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Abstract: In recent decades an increase in the use of pesticides to protect plants from pests, diseases
and weeds has been observed. There are many studies on the effects of various pesticides on
non-target organisms. This review aims to analyze and summarize published scientific data on the
effects of pesticides on the animal microbiome. Pesticides can affect various parameters of the animal
microbiome, such as the taxonomic composition of bacteria, bacterial biodiversity, and bacterial
ratios and modify the microbiome of various organisms from insects to mammals. Pesticide induced
changes in the microbiome reducing the animal’s immunity. The negative effects of pesticides could
pose a global problem for pollinators. Another possible negative effect of pesticides is the impact of
pesticides on the intestinal microbiota of bumblebees and bees that increase the body’s sensitivity to
pathogenic microflora, which leads to the death of insects. In addition, pesticides can affect vitality,
mating success and characteristics of offspring. The review considers methods for correcting of
bee microbiome.
Keywords: pesticide; microbiome; animals; taxonomic composition; bacterial biodiversity;
bacterial ratios

1. Introduction
In recent decades, an increase in the use of pesticides to protect plants from pests, diseases, weeds,
etc. has been observed [1,2]. Numerous authors have studied various aspects of pesticide toxicity for
non-target organisms [3–6]. In recent years, interest in the study of animal microbiome has sharply
increased, as well as of its change under the influence of various physicochemical factors [7–14]. The
toxicological significance of the interaction of intestinal microbiota with pollutants is a serious concern,
since chemicals, interrupting the functions of the intestinal microflora, lead to changes in homeostasis
of animals [15]. The number of publications on the effect of various pesticides on the microbiological
composition of the intestines of animals, both model and agricultural, has increased. The aim of
this work was to systematize data concerning the effect of pesticides on the microbiome of animals,
primarily pollinators. Considering that the problem of a sharp decrease in the abundance of pollinators
is already a matter of food security. The review considers various aspects of the effect of pesticides on
the taxonomic composition and ratios of microorganisms in the intestines of animals, and methods for
correcting the microbiome of beneficial insects.
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2. The Impact of Pesticides on the Microbiome of Animals from Different Taxonomic Groups
2.1. The Effect of Pesticides on the Microbiome of Model Organisms
There are many studies concerning the effects of various pesticides on certain living organisms.
All of them show a negative xenobiotics effect. Majority of studies was conducted on mice and rats,
which are the main model objects for toxicological studies on pesticide effects.
Chlorpyrifos is a broad-spectrum insecticide that interfere with signaling from the neurotransmitter
acetylcholine [16,17]. It causes microflora dysbiosis and, consequently, leads to a change in the level
of microorganisms metabolites [18–20]. Also, it is often found in food, thereby affecting the normal
functioning of the endocrine and gastrointestinal systems [21]. It was shown on rats orally fed
with special diet with different fat contents [22]. In parallel with the altered nutrition, rats were
injected with chlorpyrifos. Chronic introduction of the pesticide caused reduction of luteinizing,
follicle-stimulating hormones and testosterone concentrations on a diet with a normal fat content. A
high-fat diet and the effect of the pesticide have increased the number of anti-inflammatory cytokines.
Pesticide-induced abnormalities in the intestinal microbiome were more apparent in rats fed a high-fat
diet. The affected bacteria included short-chain fatty acid-producing bacteria, testosterone-related
genus, pathogenic bacteria, and inflammation-related bacteria. The study helped clarify the relationship
between disrupted endocrine function and gut microbiota dysbiosis induced by pesticides.
Liang et al. also studied the effect of a similar diet containing chlorpyrifos on mice. Subsequently,
antibiotic treatment and microflora transplantation were performed [23]. The results of the experiment
showed a violation of the intestinal barrier by chlorpyrifos, which led to increased penetration of
lipopolysaccharides into the body and, consequently, the appearance of inflammation in the intestine.
In addition, the mice that received the microbiota modified with chlorpyrifos acquired a fat mass and
low insulin sensitivity.
Another study revealed the effect of propamocarb fungicide on the microflora and intestinal
metabolism of mice [24]. Analysis of the operational taxonomic unit (OTU) showed that 32.2% of the
cecum OTUs was changed after exposure to propamocarb. In a similar experiment, the fungicide
imazalil was used [25]. The microbiota of the contents of the cecum and feces changed at phylum and
genus levels after application of the fungicide, this showed the sequencing of 16S rRNA. Operational
taxonomic unit (OTU) analysis showed that 14.0% of fecal OTUs and 31.1% of cecal OTUs changed after
imazalil exposure. The results showed that high doses of fungicide disrupt the metabolism of mice by
altering the intestinal microbiota. In addition, imazalil significantly increased the number of bacterial
infections in the mucous membrane of the colon of mice, affecting the intestinal barrier function.
A decrease in abundance and bacterial diversity was also shown after consumption of systemic
triazole fungicide penconazole [26]. In mice treated with penconazole and its enantiomers, the relative
content of the microbiota in the intestine, in particular, the cecum, changed. The relative abundances of
seven gut microflora (at the genus level) were altered following exposure to penconazole. Penconazole
caused significant changes in the relative abundances of five gut microflora. Metabolism analysis
showed metabolic profile disturbance after exposure to this substance. This indicates the harmful
effects of this pesticide on the animals.
In addition to studying the effect of pesticides on the intestinal microbiota, studies have been
conducted on the combined use of antibiotics and pesticides. The use of antibiotics directly affects
the intestinal microbiota, reducing the number and diversity of bacteria [27,28]. In turn, the intestinal
microbiota changed by antibiotics can affect the chemical transformation of xenobiotics in the
body [29,30]. Finding the relationship between the effects of antibiotics and pesticides have been
conducted where rats with an antibiotic-modified microbiota were exposed to triazine herbicides [31].
The results showed that antibiotic administration reduces the number of bacteria in rats: The relative
abundance of Ruminococcaceae species decreased, and the Bacteroides species increased. It was also
found that antibiotics suppress the gene expression of hepatic metabolic enzymes and increased the
expressionof proteins associated with intestinal adsorption. All this together increases the risk of
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exposure to triazine herbicides (atrazine, simazine, ametrine, terbuthylazine, and metribuzin) on the
body, leading to an increase in their bioavailability.
2.2. The Influence of Pesticides on Microbiomes of Soil Animals
In modern studies [32–34], the bacterial composition of soils is used as one of the important
indicators of the negative consequences of pesticides usage. Pesticides have been shown to act on
bacteria that fix nitrogen [35], cause changes in plant probiotic soil microflora [36] and total soil
microbial diversity [37]. It is little-known about the effect of fungicides on the bacterial community
of the soil. The effect of different concentrations of azoxystrobin fungicide on the soil and intestinal
microbiota of soil animals was studied using the example of Enchytraeus crypticus annelid worm [38], as
well as the effect of the insecticide monocrotophos on earthworms, which are actively used in studies
as a model object for assessing environmental risks from the usage of chemicals [39]. In general, the
results are similar: A decrease in the number of beneficial bacteria in the intestine and a decrease in
microbiota were shown. Enchytraeus crypticus showed an increase in the spread of proteobacteria in
response to an increase in the concentration of azoxystrobin. A significant change in the structure of the
soil microbial community was observed under the effect of penconazole, carbendazim, pencicuron, and
fludioxonil [40,41]. On adding 10 mg/kg carbendazim, the change in soil microbial composition was
greater than 40%. The relative abundance of bacteria also significantly changed under the influence of
penconazole, pencicuron and fludioxonil.
2.3. The Effect of Pesticides on the Microbiome of Aquatic Organisms
Trichlorfon insecticide is often used in agriculture and horticulture [42]. This compound is actively
used to combat various parasitic infections in aquaculture. It is well soluble in water, and, accordingly,
the excessive use of such a phosphorus-containing pesticide leads to environmental pollution [43]. The
effect of various concentrations of trichlorfon was identified on the intestinal microbiome of common
carp Cyprinus carpio [44]. Exposure to the pesticide significantly reduced the height of intestinal villi,
and also reduced the level of gene expression for claudin-2, occludin, ZO-1. Exposure to trichlorfon
influenced the composition of the microbiota community and reduced the diversity of bacteria in the
intestines of carp. The proportions of probiotic bacteria, namely, Bifidobacterium, Akkermansia, and
Lactobacillus, were observed to be reduced after trichlorfon exposure. Together, this proves the negative
effect of trichlorfon: It can damage the intestinal barrier, cause oxidative damage to the intestine, cause
an inflammatory reaction and change the structure of the intestinal microbiota in carp.
The massive usage of pesticides leads to a change in fresh algal biocenoses, causing water
blooming. Azoxystrobin is a widely used broad-spectrum strobilurin fungicide. It has been shown
that azoxystrobin stimulates the growth of cyanobacteria by inhibiting the growth of competitive
organisms, for example, Chlorophyta, and also inhibits the growth of parasitic cyanobacteria, fungi,
pathogenic bacteria, and viruses [45].
2.4. The Effect of Pesticides on Insect Microbiome
Insects live in a world full of toxic compounds (plant toxins, artificial pesticides). Insects
evolutionarily adapted to the effects of these factors (neutralization of toxins, changes in the target site,
the mechanism of detoxification). It is believed that all these mechanisms of resistance are encoded by
their own insect genomes, but analyzes with omic technologies have shown that a number of organisms
possess specific intestinal microorganisms, some of which contribute to the insect’s resistance to
phytotoxins and pesticides [46]. These are evolutionary symbiotic associations of microbes that help
the body survive and adapt to its environment.
There is evidence of the resistance of some mosquitoes Culex nigripalpus to pesticides [47], but the
sources of this resistance are still unclear. In addition, cockroach species Blattella germanica is considered
as one of the most resistant organisms to insecticides. Therefore, these organisms are the most
interesting for the analysis of various pesticides. In the studies on mosquitoes [48], the results showed
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that microbiota may be responsible for pesticide resistance. A gammaproteobacterial genus Salinisphaera
that produce detoxification enzymes involved in the degradation of pesticides was detected at >10%
relative abundance in pesticide resistant mosquitoes. In studies on Blattella germanica, its bacteria
were involved in the detoxification of xenobiotics, including synthetic pesticides [49,50]. Increase in
insect sensitivity to insecticides under the effect of antibiotics has occurred. Also, transplantation of
antibiotic-affected microflora of cockroaches to resistant lines was carried out, which led to a significant
loss of resistance and death of cockroaches.
An organophosphate insecticide, phoxim, was studied on the body of Bombyx mori, a silkworm.
This species has been found to be much more susceptible to pesticide [51]. An analysis of the intestinal
microbiota showed that the quantity of bacteria Methylobacterium and Aurantimonadaceae in the intestine
