosis gut microbiota and the high honeybee mortality
documented in our work.

5. Conclusions

This work highlights the interplay between gut microbiota activity, food intake and
exposure to pesticides. Our work provides unprecedented insights regarding the impact of
clothianidin gradient on the activity interactions between core members (i.e., probionts)
and non-core members, including potential opportunistic strains and the potential link
of clothianidin pesticide with the microbiota–immunity axis. Overall, our results suggest
that extent of gut microbiota dysbiosis depends on both xenobiotic exposure level and gut
section. Finally, activity interaction networks appear to be a valuable tool to measure the
impact of exposure to pesticide on microbiome community structure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9112283/s1, Table S1: Information regarding the reads tracking process using
dada2 and the number of ASVs per sample, Table S2: Cox proportional hazards model comparisons
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between the survival of honeybees exposed vs. unexposed to clothianidin for 28 days, Table S3: Syrup
consumption average levels per honeybee between the experimental groups compared to the control
group overtime, Table S4: Syrup consumption average levels per honeybee between the experimental
groups compared to the control group at specific time points, Table S5: Mean quantification of the
clothianidin levels (ng/mL per bee) with the standard deviation (SD) in the honeybee gut, Table S6:
Total taxonomic distribution of active ASVs in the midgut exposed at 0 ppb, Table S7: Total taxonomic
distribution of active ASVs in the midgut exposed at 0.1 ppb, Table S8: Total taxonomic distribution
of active ASVs in the midgut exposed at 1 ppb, Table S9: Total taxonomic distribution of active ASVs
in the midgut exposed at 10 ppb, Table S10: Total taxonomic distribution of active ASVs in the ileum
exposed at 0 ppb, Table S11: Total taxonomic distribution of active ASVs in the ileum exposed at
0.1 ppb, Table S12: Total taxonomic distribution of active ASVs in the ileum exposed at 1 ppb, Table
S13: Total taxonomic distribution of active ASVs in the ileum exposed at 10 ppb, Table S14: Total
taxonomic distribution of active ASVs in the rectum exposed at 0 ppb, Table S15: Total taxonomic
distribution of active ASVs in the rectum exposed at 0.1 ppb, Table S16: Total taxonomic distribution
of active ASVs in the rectum exposed at 1 ppb, Table S17: Total taxonomic distribution of active ASVs
in the rectum exposed at 10 ppb, Table S18: Network metrics for gut microbiome taxa in the midgut
exposed to 0 ppb clothianidin, Table S19: Network metrics for gut microbiome taxa in the midgut
exposed to 0.1 ppb clothianidin, Table S20: Network metrics for gut microbiome taxa in the midgut
exposed to 1 ppb clothianidin, Table S21: Network metrics for gut microbiome taxa in the midgut
exposed to 10 ppb clothianidin, Table S22: Network metrics for gut microbiome taxa in the ileum
exposed to 0 ppb clothianidin, Table S23: Network metrics for gut microbiome taxa in the ileum
exposed to 0.1 ppb clothianidin, Table S24: Network metrics for gut microbiome taxa in the ileum
exposed to 1 ppb clothianidin, Table S25: Network metrics for gut microbiome taxa in the ileum
exposed to 10 ppb clothianidin, Table S26: Network metrics for gut microbiome taxa in the rectum
exposed to 0 ppb clothianidin, Table S27: Network metrics for gut microbiome taxa in the rectum
exposed to 0.1 ppb clothianidin, Table S28: Network metrics for gut microbiome taxa in the rectum
exposed to 1 ppb clothianidin, Table S29: Network metrics for gut microbiome taxa in the rectum
exposed to 10 ppb clothianidin, Table S30: Number of positive (+) and/or negative (-) interactions at
the genus level in the microbial network depending on each honeybee gut section (midgut, ileum
and rectum) and clothianidin concentrations (Ctrl (0 ppb), 0.1, 1 and 10 ppb), Figure S1: Violin plot of
Degree from taxa in midgut microbial networks, Figure S2: Violin plot of Closeness Centrality from
taxa in midgut microbial networks, Figure S3: Violin plot of Neighborhood Connectivity from taxa in
midgut microbial networks, Figure S4: Violin plot of Degree from taxa in ileum microbial networks,
Figure S5: Violin plot of Closeness Centrality from taxa in ileum microbial networks, Figure S6: Violin
plot of Neighborhood Connectivity from taxa in ileum microbial networks, Figure S7: Violin plot of
Degree from taxa in rectum microbial networks, Figure S8: Violin plot of Closeness Centrality from
taxa in rectum microbial networks, Figure S9: Violin plot of Neighborhood Connectivity from taxa in
rectum microbial networks.
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36. Sułowicz, S.; Cycoń, M.; Piotrowska-Seget, Z. Non-Target Impact of Fungicide Tetraconazole on Microbial Communities in Soils
with Different Agricultural Management. Ecotoxicology 2016, 25, 1047–1060. [CrossRef]

