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Abstract
Antibiotic use in apiculture is often necessary to ensure the survival of honey bee colonies. However, beekeepers are faced 
with the dilemma of needing to combat bacterial brood infections while also knowing that antibiotics kill beneficial bacte-
ria important for bee health. In recent years, bee probiotics have become increasingly purchased by beekeepers because of 
product claims like being able to “replenish the microbes lost due to agricultural modifications of honey bees' environment” 
or "promote optimal gut health." Unfortunately, these products have little scientific evidence to support their efficacy, and 
previous lab experiments have refuted some of their claims. Here, we performed hive-level field experiments to test the 
effectiveness of SuperDFM-HoneyBee™ − the most commonly purchased honey bee probiotic in the United States − on 
restoring the honey bee gut microbiota after antibiotic treatment. We found slight but significant changes in the microbiota 
composition of bees following oxytetracycline (TerraPro) treatment and no difference between the microbiota of antibiotic 
treated bees with or without subsequent probiotic supplementation. Moreover, the microorganisms in the probiotic supple-
ment were never found in the guts of the worker bee samples. These results highlight that more research is needed to test the 
efficacy and outcomes of currently available commercial honey bee probiotic supplements.
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Introduction

Honey bees are an essential part of the global economy. 
They play a crucial role in the pollination of crops and con-
tribute over 1.8 billion dollars in revenue to crop production 
in the USA alone [1]. During critical pollination periods, 
honey bees are often treated with antibiotics as a preventa-
tive measure against bacterial infections. Antibiotics have 
been used in apiculture for over 60 years in the USA, and 
they are also utilized in apiculture in several other countries. 
The most commonly applied antibiotic by beekeepers in the 
USA is oxytetracycline, sold as Terramycin or Terra-Pro, 
which is primarily used to treat and control Melissococcus 

plutonius and Paenibacillus larvae, the causative agents of 
the European and American Foulbrood (EFB and AFB), 
respectively [2, 3]. Both diseases can be spread from one 
hive to another when bees drift from an infected hive to an 
uninfected one, when bees rob an infected hive, or when 
beekeepers exchange or reuse infected equipment. In large 
commercial operations where hundreds to thousands of 
hives are maintained and transported across the USA for 
pollination services, the threat of disease spread is more 
severe, which could ultimately result in the loss of hundreds 
of hives. Additionally, inspecting and diagnosing thousands 
of hives regularly is almost impossible. Therefore, in the 
case of large commercial operations, it is common practice 
to treat (metaphylactically) with antibiotics in the spring and 
fall and/or before and after entering a highly concentrated 
pollination site to prevent EFB and AFB diseases.

One major issue with antibiotics is that they target not 
only pathogens but also beneficial microbes [4]. The honey 
bee gut microbiome plays an essential role in honey bee 
health, including immune priming, nutrition and metabo-
lism, growth and development, and protection against path-
ogens [4–8]. Several studies have shown that exposure to  
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chemicals commonly used in apiculture and agriculture, 
such as antibiotics and pesticides, disrupt the gut honey 
bee microbiota resulting in decreased survival and increased 
susceptibility to opportunistic infections [9–17]. Specifi-
cally, antibiotic treatment has been linked to weakened honey 
bee immune responses, indicated by reduced expression of 
antimicrobial peptides [9]. Reduced antimicrobial peptide 
expression has been shown to result in increased infection 
by the fungal parasite Nosema and higher titers of deformed 
wing virus (DWV) and Israeli acute paralysis virus (IAPV) in 
honey bees [17]. Antibiotic treatment has also been associated 
with nutritional deficiencies in honey bees, which are likely  
caused by perturbation of the gut microbiome [15].