was reduced, while the number of non-dominant bacteria, such as Staphylococcus, increased significantly.
In addition, phoxim inhibited the expression of antimicrobial peptides and enhanced the pathogenesis
of Enterobacter cloacae.
2.5. The Effect of Glyphosate on Animal Microbiome
One of the most popular herbicides used worldwide for weed control is glyphosate [52–54]. It is
actively used on islands near the coastline, that effects on surrounding marine and coastal species [55,56].
Various studies have been conducted to study the effect of this pesticide on the intestinal microflora
of animals. For example, in Hawaiian green turtles, under different concentrations of the pesticide,
a decrease in density and inhibition of bacterial growth were observed [57]. This fact indicates the
adverse effect of glyphosate on the general condition of the animal. In other species (Chinese mitten
crab), the antioxidant ability of the intestine decreased with the effect of the pesticide and the content
of malondialdehyde increased. As a result of sequencing, an analysis was performed that showed
that glyphosate reduced the diversity of the intestinal microbiota of the Chinese mitten crab, and the
taxonomic richness of bacteroids and proteobacteria increased significantly [58]. Glyphosate, absorbed
with food, directly contacted with the intestinal microbiota of pollinating insects. Quantitative PCR
revealed a significant change in the composition of the intestinal microflora [59], the appearance of an
unbalanced microbiota, which reduces the bee’s resistance to pathogens. Glyphosate caused a strong
decrease in the bacteria Snodgrassella alvi, a partial decrease in Gilliamella apicola and an increase in
Lactobacillus spp.
In addition to the glyphosate effect on the growth of intestinal bacteria, this pesticide has an effect
on the synthesis of amino acids (shikimate pathway), in particular, it inhibits the enzyme 5-enolpyruvyl
shikimate-3-phosphate synthase (EPSPS). The gene encoding the shikimat pathway enzyme is present
in all sequenced genomes of intestinal bacteria of the honeybee [60]. This fact indicates a high potential
sensitivity of bacteria (and, consequently, bees) to glyphosate. A decrease in the dominant intestinal
microflora of insects effected by glyphosate has been demonstrated. Moreover, the effect of this
herbicide increased the mortality rate of bees due to increased susceptibility to the influence of the
pathogen Serratia marcescens. Thus, glyphosate perturbes the beneficial intestinal microflora of honey
bees, potentially affecting their health and pollination efficiency.
Studies have shown that glyphosate affects both adult insects and larvae. The experimental data
showed a decrease in survival rate, development rate, mass of larvae and bacterial diversity of the
middle intestine Apis mellifera [61]. Xenobiotics in high concentrations have the most negative effect on
colonies of immature bees, while adults do not experience stress due to its effect.
Interrelationship between pesticide and intestinal bacteria that synthesize vitamins was shown.
Human MAIT cells (invariant T-cells associated with the mucosa) can respond to vitamin metabolites:
Riboflavin and folate. Escherichia coli cells were shown to activate MAIT cells, while Bifidobacterium
adolescentis and Lactobacillus reuteri inhibited MAIT cell activation [62]. Exposure to chlorpyrifos
significantly increased E. coli colonies mediated by the activation of MAIT cells, and the effect of
chlorpyrifos together with glyphosate inhibited colonies growth. In this case, proteomic analysis
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showed that glyphosate had an effect on the biosynthesis of riboflavin and folate. Thus, chlorpyrifos
and glyphosate increase the anti-inflammatory immune response.
A long-term effect of the Roundup herbicide (made from glyphosate) on the microbiota of
rat intestines demonstrated the growth of Bacteroidetes bacteria and a decrease in the number of
Lactobacillaceae [63]. The culture method showed that Roundup has a direct effect on the intestinal
microbiota: Bacteria showed different sensitivity to the herbicide, including the identification of a
resistant strain of Escherichia coli, which is associated with the absence of the EPSPS gene. Thus,
Roundup accumulations in the environment have a significant negative effect on rat health.
3. The Effect of Pesticides on the Microbiome of Bees and Bumblebees
3.1. Problem for Pollinators
At this time there is a global trend of pollinators decreasing [64–68]. Possible reason for this is
the toxic pesticides effects [69,70]. The active usage of pesticides in agriculture and the decline in the
growth of colonies of pollinating insects can be interrelated processes. Recent studies have shown
that pesticides can affect on bumblebee colonies—An important and annually decreasing group of
pollinators [71]. It has been shown that the effect of thiamethoxam, a neonicotinoid insecticide, on
bumblebees reduces the proportion of incubating queens in the hive that lay eggs, and also increases
the vulnerability of individuals to pathogenic microorganisms [72]. Thus, neonicotinoids have a
significant effect on the dynamics of the pollinators population. Current studies examine neonicotinoid
target sites, as well as the metabolism of neonicotinoids, not only in pests, but also in beneficial insects
such as bees [73]. The obtained data contribute to the development of a new generation of pesticides
targeted at nicotinic acetylcholine receptors of insects.
It is known that a honeybee has a special reproductive behavior that can change under the
influence of stress factors. Widely used insecticide fipronil, as shown by studies, leads to a decrease
in sperm concentration and their viability in combination with an increased rate of spermatogenesis,
which has led to a deterioration in the fertility of male bees [74]. The results of this study indicate
the detrimental consequences of pesticides usage on the reproductive potential of bees. Pesticides
can contribute to honeybee population reduce as a result of distorted fertility, an example of which
is fipronil. Similarly, an experiment was conducted with another high-potent insecticide. Chronic
consumption of neonicotinoid thiacloprid by bees influenced the behavior of insects in the field. The
behavior, navigation, and social communication of bees were disrupted. It has been shown that
thiacloprid applicable at low-dose at the feeding sites accumulates over time in the food [75]. Thus,
pesticides pose a significant risk to honey bees, disrupting learning and memory functions, and also
lead to the losses of insects.
Currently, in addition to stress, bees are constantly exposed to a mixture of agrochemicals and at
the same time suffer by parasites. Stressors do not act separately, the effect of pesticides can disrupt both
detoxification mechanisms and immune responses, making bees more susceptible to parasites [76,77].
Chronic exposure to several interacting stressors leads to the loss of honey bees colonies and a decrease
in the abundance of wild pollinators. Analyzing the history of pollinators extinction, an assessment
was made for extinction rate of bees in Britain from the middle of the 19th century to the present [78].
The fastest extinction phase is associated with changes in agricultural policy that began in the 1920s
and ends with the ill-considered application of farming methods.
One of the mechanisms of the toxic effect of small doses of pesticides may be their effect on the
microbiological composition of insects. Next, data on the effect of pesticides on the microbiome of
animals of various taxonomic groups will be considered.
3.2. Microbiome of Bumblebees and Honey Bees and the Impact of Pesticides
The study of intestinal microbiota is an important area of the research of the ecological and
functional dynamics of the intestinal environment. Especially the study of the intestinal microbiota of
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honey bees and bumblebees, which are important pollinators. Due to the specific intestinal habitat,
Apis mellifera is a valuable model system. All these data together helps to research the microbiota and
develop experiments in this field [79].
Intestinal microbial communities play a crucial role in maintaining the health of many insect
species. However, these bacteria are very sensitive and it is still unknown how the host and pathogen
interact at anthropogenic changes in the environment. The bacterial composition of the microbiota
of bumblebees Bombus terrestris taken from forest and urban habitats was analyzed [80]. The results
showed a significant predominance of bee-specific main bacteria, such as Snodgrassella and Gilliamella
in urban areas, and their small abundance in the forest zone. Conversely, the abundance of pathogens
Crithidia bombi and Nosema bombi was greater in the forest zone compared to the urban one. This
confirms the role of beneficial bacteria in protecting against pathogens in the body.
In addition, similar studies support this hypothesis. When analyzing the effect of the parasite
Crithidia bombi on the intestinal microbiota of Bombus terrestris, differences were found: After microbiota
transplantation, bumblebees with different resistance caused a different immune response [81]. In
studies related to the infection of bumblebees with Apicystis bombi, a eukaryotic parasite, insects had a
higher abundance of Arsenophonus sp. and Phyllobacterium sp., which are symbionts. These organisms
are mainly present in the fat body, also a correlation has been found between bacteria in the intestine
and the fat body [82]. Studies conducted by Näpflin and Schmid-Hempel in Switzerland were aimed at
researching the body’s properties that provide protection and resistance against pathogens, in particular
Crithidia bombi, since these mechanisms are still unknown [83,84]. It turned out that the structure of
the microbial community does not differ between infected and uninfected individuals. Although the
microbial communities of the intestines and their functions in adult bumblebees are widely studied,
data on the microbiota of the intestines of the larvae are still limited. It has been shown that the
microbiota of adults and larvae differs significantly, in particular, typical main intestinal bacteria in
adult bumblebees are absent in larval bumblebees, where Enterobacteriaceae and Lactobacillaceae
predominate [85]. The functions of this microbiota have yet to be determined.
As known, intestinal symbionts of insects inhibit the action of pathogens. The main symbiont
bacteria, Snodgrassella alvi [86] and Gilliamella [87], were studied in the body of Apis mellifera and Bombus
sp. It turned out that bees contain a greater number of bacterial strains than bumblebees, which confirms
the hypothesis that the foundation of colonies by swarms of workers allows to keep a greater diversity
than the foundation of colonies by one queen. Analysis of the intestinal isolates of the bumblebees
Bombus pascuorum, Bombus terrestris, Bombus lucorum, and Bombus lapidarius showed the presence
of several new bacterial taxa and species [88], in particular, 4 new Gilliamella bacteria species [89].
The presence of accurately identified microbial isolates will contribute to a future assessment of the
functional potential of the bumblebee intestinal microbiota.
As described above, it has been suggested that the use of pesticides has a negative effect on the
microbiome of the honey bee. However, the general mechanisms of the toxic effect of insecticides
on microbiomes are poorly understood and require detailed study to minimize this problem. Apis
mellifera honey bees were exposed to nitenpyram [90] and imidacloprid [91]. Decrease in the general
condition, behavioral characteristics (food intake), and overall insect survival were observed. The
result of sequencing of the 16S rRNA gene showed a change in the intestinal microbiota of bees, i.e., the
reduction of microbial density that contribute to metabolic homeostasis and insect immunity in general.
Another study related to the effects of neonicotinoids on the body in general and intestinal
microbiomes in particular, was an experiment with Bombus terrestris [92]. A relationship was found
between the effects of clothianidin on the microbial composition of the intestine, both at the individual
level and at the colony level. A xenobiotic has been shown to reduce the size and weight of
bumblebees, and reduce reproductive ability, but clotianidin does not cause a decrease in resistance to
pathogenic microorganisms.
Intestinal microorganisms play a dominant role in the nutrition and other vital processes of the
bee. There is a dependence of the intestinal microflora of the honeybee on the general health of the