37. DeLorenzo, M.E.; Scott, G.I.; Ross, P.E. Toxicity of Pesticides to Aquatic Microorganisms: A Review. Environ. Toxicol. Chem. 2001,
20, 84–98. [CrossRef]

38. Russell, R.J.; Scott, C.; Jackson, C.J.; Pandey, R.; Pandey, G.; Taylor, M.C.; Coppin, C.W.; Liu, J.-W.; Oakeshott, J.G. The Evolution
of New Enzyme Function: Lessons from Xenobiotic Metabolizing Bacteria versus Insecticide-Resistant Insects. Evol. Appl. 2011, 4,
225–248. [CrossRef]

39. Widenfalk, A.; Bertilsson, S.; Sundh, I.; Goedkoop, W. Effects of Pesticides on Community Composition and Activity of Sediment
Microbes—Responses at Various Levels of Microbial Community Organization. Environ. Pollut. 2008, 152, 576–584. [CrossRef]

40. Wintermantel, D.; Locke, B.; Andersson, G.K.S.; Semberg, E.; Forsgren, E.; Osterman, J.; Rahbek Pedersen, T.; Bommarco, R.;
Smith, H.G.; Rundlöf, M.; et al. Field-Level Clothianidin Exposure Affects Bumblebees but Generally Not Their Pathogens. Nat.
Commun. 2018, 9, 5446. [CrossRef]

41. Li, Y.; An, J.; Dang, Z.; Lv, H.; Pan, W.; Gao, Z. Treating Wheat Seeds with Neonicotinoid Insecticides Does Not Harm the
Rhizosphere Microbial Community. PLoS ONE 2018, 13, e0205200. [CrossRef]

42. Liu, J.; Song, Y.; Tang, M.; Lu, Q.; Zhong, G. Enhanced Dissipation of Xenobiotic Agrochemicals Harnessing Soil Microbiome in
the Tillage-Reduced Rice-Dominated Agroecosystem. J. Hazard. Mater. 2020, 398, 122954. [CrossRef] [PubMed]

43. Parte, S.G.; Kharat, A.S. Aerobic Degradation of Clothianidin to 2-Chloro-Methyl Thiazole and Methyl 3-(Thiazole-Yl) Methyl
Guanidine Produced by Pseudomonas Stutzeri Smk. J. Environ. Public Health 2019, 2019, 4807913. [CrossRef] [PubMed]

44. Mulligan, R.A.; Tomco, P.L.; Howard, M.W.; Schempp, T.T.; Stewart, D.J.; Stacey, P.M.; Ball, D.B.; Tjeerdema, R.S. Aerobic versus
Anaerobic Microbial Degradation of Clothianidin under Simulated California Rice Field Conditions. J. Agric. Food Chem. 2016, 64,
7059–7067. [CrossRef] [PubMed]

45. Mori, T.; Wang, J.; Tanaka, Y.; Nagai, K.; Kawagishi, H.; Hirai, H. Bioremediation of the Neonicotinoid Insecticide Clothianidin by
the White-Rot Fungus Phanerochaete Sordida. J. Hazard. Mater. 2017, 321, 586–590. [CrossRef]

46. Mohanta, D.; Ahmaruzzaman, M. A Novel Au-SnO2-rGO Ternary Nanoheterojunction Catalyst for UV-LED Induced Photocat-
alytic Degradation of Clothianidin: Identification of Reactive Intermediates, Degradation Pathway and in-Depth Mechanistic
Insight. J. Hazard. Mater. 2020, 397, 122685. [CrossRef]