While the use of antibiotics can have negative conse-
quences on bee health, there are currently few alternatives 
for the treatment and prevention of bacterial infections. 
In December 2022, an American biotechnology company 
released a study showcasing the first-ever oral vaccine for P. 
larvae [18]. However, the vaccine is still in the early stages 
of research and development, has not been thoroughly tested 
in the field, and only targets the causative agent of AFB. 
Thus, it is safe to assume that antibiotic use will continue 
for years to come in commercial beekeeping operations in 
countries where it is legal. Additionally, the increased use 
and exposure to agrochemicals (for both native bees and 
honey bees) is of growing concern and may have indirect 
impacts on the health and stability of the honey bee gut 
microbiome [19]. Probiotics, defined as “live microorgan-
isms that, when administered in adequate amounts, confer 
a health benefit on the host” [20], have risen as a viable, 
cost-effective option to improve animal health. Although 
no current evidence shows that probiotics provide health 
benefits to a healthy host with an undisturbed gut microbi-
ome, a probiotic application has been shown to effectively 
restore microbiota members and microbiome function fol-
lowing antibiotic treatment [21, 22]. Therefore, the use of 
probiotics could help lessen the adverse effects of antibiotic 
treatment on honey bees [23]. Currently, there are only a few  
companies commercially selling probiotics for honey bees 
(i.e., Fat Bee Probiotics, Durvet, SCD Probiotics, and Strong 
Microbials), none of which contains native honey bee bac-
teria. The most popular amongst beekeepers in the USA is 
Strong Microbials  SuperDFM®-HoneyBee™, and it is mar-
keted as a product able to “replenish the microbes lost due 
to agricultural modifications of honey bees’ environment.” 
Yet, all the products mentioned above are exclusively made 
of microbes isolated from mammals or the environment 
that have never been identified in the honey bee gut, and to 
date, have not been scientifically proven to restore the native  
honey bee gut microbiome.

Here, we tested the effectiveness of  SuperDFM®-HoneyBee™ 
(herein referred to as DFM), the most commonly marketed 
honey bee probiotic in the USA, on restoring the honey bee gut 

microbiota after treatment with Terra-Pro (active ingredient: oxy-
tetracycline). We hypothesized that the gut microbiota of honey 
bees would not be restored by DFM following exposure to the 
antibiotics due to the lack of native bee gut or hive-associated 
microbes present in the probiotic supplement. Although previ-
ous lab-based studies have found that oxytetracycline severely 
disrupts the microbiota of honey bees [11, 14], overall, we only 
observed slight changes in microbiota composition following a 
single in-hive treatment of TerraPro. This discrepancy is likely 
due to the random sampling of bees with unknown levels of anti-
biotic exposure in our study. However, as predicted, the microor-
ganisms present in the probiotic supplement were never identified 
in the guts of any sampled bees, even during active probiotic 
treatment. These results highlight that more basic research is 
needed to test the efficacy and outcomes of currently available 
commercial honey bee probiotic supplements, not only for the 
sake of honey bees but also for beekeepers and the environment.

Methods

Sample Collection

Nine hives of Apis mellifera (subspecies—Italian honey 
bees) were created from established hives in early Spring 
2019 and kept in an apiary in Dallas, North Carolina. Exper-
imental hives had not been treated with antibiotics for at 
least 10 years prior to this experiment, but the hives were 
treated with the acaricide,  Apivar®, in Summer 2018, and 
given an oxalic acid treatment in Winter 2018. No additional 
treatments for varroa mites or other pests were used during 
the experiment. Additionally, all new hive materials were 
used (e.g., boxes, frames, and foundations) to reduce any 
prior contamination. Hives were also distanced from one 
another to reduce bees drifting into neighboring hives.