Agriculture 2020, 10, 79

7 of 14

insect [93]. This composition of the microbial community can be used as an indicator of the biological
health of the insect. Diaz et al. found a negative effect of imidacloprid insecticide on the composition of
the microbial community of the intestines of bees [94]. Gram-positive and Gram-negative biomarkers
were affected, whereas fungal biomarkers were unaffected. Both insecticides and generally accepted
safe herbicides aimed at controlling weeds cause changes in the intestinal microbiome and increase the
body’s sensitivity to pathogenic microflora, which leads to the death of insects [95].
In this regard, research directions are currently being actively developed related to the study
of microflora changes under the influence of various pollutants, including pesticides. Majority of
chemical compounds, used as pesticides, has serious threat to the intestinal microflora [96], and they
also negatively affect to the endocrine and digestive systems. These substances play a significant role
in the development of metabolic disorders, which leads to intestinal dysbiosis.
The most widely-used pesticides, such as amitraz, chlorpyrifos, dimethoate, were studied for
acute or chronic toxicity in Apis mellifera and Apis cerana [97]. It was found that dimethoate most
strongly affects the survival rate and diet consumptionof bees. Data on the highest susceptibility of A.
mellifera to chlorpyrophos and dimethoate were obtained, while A. cerana was more sensitive to amitraz.
All major intestinal bacterial types of honey bees were found, including Proteobacteria, Firmicutes,
and Bacteroidetes. However, during the experiment, a significant difference in the species diversity of
the intestinal microflora of insects appeared.
3.3. Pollinators Microbiome Healing
Today, the honey bee is under stress from a number of biotic and abiotic factors such as pesticides
that reduce pollination processes and the overall productivity of the hive. Researches of intestinal
microbiota are very important for understanding the general ecological mechanisms [79,98]. The
knowledge concerning the effect of the composition of the intestinal microbiota on the health of
bees allows us to develop optimal concepts for increasing the productivity of apiaries and general
natural populations of honey bees. Thus, the “probiotic concept” is actively transferred to beekeeping.
A significant correlation was found between the increase in honey yield and the use of probiotics
(Lactobacillus salivarius) comparing with the control group which did not receive probiotic [99]. Adding
a probiotic to honeybee feed reduces yeast colonies [100], which subsequently affects the overall
immunity of insects [101].
The main probiotic strains of the intestines of bees are Lactobacillus, Bifidobacterium, Bacillus. The
beneficial effects of these microorganisms on the health and productivity of bee hives were indicate,
especially if strains of bee origin are used [102]. Lactic acid bacteria are widespread in nature due
to their beneficial effects on the body and are actively used as probiotics. They are used in animal
breeding, beekeeping, poultry farming to improve health and increase reproductive functions. Lactic
acid bacteria isolated from the hive showed inhibition of twenty human and animal pathogens, some
were resistant to antibiotics [103,104]. The intestinal microflora of the honeybee has been classified as
heteroenzymatic lactic acid bacteria [105]. They also inhibited the growth of the main pathogen of
the honey bee—Paenibacillus larvae, which means that the studied lactobacilli have healthy probiotic
properties. Lactobacilli are able to survive at acidic pH values, bile salts, and show vitality in the gastric
juice [106], which makes them a potential candidate for use in the nutraceutical and pharmaceutical
industries. Tests with Lactobacillus bacteria also revealed their probiotic effect [107]. One of the results
of their application was an increase in egg laying, an increase in the number of bees, and therefore a
high yield of honey. Probiotics also reduced the incidence of honey bees by nosematosis and warrosis.
The addition of a prebiotic preparation containing Lactobacillus johnsonii CRL1647 to the hives, in
general, favorably affected the activity of honey bees [108,109]. The commercial probiotic Lactobacillus
rhamnosus and inulin as a prebiotic caused the survival of honey bees that were infected with the
pathogen Nosema ceranae [110]. However, the study pays great attention to the correct choice of doses of
pro- and prebiotics used, since excessive saturation of the diet of honey bees with these food additives