47. Pang, S.; Lin, Z.; Zhang, W.; Mishra, S.; Bhatt, P.; Chen, S. Insights Into the Microbial Degradation and Biochemical Mechanisms
of Neonicotinoids. Front. Microbiol. 2020, 11, 868. [CrossRef]

48. Daisley, B.A.; Trinder, M.; McDowell, T.W.; Collins, S.L.; Sumarah, M.W.; Reid, G. Microbiota-Mediated Modulation of
Organophosphate Insecticide Toxicity by Species-Dependent Interactions with Lactobacilli in a Drosophila Melanogaster Insect
Model. Appl. Environ. Microbiol. 2018, 84, e02820-17. [CrossRef]

49. Raymann, K.; Motta, E.V.S.; Girard, C.; Riddington, I.M.; Dinser, J.A.; Moran, N.A. Imidacloprid Decreases Honey Bee Survival
Rates but Does Not Affect the Gut Microbiome. Appl. Environ. Microbiol. 2018, 84, e00545-18. [CrossRef]

50. Li, H.; Wang, Y.; Fu, J.; Hu, S.; Qu, J. Degradation of Acetochlor and Beneficial Effect of Phosphate-Solubilizing Bacillus Sp.
ACD-9 on Maize Seedlings. 3 Biotech 2020, 10, 67. [CrossRef]

51. Hussain, S.; Hartley, C.J.; Shettigar, M.; Pandey, G. Bacterial Biodegradation of Neonicotinoid Pesticides in Soil and Water Systems.
FEMS Microbiol. Lett. 2016, 363. [CrossRef]

52. Powell, J.E.; Martinson, V.G.; Urban-Mead, K.; Moran, N.A. Routes of Acquisition of the Gut Microbiota of the Honey Bee Apis
mellifera. Appl. Environ. Microbiol. 2014, 80, 7378–7387. [CrossRef]

53. Bonilla-Rosso, G.; Engel, P. Functional Roles and Metabolic Niches in the Honey Bee Gut Microbiota. Curr. Opin. Microbiol. 2018,
43, 69–76. [CrossRef]

54. Boutin, S.; Bernatchez, L.; Audet, C.; Derôme, N. Network Analysis Highlights Complex Interactions between Pathogen, Host
and Commensal Microbiota. PLoS ONE 2013, 8, e84772. [CrossRef] [PubMed]

55. Vásquez, A.; Forsgren, E.; Fries, I.; Paxton, R.J.; Flaberg, E.; Szekely, L.; Olofsson, T.C. Symbionts as Major Modulators of Insect
Health: Lactic Acid Bacteria and Honeybees. PLoS ONE 2012, 7, e33188. [CrossRef]

56. Cheaib, B.; Seghouani, H.; Ijaz, U.Z.; Derome, N. Community Recovery Dynamics in Yellow Perch Microbiome after Gradual and
Constant Metallic Perturbations. Microbiome 2020, 8, 14. [CrossRef] [PubMed]

http://doi.org/10.1038/nrmicro.2016.43
http://doi.org/10.1038/ismej.2010.75
http://doi.org/10.1038/s41684-018-0173-x
http://www.ncbi.nlm.nih.gov/pubmed/30353179
http://doi.org/10.1111/mec.12209
http://www.ncbi.nlm.nih.gov/pubmed/23347062
http://doi.org/10.1128/AEM.07810-11
http://www.ncbi.nlm.nih.gov/pubmed/22307297
http://doi.org/10.1016/j.scitotenv.2016.08.038
http://doi.org/10.1007/s10646-016-1661-7
http://doi.org/10.1002/etc.5620200108
http://doi.org/10.1111/j.1752-4571.2010.00175.x
http://doi.org/10.1016/j.envpol.2007.07.003
http://doi.org/10.1038/s41467-018-07914-3
http://doi.org/10.1371/journal.pone.0205200
http://doi.org/10.1016/j.jhazmat.2020.122954
http://www.ncbi.nlm.nih.gov/pubmed/32506048
http://doi.org/10.1155/2019/4807913
http://www.ncbi.nlm.nih.gov/pubmed/30944570
http://doi.org/10.1021/acs.jafc.6b02055
http://www.ncbi.nlm.nih.gov/pubmed/27499061
http://doi.org/10.1016/j.jhazmat.2016.09.049
http://doi.org/10.1016/j.jhazmat.2020.122685
http://doi.org/10.3389/fmicb.2020.00868
http://doi.org/10.1128/AEM.02820-17
http://doi.org/10.1128/AEM.00545-18
http://doi.org/10.1007/s13205-020-2056-2
http://doi.org/10.1093/femsle/fnw252
http://doi.org/10.1128/AEM.01861-14
http://doi.org/10.1016/j.mib.2017.12.009
http://doi.org/10.1371/journal.pone.0084772
http://www.ncbi.nlm.nih.gov/pubmed/24376845
http://doi.org/10.1371/annotation/3ac2b867-c013-4504-9e06-bebf3fa039d1
http://doi.org/10.1186/s40168-020-0789-0
http://www.ncbi.nlm.nih.gov/pubmed/32041654