Each hive was comprised of three five-frame deep nucs 
of approximately equal population size. The nine hives were 
divided into three experimental groups in June 2019: (1) 
control (n = 3), (2) Terra-Pro treatment only (n = 3), and 
(3) Terra-Pro treatment followed by DFM probiotic treat-
ment (n = 3). The treatment hives (Terra-Pro-Only and 
Terra-Pro+DFM) were given three applications of Terra-
Pro (DC-560, Mann Lake) at 4–5-day intervals following 
the manufacturer’s instructions. One week after the Terra-
Pro application period ended (week 0), 15 bees per hive 
were sampled (135 bees total) and group three was given 
 SuperDFM®-HoneyBee™, following the manufacturer’s 
instructions. On week 1 and week 2 after probiotic treat-
ment, 15 bees per hive (control, Terra-Pro, and Terra-
Pro+DFM) were sampled per time point (270 bees total). 
The guts from all sampled bees were extracted immediately 
upon collection in Dallas, NC, using sterile forceps and pre-
served in 100% ethanol at 4 °C until they were transported 
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to and processed in Greensboro, NC. In addition to process-
ing the bee gut samples, DNA was also directly extracted 
from the SuperDFM-HoneyBee™ powder (in duplicate) 
using the same methods as above. Although exact hive met-
rics were not recorded during this study, no overall differ-
ences in population size or hive health were noted between 
treatment and control groups, with the exception of some 
increased open brood mortality observed in the Terra-Pro 
and Terra-Pro+DFM hives. However, it must be noted that 
the increased open brood mortality is a subjective observa-
tion that warrants further experimental investigation.

DNA Extraction and Sequencing

Individual bee gut samples were homogenized, and DNA 
was extracted from the bee guts and DFM probiotic pow-
der using the phenol–chloroform with bead-beating extrac-
tion protocol described in [24]. For the extracted DNA, a 
two-step 16S rRNA library preparation was performed. 
The first step consisted of PCR amplification of the V4 
region of the 16S rRNA gene using the 515F and 806R 
primers containing Illumina platform-specific sequence 
adaptors: Hyb515F_rRNA: 5′-TCG TCG GCA GCG TCA 
GAT GTG TAT AAG AGA CAG GTG YCAGCMGCC GCG 
GTA-3′ and Hyb806R_rRNA: 5′-GTC TCG TGG GCT CGG 
AGA TGT GTA TAA GAG ACA GGG ACTACHVGGG TWT 
CTAAT-3′. The PCR cycling conditions were as follows, 
98 °C for 30 s followed by 25 cycles of 98 °C (10 s), 58 °C 
(30 s), and 72 °C (30 s), with a final extension at 72 °C 
for 7 m and a hold at 4 °C. The PCR product was cleaned 
using the AxygenTM AxyPrep Mag™ PCR Clean-up Kit. 
Samples were indexed using the Illumina Nextera XT 
Index kit v2 sets A and D. The PCR cycling conditions 
were 98 °C for 2 m followed by 15 cycles of 98 °C (10 s), 
55 °C (30 s), and 72 °C (30 s), with a final extension at 
72 °C for 7 m and a hold at 4 °C. The indexed product 
was cleaned using the AxygenTM AxyPrep Mag™ PCR 
Clean-up Kit, quantified with a Qubit3.0 (Life Technolo-
gies) with the Qubit dsDNA BR Assay kit, and pooled in 
equal concentrations for sequencing. A 30% PhiX spike-in 
was included in the pooling library before sequencing to 
increase the diversity of the run. The amplicon sequenc-
ing was completed at UNC Greensboro using an Illumina 

iSeq100 with 2 × 150 paired-end reads. Of the 405 bees 
collected in this study, 376 were successfully sequenced 
and used for downstream analyses.

Sequence Analysis

The forward and reverse reads were merged using FLASH 
v1.2.10 [25] with a minimum overlap of 5  bp, which 
resulted in a total of 12,242,419 total reads. Joined reads 
were quality filtered in Qiime2 v 2023.7 [26] using the 
DADA2 [27] pipeline, resulting in 7,525,882 reads. The 
data was filtered to remove all sequences corresponding 
to mitochondria, chloroplast, and unassigned taxa as well 
as reads present at less than 0.1% frequency. After quality-
filtering a total of 6,599,366 reads were retained, with a 
mean frequency of 12,490 per sample corresponding to 
1298 amplicon sequence variants (ASVs). Our negative 
control only contained 92 reads and was removed from 
further analysis. Downstream analyses were performed in 
Qiime2 v 2023.7 at a sampling depth of 3000 reads per 
sample. This sampling depth was chosen to maximize the 
number of samples included in the analysis while still 
maintaining enough reads per sample to capture the rich-
ness of the dataset. Rarefying to 3000 reads per sample 
resulted in retaining 351 samples, including the two DFM 
powder controls.