Agriculture 2020, 10, 79

8 of 14

could not prevent the development of the disease from the pathogen, but rather disrupt the regulation
of the immune system of bees and increase insect mortality.
In addition to lactobacilli, Brevibacillus laterosporus was isolated from the digestive tract of the
honey bee, which can stimulate the growth of bee colonies [111]. This bacterium has a unique shape
and morphological structure. The cyclic peptide (Leu-Pro) of the bacterium has biological activity
against several pathogenic microorganisms, in addition, the total number of broods, production of
bee pollen, honey is better with bees treated with a suspension of B. laterosporus. Similar results were
obtained in the analysis of Bacillus subtilis subsp. subtilis Mori2, which increases the productivity of
bees, stimulates egg laying, the growth of bee generations, therefore, causes an increase in honey, and
also reduces the spread of bee diseases [112].
Modulation of the intestinal microbiota of the honeybee is recognized as a successful practical
approach. In European studies, the preparation of sugar syrup containing bifidobacteria and lactobacilli
isolated from the intestines of the bees was sprayed onto a part of an apiary located in an open field [113].
Analysis of the hives showed a significant increase in the brood population, as well as of pollen and
collected honey. Analysis of intestinal microbiota showed an increase in the number of species of
Acetobacteraceae, Bifidobacterium, which contribute to the normal metabolism of the insect.
The probiotic effects of seven isolated intestinal bacteria species from Apis mellifera jemenitica
to larvae of a bee infected with Paenibacillus were studied. The following intestinal bacteria were
used in the experiment: Fructobacillus fructosus, Proteus mirabilis, Bacillus licheniformis, Lactobacillus
kunkeei, Bacillus subtilis, and Enterobacter kobei, Morganella morganii [114]. It turned out that adding these
probiotic microorganisms to the diet significantly reduces the mortality rate of honey bee larvae. The
use of Bacillus licheniformis and Lactobacillus kunkeei showed the largest positive effect.
American foulbrood is a disease of honey bees associated with the bacterial pathogen Paenibacillus
larvae. This disease can be treated with antibiotics (e.g., tylosin), which is not desirable. There is interest
to the search for an alternative medicine in the form of a probiotic [115]. The antagonistic effect of lactic
acid bacteria against the pathogen was most effective. During the experiment, it was shown that this
probiotic under laboratory conditions affects the decrease in the number of pathogen, but in practice
this experiment did not show a positive effect [115,116]. The mechanisms governing the dynamics of
bee microbiota are complex, and potential drugs identified in laboratory studies must be thoroughly
tested in situ.
European foulbrood is a bacterial disease of honey bee larvae. Studies have shown that the intestinal
bacteria of bees act as probiotic microorganisms and reduce the risk of developing this disease [117].
The analysis showed that most isolates of intestinal bacteria belong to Bacillus, Staphylococcus, Pantoea.
Under the influence of pathogenic bacteria, the inhibitory effect of Bacillus on these pathogens is shown.
4. Conclusions
Intestinal microbial communities play a crucial role in maintaining the health of animals. We
have shown that pesticides can affect the microbiome of animals of various taxonomic groups. It is
noteworthy that pesticides of various classes (insecticides, fungicides and herbicides) can affect the
intestinal microbiota of animals. Glyphosate has a significant negative effect on the intestinal microbiota,
both mammals and pollinators. Changes in the microbiome induced by pesticides ultimately affect the
immunity of animals, reproductive ability and even their behavioral characteristics. Pesticides have a
significant effect on the taxonomic composition and ratio of bacteria in the gut of bumblebees and bees.
Solutions for the correction of pollinator microbiome are needed.
Author Contributions: Conceptualization, M.Y.S. and V.N.P.; investigation, O.V.S., M.Y.S. and M.I.D.;
writing—original draft preparation, O.V.S., M.I.D. and M.M.I.; writing—review and editing, M.Y.S. and V.N.P. All
authors have read and agreed to the published version of the manuscript.
Funding: This work was supported by the grant of the President of the Russian Federation for young scientists
(Project MK-3173.2019.11), RF Ministry of Science and Higher Education in the framework of the national project

Agriculture 2020, 10, 79

9 of 14

“Science” (Agreement 075-03-2020-088, Unique number of the register of State tasks 075001X39782002) and
President grant for supporting of leading scientific school (Agreement NSh-2535.2020.11).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.

13.
14.
15.

16.
17.

18.
19.
20.
21.