Microorganisms 2021, 9, 2283 23 of 25

57. Weiss, S.; van Treuren, W.; Lozupone, C.; Faust, K.; Friedman, J.; Deng, Y.; Xia, L.C.; Xu, Z.Z.; Ursell, L.; Alm, E.J.; et al. Correlation
Detection Strategies in Microbial Data Sets Vary Widely in Sensitivity and Precision. ISME J. 2016, 10, 1669–1681. [CrossRef]

58. Hallmaier-Wacker, L.K.; Lüert, S.; Gronow, S.; Spröer, C.; Overmann, J.; Buller, N.; Vaughan-Higgins, R.J.; Knauf, S. A Metataxo-
nomic Tool to Investigate the Diversity of Treponema. Front. Microbiol. 2019, 10, 2094. [CrossRef]

59. Sokol, H.; Leducq, V.; Aschard, H.; Pham, H.-P.; Jegou, S.; Landman, C.; Cohen, D.; Liguori, G.; Bourrier, A.; Nion-Larmurier, I.;
et al. Fungal Microbiota Dysbiosis in IBD. Gut 2017, 66, 1039–1048. [CrossRef]

60. Gevers, D.; Kugathasan, S.; Denson, L.A.; Vázquez-Baeza, Y.; Van Treuren, W.; Ren, B.; Schwager, E.; Knights, D.; Song, S.J.;
Yassour, M.; et al. The Treatment-Naive Microbiome in New-Onset Crohn’s Disease. Cell Host Microbe 2014, 15, 382–392. [CrossRef]

61. Forbes, J.D.; Van Domselaar, G.; Bernstein, C.N. Microbiome Survey of the Inflamed and Noninflamed Gut at Different Compartments
Within the Gastrointestinal Tract of Inflammatory Bowel Disease Patients. Inflamm. Bowel Dis. 2016, 22, 817–825. [CrossRef]

62. Williams, G.R.; Alaux, C.; Costa, C.; Csáki, T.; Doublet, V.; Eisenhardt, D.; Fries, I.; Kuhn, R.; McMahon, D.P.; Medrzycki, P.; et al. Standard
Methods for Maintaining Adult Apis mellifera in Cages under in Vitro Laboratory Conditions. J. Apic. Res. 2013, 52, 1–36. [CrossRef]

63. Evans, J.D.; Chen, Y.P.; di Prisco, G.; Pettis, J.; Williams, V. Bee Cups: Single-Use Cages for Honey Bee Experiments. J. Apic. Res.
2009, 48, 300–302. [CrossRef]

64. Paradis, D.; Bérail, G.; Bonmatin, J.-M.; Belzunces, L.P. Sensitive Analytical Methods for 22 Relevant Insecticides of 3 Chemical
Families in Honey by GC-MS/MS and LC-MS/MS. Anal. Bioanal. Chem. 2014, 406, 621–633. [CrossRef] [PubMed]