Quantitative PCR

We amplified total copies of the 16S rRNA using the 
primers EUB338F and EUB518R (Table 1) on an Applied 
Biosystems QuantStudio 6 Real-Time PCR system. Reac-
tions were completed in triplicate using 5 µL of universal 
SYBR Green (Bio-Rad, Inc.), 2 µL of molecular grade 
water, 1 µL (each) of 3 nM primers, and 1 µL of tem-
plate DNA. The PCR cycle was 95 °C (3 min) followed 
by 40 cycles of 95 °C (3 s) and 60 °C (20 s). The average 
Ct (cycle threshold) was determined for each sample. A 
gBlocks™ gene fragment (integrated DNA technologies) 
was used to create a standard curve (Table 1) of known 
copy numbers. A gBlock™ was used as it allows for more 
accurate and simple copy number calculations [28]. We 

Table 1  Primers and gBlocks 
fragment used for qPCR

Primers + gBlock Sequence (5′-3′)

EUB338F forward primer ACT CCT ACG GGA GGC AGC AG
EUB518R reverse primer ACT CCT ACG GGA GGC AGC AG
16S gBlocks fragment GTA ACG CTT GCA CCC TCC GTA TTA CCG CGG CTG CTG GCA CGG 

AGT TAG CCG GTG CTT ATT CGT TAG ATA CCG TCA TAA TCT TCT 
CTA ACA AAA GGA GTT TAC AAT CCT AAA ACC TTC ATC CTC CAC 
GCG GCG TTG CTG CTT CAG GCT TTC GCC CAT TGA GCA ATA TTC 
CCT ACT GCT GCC TCC CGT AGG AGT CTG GAC CGT GTC TCA GTT 
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then estimated the absolute copy number by interpolating 
the Ct value into standard curves of known copy numbers, 
from  102–108 copies.

Statistical Analysis and Data Visualization

The script “qiime diversity core-metrics-phylogenetic” 
was used to perform Alpha and Beta diversity analyses 
[26]. The taxonomy of the representative sequences was 
determined using “qiime feature-classifier classify-sklearn” 
[24] using a classifier trained on the SILVA 16S v138.1 
[29] reference database and the BEExact v2023.01.30 
[30] reference database. Taxonomic assignments for 
poorly classified ASVs were confirmed through manual 
verification using nucleotide BLAST [31] on the NCBI 
server [32]. The analysis of taxonomic diversity was carried 
out at both the genus and ASV levels. Alpha diversity 
was statistically tested using the Kruskal–Wallis test with 
Benjamini–Hochberg FDR correction, and the results were 
plotted using GraphPad Prism v9.5.1. Beta diversity analyses 
were done using weighted UniFrac [33, 34] and statistically 
analyzed using PERMANOVA (999 permutations) with 
Benjamini–Hochberg FDR correction. The PCoA plots with 
95% confidence intervals (stat_ellipse) were generated using 
Qiime2R [35]. Differences in absolute abundance based on 
qPCR were determined using the Kruskal–Wallis test with 
Benjamini–Hochberg FDR correction, and the graph was 
made in GraphPad Prism v9.5.1.

Results

In this study, nine honey bee hives (three-story, five-frame 
deep nucs) were split into three groups (Control, Terra-
Pro, and Terra-Pro+DFM). Using 16S rRNA sequenc-
ing, we profiled the guts of worker honey bees at each 

sampling point within the three groups (Fig. 1). Finally, 
we used qPCR to measure the absolute abundance of bac-
teria to determine if the overall bacterial load differed fol-
lowing antibiotic treatment or after the application of the 
probiotic supplement.