Montesinos, E. Development, registration and commercialization of microbial pesticides for plant protection.
Int. Microbiol. 2003, 6, 245–252. [CrossRef] [PubMed]
Mahmood, I.; Imadi, S.R.; Shazadi, K.; Gul, A.; Hakeem, K.R. Effects of pesticides on environment. Plant Soil
Microbes 2016, 253–269. [CrossRef]
Sanchez-Bayo, F. Insecticides mode of action in relation to their toxicity to non-target organisms. J. Environ.
Anal. Toxicol. 2012, S4, 2. [CrossRef]
Ware, G.W. Effects of pesticides on nontarget organisms. In Residue Reviews; Gunther, F.A., Gunther, J.D.,
Eds.; Springer: New York, NY, USA, 1980; Volume 76. [CrossRef]
Stanley, J.; Preetha, G. Pesticide Toxicity to Non-Target Organisms: Exposure, Toxicity and Risk Assessment
Methodologies; Springer Science + Business Media: Dordrecht, The Netherlands, 2016; pp. 1–98. [CrossRef]
Goulson, D. An overview of the environmental risks posed by neonicotinoid insecticides. J. Appl. Ecol. 2013,
50, 977–987. [CrossRef]
Fraune, S.; Bosch, T.C. Why bacteria matter in animal development and evolution. BioEssays 2010, 32, 571–580.
[CrossRef] [PubMed]
Hamdi, C.; Balloi, A.; Essanaa, J.; Crotti, E.; Gonella, E.; Raddadi, N.; Ricci, I.; Boudabous, A.; Borin, S.;
Manino, A.; et al. Gut microbiome dysbiosis and honeybee health. J. Appl. Entomol. 2011, 135, 524–533.
[CrossRef]
Ezenwa, V.O.; Gerardo, N.M.; Inouye, D.W.; Medina, M.; Xavier, J.B. Animal behavior and the microbiome.
Science 2012, 338, 198–199. [CrossRef]
Bahrndorff, S.; Alemu, T.; Alemneh, T.; Nielsen, J.L. The microbiome of animals: Implications for conservation
biology. Int. J. Genom. 2016, 2016, 5304028. [CrossRef]
Apprill, A. Marine animal microbiomes: Toward understanding host–microbiome interactions in a changing
ocean. Front. Mar. Sci. 2017, 4, 222. [CrossRef]
Esser, D.; Lange, J.; Marinos, G.; Sieber, M.; Best, L.; Prasse, D.; Bathia, J.; Rühlemann, M.C.; Boersch, K.;
Jaspers, C.; et al. Functions of the microbiota for the physiology of animal metaorganisms. J. Innate Immun.
2019, 11, 393–404. [CrossRef]
Turner, P.V. The role of the gut microbiota on animal model reproducibility. Anim. Models Exp. Med. 2018, 1,
109–115. [CrossRef]
Reese, A.T.; Dunn, R.R. Drivers of microbiome biodiversity: A review of general rules, feces, and ignorance.
MBio 2018, 9, e01294-18. [CrossRef]
Defois, C.; Ratel, J.; Garrait, G.; Denis, S.; Goff, O.L.; Talvas, J.; Mosoni, P.; Engel, E.; Peyret, P. Food chemicals
disrupt human gut microbiota activity and impact intestinal homeostasis as revealed by in vitro systems. Sci.
Rep. 2018, 8, 11006. [CrossRef]
Lemus, R.; Abdelghani, A. Chlorpyrifos: An unwelcome pesticide in our homes. Rev. Environ. Health 2000,
15, 421–433. [CrossRef]
Villalba, A.; Maggi, M.; Ondarza, P.M.; Szawarski, N.; Miglioranza, K.S.B. Influence of land use on chlorpyrifos
and persistent organic pollutant levels in honey bees, bee bread and honey: Beehive exposure assessment.
Sci. Total Environ. 2020, 713, 136554. [CrossRef]
Odenkirchen, E.W.; Eisler, R. Chlorpyrifos Hazards to Fish, Wildlife, and Invertebrates: A Synoptic Review; Fish
and Wildlife Service, US Department of the Interior: Washington, DC, USA, 1988; Volume 13, p. 34.
Barron, M.G.; Woodburn, K.B. Ecotoxicology of chlorpyrifos. Rev. Environ. Contam. Toxicol. 1995, 144, 1–93.
[CrossRef]
Deb, N.; Das, S. Chlorpyrifos toxicity in fish: A Review. Curr. World Environ. 2013, 8, 77–84. [CrossRef]
Otênio, J.K.; Souza, K.D.; Alberton, O.; Alberton, L.R.; Moreno, K.G.T.; Gasparotto Junior, A.; Palozi, R.A.C.;
Lourenço, E.L.B.; Jacomassi, E. Thyroid-disrupting effects of chlorpyrifos in female wistar rats. Drug Chem.
Toxicol. 2019, 1–6. [CrossRef]

Agriculture 2020, 10, 79

22.

23.

24.
25.

26.

27.
28.

29.
30.
31.
32.

33.

34.
35.
36.
37.

38.

39.

40.

41.

10 of 14

Li, J.-W.; Fang, B.; Pang, G.-F.; Zhang, M.; Ren, F.-Z. Age- and diet-specific effects of chronic exposure to
chlorpyrifos on hormones, inflammation and gut microbiota in rats. Pestic. Biochem. Physiol. 2019, 159, 68–79.
[CrossRef]
Liang, Y.; Zhan, J.; Liu, D.; Luo, M.; Han, J.; Liu, X.; Liu, C.; Cheng, Z.; Zhou, Z.; Wang, P. Organophosphorus
pesticide chlorpyrifos intake promotes obesity and insulin resistance through impacting gut and gut
microbiota. Microbiome 2019, 7, 19. [CrossRef]
Wu, S.; Jin, C.; Wang, Y.; Fu, Z.; Jin, Y. Exposure to the fungicide propamocarb causes gut microbiota dysbiosis
and metabolic disorder in mice. Environ. Pollut. 2018, 237, 775–783. [CrossRef]
Jin, C.; Xia, J.; Wu, S.; Tu, W.; Pan, Z.; Fu, Z.; Wang, Y.; Jin, Y. Insights into a possible influence on gut
microbiota and intestinal barrier function during chronic exposure of mice to imazalil. Toxicol. Sci. 2018, 162,
113–123. [CrossRef]
Meng, Z.; Liu, L.; Jia, M.; Li, R.; Yan, S.; Tian, S.; Sun, W.; Zhou, Z.; Zhu, W. Impacts of penconazole and
its enantiomers exposure on gut microbiota and metabolic profiles in mice. J. Agric. Food Chem. 2019, 67,
8303–8311. [CrossRef]
McCracken, V.J.; Simpson, J.M.; Mackie, R.I.; Gaskins, H.R. Molecular ecological analysis of dietary and
antibiotic-induced alterations of the mouse intestinal microbiota. J. Nutr. 2001, 131, 1868–1870. [CrossRef]
Hill, D.A.; Hoffmann, C.; Abt, M.C.; Du, Y.; Kobuley, D.; Kirn, T.J.; Bushman, F.D.; Artis, D. Metagenomic
analyses reveal antibiotic-induced temporal and spatial changes in intestinal microbiota with associated
alterations in immune cell homeostasis. Mucosal Immunol. 2010, 3, 148–158. [CrossRef]
Spanogiannopoulos, P.; Bess, E.N.; Carmody, R.N.; Turnbaugh, P.J. The microbial pharmacists within us: A
metagenomic view of xenobiotic metabolism. Nat. Rev. Microbiol. 2016, 14, 273–287. [CrossRef]
Koppel, N.; Rekdal, M.V.; Balskus, E.P. Chemical transformation of xenobiotics by the human gut microbiota.
Science 2017, 356, eaag2770. [CrossRef]
Zhan, J.; Liang, Y.; Liu, D.; Ma, X.; Li, P.; Liu, C.; Liu, X.; Wang, P.; Zhou, Z. Antibiotics may increase triazine
herbicide exposure risk via disturbing gut microbiota. Microbiome 2018, 6, 224. [CrossRef]
Figuerola, E.L.; Guerrero, L.D.; Rosa, S.M.; Simonetti, L.; Duval, M.E.; Galantini, J.A.; Bedano, J.C.; Wall, L.G.;
Erijman, L. Bacterial indicator of agricultural management for soil under no-till crop production. PLoS ONE
2012, 7, e51075. [CrossRef]
Feld, L.; Hjelmsø, M.H.; Nielsen, M.S.; Jacobsen, A.D.; Rønn, R.; Ekelund, F.; Krogh, P.H.; Strobel, B.W.;
Jacobsen, C.S. Pesticide side effects in an agricultural soil ecosystem as measured by amoa expression
quantification and bacterial diversity changes. PLoS ONE 2015, 10, e0126080. [CrossRef]
Imfeld, G.; Vuilleumier, S. Measuring the effects of pesticides on bacterial communities in soil: A critical
review. Eur. J. Soil Biol. 2012, 49, 22–30. [CrossRef]
Potera, C. Agriculture: Pesticides disrupt nitrogen fixation. Environ. Health Perspect. 2007, 115, A579.
[CrossRef]
Kalia, A.; Gosal, S.K. Effect of pesticide application on soil microorganisms. Arch. Agron. Soil Sci. 2011, 57,
569–596. [CrossRef]
Meena, R.S.; Kumar, S.; Datta, R.; Lal, R.; Vijayakumar, V.; Brtnicky, M.; Sharma, M.P.; Yadav, G.S.;
Jhariya, M.K.; Jangir, C.K.; et al. Impact of agrochemicals on soil microbiota and management: A review.
Land 2020, 9, 34. [CrossRef]
Zhang, Q.; Zhu, D.; Ding, J.; Zheng, F.; Zhou, S.; Lu, T.; Zhu, Y.G.; Qian, H. The fungicide azoxystrobin
perturbs the gut microbiota community and enriches antibiotic resistance genes in Enchytraeus crypticus.
Environ. Int. 2019, 131, 104965. [CrossRef] [PubMed]
Kavitha, V.; Anandhan, R.; Alharbi, N.S.; Kadaikunnan, S.; Khaled, J.M.; Almanaa, T.N.; Govindarajan, M.
Impact of pesticide monocrotophos on microbial populations and histology of intestine in the Indian
earthworm Lampito mauritii (Kinberg). Microb. Pathog. 2019, 139, 103893. [CrossRef] [PubMed]
Marinozzi, M.; Coppola, L.; Monaci, E.; Karpouzas, D.G.; Papadopoulou, E.; Menkissoglu-Spiroudi, U.;
Vischetti, C. The dissipation of three fungicides in a biobed organic substrate and their impact on the structure
and activity of the microbial community. Environ. Sci. Pollut. Res. Int. 2013, 20, 2546–2555. [CrossRef]
[PubMed]
Wang, Y.S.; Huang, Y.J.; Chen, W.C.; Yen, J.H. Effect of carbendazim and pencycuron on soil bacterial
community. J. Hazard. Mater. 2009, 172, 84–91. [CrossRef]

Agriculture 2020, 10, 79

42.