65. Marsaglia, G.; Tsang, W.W.; Wang, J. Others Evaluating Kolmogorov’s Distribution. J. Stat. Softw. 2003, 8, 1–4. [CrossRef]
66. Royston, J.P. Shapiro-Wilk Normality Test and P-Value. Appl. Stat. 1995, 44, 547–551. [CrossRef]
67. Bauer, D.F. Constructing Confidence Sets Using Rank Statistics. J. Am. Stat. Assoc. 1972, 67, 687–690. [CrossRef]
68. Kruskal, W.H.; Wallis, W.A. Use of Ranks in One-Criterion Variance Analysis. J. Am. Stat. Assoc. 1952, 47, 583–621. [CrossRef]
69. Kaplan, E.L.; Meier, P. Nonparametric Estimation from Incomplete Observations. J. Am. Stat. Assoc. 1958, 53, 457–481. [CrossRef]
70. Therneau, T.; A Package for Survival Analysis in S. Version 2.38; 2015. Available online: http://CRAN.R-project.org/package=

survival (accessed on 20 September 2021).
71. El Khoury, S.; Rousseau, A.; Lecoeur, A.; Cheaib, B.; Bouslama, S.; Mercier, P.-L.; Demey, V.; Castex, M.; Giovenazzo, P.; Derome, N.

Deleterious Interaction between Honeybees (Apis mellifera) and Its Microsporidian Intracellular Parasite Nosema Ceranae Was Mitigated
by Administrating Either Endogenous or Allochthonous Gut Microbiota Strains. Front. Ecol. Evol. 2018, 6, 58. [CrossRef]

72. qScriptTM cDNA SuperMix. Available online: https://www.dnature.co.nz/wp-content/uploads/95048-qScript-cDNA-
SuperMix-PPS.pdf (accessed on 20 September 2017).

73. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Inference
from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583. [CrossRef]

74. Edgar, R. Taxonomy Annotation and Guide Tree Errors in 16S rRNA Databases. PeerJ 2018, 6, e5030. [CrossRef]
75. Huson, D.H.; Beier, S.; Flade, I.; Górska, A.; El-Hadidi, M.; Mitra, S.; Ruscheweyh, H.-J.; Tappu, R. MEGAN Community

Edition—Interactive Exploration and Analysis of Large-Scale Microbiome Sequencing Data. PLoS Comput. Biol. 2016, 12, e1004957.
[CrossRef] [PubMed]

76. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Series B Stat. Methodol. 1995, 57, 289–300. [CrossRef]

77. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

78. Hmisc Package. Available online: http://biostat.mc.vanderbilt.edu/wiki/Main/Hmisc (accessed on 27 April 2018).
79. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A Software

Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [CrossRef] [PubMed]
80. Zhang, G.; Zhang, W. Protein–protein Interaction Network Analysis of Insecticide Resistance Molecular Mechanism in Drosophila

melanogaster. Arch. Insect Biochem. Physiol. 2019, 100, e21523. [CrossRef] [PubMed]
81. Berry, D.; Widder, S. Deciphering Microbial Interactions and Detecting Keystone Species with Co-Occurrence Networks. Front.

Microbiol. 2014, 5, 219. [CrossRef] [PubMed]
82. Wehmuth, K.; Ziviani, A. Daccer: Distributed Assessment of the Closeness Centrality Ranking in Complex Networks. Comput.

Netw. 2013, 57, 2536–2548. [CrossRef]
83. Maslov, S.; Sneppen, K. Specificity and Stability in Topology of Protein Networks. Science 2002, 296, 910–913. [CrossRef]
84. Ai, D.; Pan, H.; Li, X.; Wu, M.; Xia, L.C. Association Network Analysis Identifies Enzymatic Components of Gut Microbiota That

Significantly Differ between Colorectal Cancer Patients and Healthy Controls. PeerJ 2019, 7, e7315. [CrossRef] [PubMed]
85. Vázquez-Baeza, Y.; Hyde, E.R.; Suchodolski, J.S.; Knight, R. Dog and Human Inflammatory Bowel Disease Rely on Overlapping

yet Distinct Dysbiosis Networks. Nat. Microbiol. 2016, 1, 16177. [CrossRef] [PubMed]
86. Rohr, J.R.; Kerby, J.L.; Sih, A. Community Ecology as a Framework for Predicting Contaminant Effects. Trends Ecol. Evol. 2006, 21,

606–613. [CrossRef] [PubMed]
87. Babendreier, D.; Joller, D.; Romeis, J.; Bigler, F.; Widmer, F. Bacterial Community Structures in Honeybee Intestines and Their