Microbiota Diversity Analyses of Bees 
from Post‑Terra‑Pro Pre‑DFM‑Treated Hives

The first sampling occurred after three antibiotic treatments 
at 4–5-day intervals had been administered to the Terra-
Pro and Terra-Pro+DFM hives (Fig. 1; week 0). At this 
timepoint, the Terra-Pro and Terra-Pro+DFM hives were 
biological replicates, so we expected them to differ from 
the control hives but not from each other. When assessing 
alpha diversity, we observed no significant differences in 
microbiota richness (ASVs) between any of the treatment 
groups (Fig. 2A). Significant differences in microbiota 
evenness were found when comparing bees from Terra-Pro 
and Terra-Pro+DFM hives (Q = 0.01), but not bees from 
control and Terra-Pro+DFM hives (Q = 0.41) or Terra-Pro 
and Terra-Pro+DFM hives (Q = 0.07; Fig. 2A). Phyloge-
netic diversity in the microbiota was significantly higher 
(even when extreme outliers were excluded) in bees from 
Control hives than in Terra-Pro or Terra-Pro+DFM hives 
(Q = 0.02 and Q = 0.05, respectively). Phylogenetic diversity 
did not differ between bees from Terra-Pro and Terra-Pro 
DFM hives (Q = 0.76; Fig. 2A). Despite minimal differences 
in alpha diversity, beta diversity analysis using weighted 
UniFrac [34] to analyze microbiota community similarity, 
revealed that the microbiota composition of Control bees 
differed significantly from Terra-Pro and Terra-Pro+DFM 
bees (Q = 04), whereas bees from the Terra-Pro and Terra-
Pro+DFM hives did not significantly differ from each other 
(Q = 0.57; Fig. 2A). Results indicate that the microbiota was 

Fig. 1  Schematic of the experimental setup and sampling timeline. Created with BioRender.com
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slightly perturbed in the antibiotic-treated hives at the end 
of a standard treatment with Terra-Pro.

Microbiota Diversity Analyses of Bees 
from Post‑Terra‑Pro Post‑DFM‑Treated Hives

After bees were sampled from each experimental hive post-
Terra-Pro treatment (week 0), the Terra-Pro+DFM hives 
were immediately administered a treatment of DFM. One 

week following the DFM application to the Terra-Pro+DFM 
hives, all hives were sampled (Fig. 1; week 1). On week 1, 
alpha and beta diversity measurements were virtually identi-
cal to the post-Terra-Pro treatment but pre-DFM treatment 
(week 0) results. However, no significant differences were 
found in the evenness of the microbiota across experimen-
tal groups (Fig. 2B). Additionally, the microbiota composi-
tion (based on weighted UniFrac) of Terra-Pro and Terra-
Pro+DFM bees differed more from control bees at week 1 

Fig. 2  Alpha and beta diversity comparisons of the gut microbiota 
of control, Terra-Pro-Only, and Terra-Pro+DFM bees at timepoints. 
A Week 0 post-Terra-Pro pre-DFM, B week 1 post-Terra-Pro post-
DFM, and c week 2 post-Terra-Pro post-DFM. Alpha diversity met-
rics were based on richness (# of ASVs), evenness (Pielou’s Evenness 
index), and phylogenetic diversity (Faith’s Phylogenetic Diversity 
index). Beta diversity was based on community similarity (weighted 
UniFrac) and visualized via principal coordinate analysis (PCoA) 

plots. Alpha diversity significance (P value) was determined using 
the Kruskall-Wallis test with Benjamini–Hochberg FDR correction 
(Q value). Significance (Q < 0.05) is represented by differing letters 
(absence of letters indicates no significance). For beta diversity com-
parisons significance was tested using PERMANOVA with 999 per-
mutations followed by Benjamini–Hochberg FDR correction. Ellipses 
represent the 95% confidence interval
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(Q = 0.01) than they did at week 0 (Q = 0.04). Again, no sig-
nificant difference was found between the microbiota com-
position of Terra-Pro and Terra-Pro+DFM bees (Q = 0.17; 
Fig. 2B). Findings suggest that a single probiotic treatment 
with DFM did not significantly impact the recovery of the 
microbiota of honey bees treated with Terra-Pro.