43.
44.

45.

46.
47.
48.

49.

50.
51.

52.

53.
54.
55.
56.
57.

58.

59.
60.
61.

62.

11 of 14

Woo, S.J.; Chung, J.K. Effects of trichlorfon on oxidative stress, neurotoxicity, and cortisol levels in common
carp, Cyprinus carpio L., at different temperatures. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2020, 229,
108698. [CrossRef]
Li, B.; Ma, Y.; Zhang, Y.H. Oxidative stress and hepatotoxicity in the frog, Rana chensinensis, when exposed to
low doses of trichlorfon. J. Environ. Sci. Health B 2017, 52, 476–482. [CrossRef]
Chang, X.; Wang, X.; Feng, J.; Su, X.; Liang, J.; Li, H.; Zhang, J. Impact of chronic exposure to trichlorfon
on intestinal barrier, oxidative stress, inflammatory response and intestinal microbiome in common carp
(Cyprinus carpio L.). Environ. Pollut. 2019, 259, 113846. [CrossRef] [PubMed]
Lu, T.; Zhang, Q.; Lavoie, M.; Zhu, Y.; Ye, Y.; Yang, J.; Paerl, H.W.; Qian, H.; Zhu, Y.-G. The fungicide
azoxystrobin promotes freshwater cyanobacterial dominance through altering competition. Microbiome 2019,
7, 128. [CrossRef] [PubMed]
Itoh, H.; Tago, K.; Hayatsu, M.; Kikuchi, Y. Detoxifying symbiosis: Microbe-mediated detoxification of
phytotoxins and pesticides in insects. Nat. Prod. Rep. 2018, 35, 434–454. [CrossRef] [PubMed]
Shin, D.; Smartt, C.T. Assessment of esterase gene expression as a risk marker for insecticide resistance in
Florida Culex nigripalpus (Diptera: Culicidae). J. Vector Ecol. 2016, 41, 63–71. [CrossRef] [PubMed]
Duguma, D.; Hall, M.W.; Smartt, C.T.; Debboun, M.; Neufeld, J.D. Microbiota variations in Culex nigripalpus
disease vector mosquito of west nile virus and saint louis encephalitis from different geographic origins.
PeerJ 2019, 6, e6168. [CrossRef]
Pietri, J.E.; Tiffany, C.R.; Liang, D. Disruption of the microbiota affects physiological and evolutionary aspects
of insecticide resistance in the German cockroach, an important urban pest. PLoS ONE 2018, 13, e0207985.
[CrossRef]
Roman, P.; Cardona, D.; Sempere, L.; Carvajal, F. Microbiota and organophosphates. Neurotoxicology 2019, 75,
200–208. [CrossRef]
Li, F.; Li, M.; Mao, T.; Wang, H.; Chen, J.; Lu, Z.; Qu, J.; Fang, Y.; Gu, Z.; Li, B. Effects of phoxim exposure
on gut microbial composition in the silkworm, Bombyx mori. Ecotoxicol. Environ. Saf. 2020, 189, 110011.
[CrossRef]
Lu, T.; Xu, N.; Zhang, Q.; Zhang, Z.; Debognies, A.; Zhou, Z.; Sun, L.; Qian, H. Understanding the influence
of glyphosate on the structure and function of freshwater microbial community in a microcosm. Environ.
Pollut. 2020, 260, 114012. [CrossRef]
Franz, J.E.; Mao, M.K.; Sikorski, J.A. Glyphosate: A Unique Global Herbicide; American Chemical Society:
Washington, DC, USA, 1997; p. 653.
Peng, W.; Lam, S.S.; Sonne, C. Support Austria’s glyphosate ban. Science 2020, 367, 257–258. [CrossRef]
Bradberry, S.M.; Proudfoot, A.T.; Vale, J.A. Glyphosate poisoning. Toxicol. Rev. 2004, 23, 159–167. [CrossRef]
[PubMed]
Skeff, W.; Neumann, C.; Schulz-Bull, D.E. Glyphosate and AMPA in the estuaries of the Baltic Sea method
optimization and field study. Mar. Pollut. Bull. 2015, 100, 577–585. [CrossRef] [PubMed]
Kittle, R.P.; McDermid, K.J.; Muehlstein, L.; Balazs, G.H. Effects of glyphosate herbicide on the gastrointestinal
microflora of Hawaiian green turtles (Chelonia mydas) Linnaeus. Mar. Pollut. Bull. 2018, 127, 170–174.
[CrossRef] [PubMed]
Yang, X.; Song, Y.; Zhang, C.; Pang, Y.; Song, X.; Wu, M.; Cheng, Y. Effects of the glyphosate-based herbicide
roundup on the survival, immune response, digestive activities and gut microbiota of the Chinese mitten
crab, Eriocheir sinensis. Aquat. Toxicol. 2019, 214, 105243. [CrossRef] [PubMed]
Blot, N.; Veillat, L.; Rouze, R.; Delatte, H. Glyphosate, but not its metabolite AMPA, alters the honeybee gut
microbiota. PLoS ONE 2019, 14, e0215466. [CrossRef]
Motta, E.V.S.; Raymann, K.; Moran, N.A. Glyphosate perturbs the gut microbiota of honey bees. Proc. Natl.
Acad. Sci. USA 2018, 115, 10305–10310. [CrossRef]
Dai, P.; Yan, Z.; Ma, S.; Yang, Y.; Wang, Q.; Hou, C.; Wu, Y.; Liu, Y.; Diao, Q. The herbicide glyphosate
negatively affects midgut bacterial communities and survival of honey bee during larvae reared in vitro. J.
Agric. Food Chem. 2018, 66, 7786–7793. [CrossRef]
Mendler, A.; Geier, F.; Haange, S.B.; Pierzchalski, A.; Krause, J.L.; Nijenhuis, I.; Froment, J.; Jehmlich, N.;
Berger, U.; Ackermann, G.; et al. Mucosal-associated invariant T-Cell (MAIT) activation is altered by
chlorpyrifos- and glyphosate-treated commensal gut bacteria. J. Immunotoxicol. 2020, 17, 10–20. [CrossRef]

Agriculture 2020, 10, 79

63.

64.
65.

66.
67.
68.
69.

70.
71.
72.
73.
74.

75.

76.
77.

78.
79.
80.

81.
82.

83.
84.