Response to Two Insecticidal Proteins. FEMS Microbiol. Ecol. 2007, 59, 600–610. [CrossRef]

http://doi.org/10.1038/ismej.2015.235
http://doi.org/10.3389/fmicb.2019.02094
http://doi.org/10.1136/gutjnl-2015-310746
http://doi.org/10.1016/j.chom.2014.02.005
http://doi.org/10.1097/MIB.0000000000000684
http://doi.org/10.3896/IBRA.1.52.1.04
http://doi.org/10.1080/00218839.2009.11101548
http://doi.org/10.1007/s00216-013-7483-z
http://www.ncbi.nlm.nih.gov/pubmed/24253411
http://doi.org/10.18637/jss.v008.i18
http://doi.org/10.2307/2986146
http://doi.org/10.1080/01621459.1972.10481279
http://doi.org/10.1080/01621459.1952.10483441
http://doi.org/10.1080/01621459.1958.10501452
http://CRAN.R-project.org/package=survival
http://CRAN.R-project.org/package=survival
http://doi.org/10.3389/fevo.2018.00058
https://www.dnature.co.nz/wp-content/uploads/95048-qScript-cDNA-SuperMix-PPS.pdf
https://www.dnature.co.nz/wp-content/uploads/95048-qScript-cDNA-SuperMix-PPS.pdf
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.7717/peerj.5030
http://doi.org/10.1371/journal.pcbi.1004957
http://www.ncbi.nlm.nih.gov/pubmed/27327495
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.1186/s13059-014-0550-8
http://biostat.mc.vanderbilt.edu/wiki/Main/Hmisc
http://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://doi.org/10.1002/arch.21523
http://www.ncbi.nlm.nih.gov/pubmed/30478906
http://doi.org/10.3389/fmicb.2014.00219
http://www.ncbi.nlm.nih.gov/pubmed/24904535
http://doi.org/10.1016/j.comnet.2013.05.001
http://doi.org/10.1126/science.1065103
http://doi.org/10.7717/peerj.7315
http://www.ncbi.nlm.nih.gov/pubmed/31392094
http://doi.org/10.1038/nmicrobiol.2016.177
http://www.ncbi.nlm.nih.gov/pubmed/27694806
http://doi.org/10.1016/j.tree.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16843566
http://doi.org/10.1111/j.1574-6941.2006.00249.x


Microorganisms 2021, 9, 2283 24 of 25

88. Kwong, W.K.; Moran, N.A. Cultivation and Characterization of the Gut Symbionts of Honey Bees and Bumble Bees: Description
of Snodgrassella Alvi Gen. Nov., Sp. Nov., a Member of the Family Neisseriaceae of the Betaproteobacteria, and Gilliamella
Apicola Gen. Nov., Sp. Nov., a Member of Orbaceae Fam. Nov., Orbales Ord. Nov., a Sister Taxon to the Order “Enterobacteriales”
of the Gammaproteobacteria. Int. J. Syst. Evol. Microbiol. 2013, 63, 2008–2018. [PubMed]

89. Olofsson, T.C.; Alsterfjord, M.; Nilson, B.; Butler, È.; Vásquez, A. Lactobacillus Apinorum Sp. Nov., Lactobacillus Mellifer
Sp. Nov., Lactobacillus Mellis Sp. Nov., Lactobacillus Melliventris Sp. Nov., Lactobacillus Kimbladii Sp. Nov., Lactobacillus
Helsingborgensis Sp. Nov. and Lactobacillus Kullabergensis Sp. Nov., Isolated from the Honey Stomach of the Honeybee Apis
mellifera. Int. J. Syst. Evol. Microbiol. 2014, 64, 3109–3119. [CrossRef]

90. Raymann, K.; Shaffer, Z.; Moran, N.A. Antibiotic Exposure Perturbs the Gut Microbiota and Elevates Mortality in Honeybees.
PLoS Biol. 2017, 15, e2001861. [CrossRef]

91. Paris, L.; Peghaire, E.; Moné, A.; Diogon, M.; Debroas, D.; Delbac, F.; El Alaoui, H. Honeybee Gut Microbiota Dysbiosis in
Pesticide/parasite Co-Exposures Is Mainly Induced by Nosema Ceranae. J. Invertebr. Pathol. 2020, 172, 107348. [CrossRef]