12 of 14

Lozano, V.L.; Defarge, N.; Rocque, L.M.; Mesnage, R.; Hennequin, D.; Cassier, R.; de Vendomois, J.S.;
Panoff, J.M.; Seralini, G.E.; Amiel, C. Sex-dependent impact of roundup on the rat gut microbiome. Toxicol.
Rep. 2017, 5, 96–107. [CrossRef]
Potts, S.G.; Biesmeijer, J.C.; Kremen, C.; Neumann, P.; Schweiger, O.; Kunin, W.E. Global pollinator declines:
Trends, impacts and drivers. Trends Ecol. Evol. 2010, 25, 345–353. [CrossRef]
Biesmeijer, J.C.; Roberts, S.P.; Reemer, M.; Ohlemüller, R.; Edwards, M.; Peeters, T.; Schaffers, A.P.; Potts, S.G.;
Kleukers, R.; Thomas, C.D.; et al. Parallel declines in pollinators and insect-pollinated plants in Britain and
The Netherlands. Science 2006, 313, 351–354. [CrossRef] [PubMed]
Rhodes, C.J. Pollinator decline—An ecological calamity in the making? Sci. Prog. 2018, 101, 121–160.
[CrossRef] [PubMed]
Thomann, M.; Imbert, E.; Devaux, C.; Cheptou, P.O. Flowering plants under global pollinator decline. Trends
Plant Sci. 2013, 18, 353–359. [CrossRef] [PubMed]
Connelly, H.; Poveda, K.; Loeb, G. Landscape simplification decreases wild bee pollination services to
strawberry. Agric. Ecosyst. Environ. 2015, 211, 51–56. [CrossRef]
Simon-Delso, N.; Amaral-Rogers, V.; Belzunces, L.P.; Bonmatin, J.M.; Chagnon, M.; Downs, C.; Furlan, L.;
Gibbons, D.W.; Giorio, C.; Girolami, V.; et al. Systemic insecticides (neonicotinoids and fipronil): Trends,
uses, mode of action and metabolites. Environ. Sci. Pollut. Res. Int. 2015, 22, 5–34. [CrossRef]
Bryden, J.; Gill, R.J.; Mitton, R.A.; Raine, N.E.; Jansen, V.A. Chronic sublethal stress causes bee colony failure.
Ecol. Lett. 2013, 16, 1463–1469. [CrossRef]
Bredeson, M.M.; Lundgren, J.G. Neonicotinoid insecticidal seed-treatment on corn contaminates interseeded
cover crops intended as habitat for beneficial insects. Ecotoxicology 2019, 28, 222–228. [CrossRef]
Baron, G.L.; Jansen, V.A.A.; Brown, M.J.F.; Raine, N.E. Pesticide reduces bumblebee colony initiation and
increases probability of population extinction. Nat. Ecol. Evol. 2017, 1, 1308–1316. [CrossRef]
Matsuda, K.; Ihara, M.; Sattelle, D.B. Neonicotinoid Insecticides: Molecular Targets, Resistance, and Toxicity.
Annu. Rev. Pharmacol. Toxicol. 2020, 60, 241–255. [CrossRef]
Kairo, G.; Provost, B.; Tchamitchian, S.; Abdelkader, F.B.; Bonnet, M.; Cousin, M.; Senechal, J.; Benet, P.;
Kretzschmar, A.; Belzunces, L.P.; et al. Drone exposure to the systemic insecticide Fipronil indirectly impairs
queen reproductive potential. Sci. Rep. 2016, 6, 31904. [CrossRef]
Tison, L.; Holtz, S.; Adeoye, A.; Kalkan, Ö.; Irmisch, N.S.; Lehmann, N.; Menzel, R. Effects of sublethal doses
of thiacloprid and its formulation Calypso® on the learning and memory performance of honey bees. J. Exp.
Biol. 2017, 220, 3695–3705. [CrossRef] [PubMed]
Goulson, D.; Nicholls, E.; Botias, C.; Rotheray, E.L. Bee declines driven by combined stress from parasites,
pesticides, and lack of flowers. Science 2015, 347, 1255957. [CrossRef] [PubMed]
Abramson, C.I.; Giray, T.; Mixson, T.A.; Nolf, S.L.; Wells, H.; Kence, A.; Kence, M. Proboscis conditioning
experiments with honeybees, Apis mellifera caucasica, with butyric acid and DEET mixture as conditioned
and unconditioned stimuli. J. Insect Sci. 2010, 10, 122. [CrossRef] [PubMed]
Goulson, D.; Lye, G.C.; Darvill, B. Decline and conservation of bumble bees. Annu. Rev. Entomol. 2008, 53,
191–208. [CrossRef] [PubMed]
Romero, S.; Nastasa, A.; Chapman, A.; Kwong, W.K.; Foster, L.J. The honey bee gut microbiota: Strategies for
study and characterization. Insect Mol. Biol. 2019, 28, 455–472. [CrossRef] [PubMed]
Bosmans, L.; Pozo, M.I.; Verreth, C.; Crauwels, S.; Wilberts, L.; Sobhy, I.S.; Wäckers, F.; Jacquemyn, H.;
Lievens, B. Habitat-specific variation in gut microbial communities and pathogen prevalence in bumblebee
queens (Bombus terrestris). PLoS ONE 2018, 13, e0204612. [CrossRef]
Näpflin, K.; Schmid-Hempel, P. Immune response and gut microbial community structure in bumblebees
after microbiotatransplants. Proc. Biol. Sci. 2016, 283, 20160312. [CrossRef]
Parmentier, A.; Billiet, A.; Smagghe, G.; Vandamme, P.; Deforce, D.; Nieuwerburgh, F.V.; Meeus, I. A
prokaryotic-eukaryotic relation in the fat body of Bombus terrestris. Environ. Microbiol. Rep. 2018, 10, 644–650.
[CrossRef]
Näpflin, K.; Schmid-Hempel, P. High gut microbiota diversity provides lower resistance against infection by
an intestinal parasite in bumblebees. Am. Nat. 2018, 192, 131–141. [CrossRef]
Palmer-Young, E.C.; Raffel, T.R.; McFrederick, Q.S. Temperature-mediated inhibition of a bumblebee parasite
by an intestinal symbiont. Proc. Biol. Sci. 2018, 285, 20182041. [CrossRef]

Agriculture 2020, 10, 79

85.

86.
87.

88.

89.

90.
91.

92.

93.
94.
95.
96.
97.

98.
99.

100.
101.

102.
103.

104.

13 of 14

Parmentier, A.; Meeus, I.; Van Nieuwerburgh, F.; Deforce, D.; Vandamme, P.; Smagghe, G. A different gut
microbial community between larvae and adults of a wild bumblebee nest (Bombus pascuorum). Insect Sci.
2018, 25, 66–74. [CrossRef] [PubMed]
Powell, E.; Ratnayeke, N.; Moran, N.A. Strain diversity and host specificity in a specialized gut symbiont of
honeybees and bumblebees. Mol. Ecol. 2016, 25, 4461–4471. [CrossRef] [PubMed]
Ludvigsen, J.; Porcellato, D.; Amdam, G.V.; Rudi, K. Addressing the diversity of the honeybee gut symbiont
Gilliamella: Description of Gilliamella apis sp. nov., isolated from the gut of honeybees (Apis mellifera). Int. J.
Syst. Evol. Microbiol. 2018, 68, 1762–1770. [CrossRef] [PubMed]
Praet, J.; Parmentier, A.; Schmid-Hempel, R.; Meeus, I.; Smagghe, G.; Vandamme, P. Large-scale cultivation
of the bumblebee gut microbiota reveals an underestimated bacterial species diversity capable of pathogen
inhibition. Environ. Microbiol. 2018, 20, 214–227. [CrossRef] [PubMed]
Praet, J.; Cnockaert, M.; Meeus, I.; Smagghe, G.; Vandamme, P. Gilliamella intestini sp. nov., Gilliamella
bombicola sp. nov., Gilliamella bombi sp. nov. and Gilliamella mensalis sp. nov.: Four novel Gilliamella species
isolated from the bumblebee gut. Syst. Appl. Microbiol. 2017, 40, 199–204. [CrossRef]
Zhu, L.; Qi, S.; Xue, X.; Niu, X.; Wu, L. Nitenpyram disturbs gut microbiota and influences metabolic
homeostasis and immunity in honey bee (Apis mellifera L.). Environ. Pollut. 2019, 258, 113671. [CrossRef]
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]
Wintermantel, D.; Locke, B.; Andersson, G.K.S.; Semberg, E.; Forsgren, E.; Osterman, J.; Pedersen, T.R.;
Bommarco, R.; Smith, H.G.; Rundlöf, M.; et al. Field-level clothianidin exposure affects bumblebees but
generally not their pathogens. Nat. Commun. 2018, 9, 1–10. [CrossRef]
Pilla, R.; Suchodolski, J.S. The role of the canine gut microbiome and metabolome in health and gastrointestinal
disease. Front. Vet. Sci. 2020, 6, 498. [CrossRef]
Diaz, T.; Del-Val, E.; Ayala, R.; Larsen, J. Alterations in honey bee gut microorganisms caused by Nosema spp.
and pest control methods. Pest Manag. Sci. 2019, 75, 835–843. [CrossRef]
Bartling, M.T.; Vilcinskas, A.; Lee, K.-Z. Sub-lethal doses of clothianidin inhibit the conditioning and
biosensory abilities of the western honeybee Apis mellifera. Insects 2019, 10, 340. [CrossRef] [PubMed]
Evariste, L.; Barret, M.; Mottier, A.; Mouchet, F.; Gauthier, L.; Pinelli, E. Gut microbiota of aquatic organisms:
A key endpoint for ecotoxicological studies. Environ. Pollut. 2019, 248, 989–999. [CrossRef] [PubMed]
Yang, Y.; Ma, S.; Yan, Z.; Liu, F.; Diao, Q.; Dai, P. Effects of three common pesticides on survival, food
consumption and midgut bacterial communities of adult workers Apis cerana and Apis mellifera. Environ.
Pollut. 2019, 249, 860–867. [CrossRef] [PubMed]
Ribiere, C.; Hegarty, C.; Stephenson, H.; Whelan, P.; O’Toole, P.W. Gut and whole-body microbiota of the
honey bee separate thriving and non-thriving hives. Microb. Ecol. 2019, 78, 195–205. [CrossRef] [PubMed]
Fanciotti, M.N.; Tejerina, M.; Benitez-Ahrendts, M.R.; Audisio, M.C. Honey yield of different commercial
apiaries treated with Lactobacillus salivarius A3iob, a new bee-probiotic strain. Benef. Microbes 2018, 9, 291–298.
[CrossRef]
Tauber, J.P.; Nguyen, V.; Lopez, D.; Evans, J.D. Effects of a resident yeast from the honeybee gut on immunity,
microbiota, and nosema disease. Insects 2019, 10, 296. [CrossRef]
Haschek, W.M.; Berenbaum, M.; Hinton, D.E.; Cora, M.; Chernoff, N.; Travlos, G.; Liu, C.W.; Lu, K.; Law, M.
Pathology in ecological research with implications for one health: Session summary. Toxicol. Pathol. 2019, 47,
1072–1075. [CrossRef]
Alberoni, D.; Gaggia, F.; Baffoni, L.; Di Gioia, D. Beneficial microorganisms for honey bees: Problems and
progresses. Appl. Microbiol. Biotechnol. 2016, 100, 9469–9482. [CrossRef]
Ramos, O.Y.; Basualdo, M.; Libonatti, C.; Vega, M.F. Current status and application of lactic acid bacteria
in animal production systems with a focus on bacteria from honey bee colonies. J. Appl. Microbiol. 2019.
[CrossRef]
Aabed, K.; Shafi Bhat, R.; Moubayed, N.; Al-Mutiri, M.; Al-Marshoud, M.; Al-Qahtani, A.; Ansary, A.
Ameliorative effect of probiotics (Lactobacillus paracaseii and Protexin® ) and prebiotics (propolis and bee
pollen) on clindamycin and propionic acid-induced oxidative stress and altered gut microbiota in a rodent
model of autism. Cell Mol. Biol. (Noisy-le-Grand) 2019, 65, 1–7. [CrossRef]

Agriculture 2020, 10, 79

14 of 14

105. Pachla, A.; Wicha, M.; Ptaszynska, A.A.; Borsuk, G.; Laniewska–Trokenheim, L.; Malek, W. The molecular
and phenotypic characterization of fructophilic lactic acid bacteria isolated from the guts of Apis mellifera L.
derived from a Polish apiary. J. Appl. Genet. 2018, 59, 503–514. [CrossRef] [PubMed]
106. C, H.C.; T, R.K. Probiotic potency of Lactobacillus plantarum KX519413 and KX519414 isolated from honey bee
gut. FEMS Microbiol. Lett. 2018, 365. [CrossRef] [PubMed]
107. Audisio, M.C. Gram-positive bacteria with probiotic potential for the Apis mellifera L. honey bee: The
experience in the northwest of argentina. Probiot. Antimicrob. Proteins 2017, 9, 22–31. [CrossRef] [PubMed]
108. Audisio, M.C.; Benitez-Ahrendts, M.R. Lactobacillus johnsonii CRL1647, isolated from Apis mellifera L. bee-gut,
exhibited a beneficial effect on honeybee colonies. Benef. Microbes 2011, 2, 29–34. [CrossRef] [PubMed]
109. Evans, J.D.; Lopez, D.L. Bacterial probiotics induce an immune response in the honey bee (Hymenoptera:
Apidae). J. Econ. Entomol. 2004, 97, 752–756. [CrossRef]
110. Ptaszynska, A.A.; Borsuk, G.; Zdybicka-Barabas, A.; Cytrynska, M.; Malek, W. Are commercial probiotics
and prebiotics effective in the treatment and prevention of honeybee nosemosis C? Parasitol. Res. 2016, 115,
397–406. [CrossRef]
111. Khaled, J.M.; Al-Mekhlafi, F.A.; Mothana, R.A.; Alharbi, N.S.; Alzaharni, K.E.; Sharafaddin, A.H.;
Kadaikunnan, S.; Alobaidi, A.S.; Bayaqoob, N.I.; Govindarajan, M.; et al. Brevibacillus laterosporus isolated
from the digestive tract of honeybees has high antimicrobial activity and promotes growth and productivity
of honeybee’s colonies. Environ. Sci. Pollut. Res. Int. 2018, 25, 10447–10455. [CrossRef]
112. Sabate, D.C.; Cruz, M.S.; Benitez-Ahrendts, M.R.; Audisio, M.C. Beneficial effects of Bacillus subtilis subsp.
subtilis Mori2, a honey-associated strain, on honeybee colony performance. Probiot. Antimicrob. Proteins
2012, 4, 39–46. [CrossRef]
113. Alberoni, D.; Baffoni, L.; Gaggia, F.; Ryan, P.M.; Murphy, K.; Ross, P.R.; Stanton, C.; Di Gioia, D. Impact of
beneficial bacteria supplementation on the gut microbiota, colony development and productivity of Apis
mellifera L. Benef. Microbes 2018, 9, 269–278. [CrossRef]
114. Al-Ghamdi, A.; Khan, K.A.; Ansari, M.J.; Almasaudi, S.B.; Al-Kahtani, S. Effect of gut bacterial isolates
from Apis mellifera jemenitica on Paenibacillus larvae infected bee larvae. Saudi J. Biol. Sci. 2018, 25, 383–387.
[CrossRef]
115. Lamei, S.; Stephan, J.G.; Nilson, B.; Sieuwerts, S.; Riesbeck, K.; de Miranda, J.R.; Forsgren, E. Feeding
Honeybee colonies with honeybee-specific lactic acid bacteria (Hbs-LAB) does not affect colony-level
Hbs-LAB composition or Paenibacillus larvae spore levels, although American foulbrood affected colonies
harbor a more diverse Hbs-LAB community. Microb. Ecol. 2019, 1–13. [CrossRef] [PubMed]
116. Stephan, J.G.; Lamei, S.; Pettis, J.S.; Riesbeck, K.; de Miranda, J.R.; Forsgren, E. Honeybee-specific lactic acid
bacterium supplements have no effect on american foulbrood-infected honeybee colonies. Appl. Environ.
Microbiol. 2019, 85, e00606–e00619. [CrossRef] [PubMed]
117. Wu, M.; Sugimura, Y.; Iwata, K.; Takaya, N.; Takamatsu, D.; Kobayashi, M.; Taylor, D.; Kimura, K.;
Yoshiyama, M. Inhibitory effect of gut bacteria from the Japanese honey bee, Apis cerana japonica, against
Melissococcus plutonius, the causal agent of European foulbrood disease. J. Insect Sci. 2014, 14, 129. [CrossRef]
[PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