92. Wu, S.-C.; Cao, Z.-S.; Chang, K.-M.; Juang, J.-L. Intestinal Microbial Dysbiosis Aggravates the Progression of Alzheimer’s Disease
in Drosophila. Nat. Commun. 2017, 8, 24. [CrossRef]

93. Meng, X.-L.; Li, S.; Qin, C.-B.; Zhu, Z.-X.; Hu, W.-P.; Yang, L.-P.; Lu, R.-H.; Li, W.-J.; Nie, G.-X. Intestinal Microbiota and Lipid
Metabolism Responses in the Common Carp (Cyprinus carpio, L.) Following Copper Exposure. Ecotoxicol. Environ. Saf. 2018, 160,
257–264. [CrossRef]

94. Fleeger, J.W.; Carman, K.R.; Nisbet, R.M. Indirect Effects of Contaminants in Aquatic Ecosystems. Sci. Total Environ. 2003, 317,
207–233. [CrossRef]

95. Clements, W.H.; Rohr, J.R. Community Responses to Contaminants: Using Basic Ecological Principles to Predict Ecotoxicological
Effects. Environ. Toxicol. Chem. 2009, 28, 1789–1800. [CrossRef] [PubMed]

96. Maes, P.W.; Rodrigues, P.A.P.; Oliver, R.; Mott, B.M.; Anderson, K.E. Diet-Related Gut Bacterial Dysbiosis Correlates with Impaired
Development, Increased Mortality and Nosema Disease in the Honeybee (Apis mellifera). Mol. Ecol. 2016, 25, 5439–5450. [CrossRef]

97. Emery, O.; Schmidt, K.; Engel, P. Immune System Stimulation by the Gut Symbiont Frischella Perrara in the Honey Bee (Apis
mellifera). Mol. Ecol. 2017, 26, 2576–2590. [CrossRef] [PubMed]

98. Banerjee, S.; Schlaeppi, K.; van der Heijden, M.G.A. Keystone Taxa as Drivers of Microbiome Structure and Functioning. Nat. Rev.
Microbiol. 2018, 16, 567–576. [CrossRef]

99. Ma, B.; Wang, H.; Dsouza, M.; Lou, J.; He, Y.; Dai, Z.; Brookes, P.C.; Xu, J.; Gilbert, J.A. Geographic Patterns of Co-Occurrence Network
Topological Features for Soil Microbiota at Continental Scale in Eastern China. ISME J. 2016, 10, 1891–1901. [CrossRef] [PubMed]

100. Meriweather, M.; Matthews, S.; Rio, R.; Baucom, R.S. A 454 Survey Reveals the Community Composition and Core Microbiome
of the Common Bed Bug (Cimex lectularius) across an Urban Landscape. PLoS ONE 2013, 8, e61465. [CrossRef] [PubMed]

101. Tapio, I.; Fischer, D.; Blasco, L.; Tapio, M.; Wallace, R.J.; Bayat, A.R.; Ventto, L.; Kahala, M.; Negussie, E.; Shingfield, K.J.; et al.
Taxon Abundance, Diversity, Co-Occurrence and Network Analysis of the Ruminal Microbiota in Response to Dietary Changes
in Dairy Cows. PLoS ONE 2017, 12, e0180260. [CrossRef]

102. Piccini, C.; Antúnez, K.; Zunino, P. An Approach to the Characterization of the Honey Bee Hive Bacterial Flora. J. Apic. Res. 2004,
43, 101–104. [CrossRef]

103. Anhalt, J.C.; Moorman, T.B.; Koskinen, W.C. Biodegradation of Imidacloprid by an Isolated Soil Microorganism. J. Environ. Sci.
Health B 2007, 42, 509–514. [CrossRef]

104. Jacquemyn, H.; Lenaerts, M.; Brys, R.; Willems, K.; Honnay, O.; Lievens, B. Among-Population Variation in Microbial Community
Structure in the Floral Nectar of the Bee-Pollinated Forest Herb Pulmonaria officinalis, L. PLoS ONE 2013, 8, e56917. [CrossRef]
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