Following week 1 sampling, the Terra-Pro+DFM hives 
were given a second treatment of DFM, and all hives were 
subsequently sampled one week later (Fig. 1; week 2). One 
week after the second application of DFM in the Terra-
Pro+DFM hives, bees from the Terra-Pro+DFM hives 
showed a significant decrease in the number of ASVs when 
compared to control bees (Q = 0.05; Fig. 2C). The number 
of ASVs did not significantly differ between control and 
Terra-Pro (Q = 0.06) or Terra-Pro and Terra-Pro+DFM bees 
(Q = 0.72; Fig. 2C). No differences in microbiota evenness 
or phylogenetic diversity were observed between any of the 
experimental groups at week 2 (Fig. 2C). The microbiota 
composition (based on weighted UniFrac) of Terra-Pro and 
Terra-Pro+DFM bees still did not differ (Q = 0.12), but 
they remained significantly different from the control bees 
at week 2 (Q = 0.04). Results indicate that a second probi-
otic treatment with DFM did not significantly impact the 
recovery of the microbiota following Terra-Pro treatment.

To access variation across hives within experimental 
groups, we compared the alpha diversity (i.e., microbiota 
richness, phylogenetic relatedness, and evenness) of the 
microbiota of bees from different hives within the same 
experimental group. Overall, very little variation in alpha 
diversity occurred across hives within experimental groups 
at the same sampling timepoint (Figure S1; Dataset S1). 
We also compared microbiota similarity across hives within 
experimental groups and found that while significant variation 
occurred across sampling timepoints, variation in beta diver-
sity between hives at the same timepoint was only observed  
for Terra-Pro week 2 Hive-2 and Hive-3 (Fig. S2; Dataset S1).

We quantified the absolute abundance of bacteria based 
on 16S rRNA gene copy number within individual bees 
from each experimental group at weeks 0, 1, and 2. At 
week 0 (post-Terra-Pro but pre-DFM treatment), bacte-
rial abundance did not significantly differ between any 
of the experimental groups (Fig. 3). Following the first 
DFM treatment (week 1), bees from the TerraPro hives 
had higher bacterial abundance in their guts than the con-
trol hives (Q = 0.002). Bacterial abundance did not differ 
between TerraPro+DFM and control bees (Q = 0.36) or 
the Terra-Pro and TerraPro+DFM bees (Q = 0.22) at week 
1 (Fig. 3). On week 2, one week following the second 

Fig. 3  Total bacterial 16S rRNA gene  (log10 gene copies) copy num-
ber estimated by qPCR in control, Terra-Pro, and Terra-Pro+DFM 
bees at weeks 0, 1, and 2. Box plots show median values with 
standard deviation and each point represents an individual bee. Sig-

nificance (P value) was tested using the Kruskal–Wallis test with 
Benjamini–Hochberg FDR correction (Q value) and is indicated by 
differing letters
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application of DFM, bacterial abundance was lower in 
bees from the Terra-Pro+DFM hives than in bees from 
the control (Q = 0.005) and Terra-Pro (Q = 0.0002) hives 
(Fig. 3). However, the Terra-Pro and Control bees did not 
significantly differ in bacterial abundance (Q = 0.64) at 
week 2. These findings suggest that DFM treatment could 
lead to a reduced number of gut microbes in bees when 
administered after Terra-Pro.

To visualize the taxonomic changes in microbiota com-
position across experimental groups and sampling weeks, 
we averaged the relative abundance of taxa present in all 
bees from each timepoint and experimental group (Fig. 4; 
see Fig.  S3 and Dataset S2 for individual bee data). 
Regardless of treatment group, all honey bees contained 
the five core honey bee gut microbiome taxonomic groups, 
Lactobacillus Firm4 and Firm5, Bifidobacteria, Gillia-
mella, and Snodgrassella (Fig. 4). However, shifts in rela-
tive abundance were seen amongst all five core taxa and in 
other less abundant native bee gut members like Frischella 
and Bartonella within and across all experimental groups 
at all timepoints (Fig. 4). Some notable differences in 
relative abundance between the controls and treatment 
groups were an increase in “other” taxa in both the Terra-
Pro-Only and Terra-Pro+DFM at Week-1, a decrease in 
Snodgrassella in the Terra-Pro and Terra-Pro+DFM bees 
at week 2, and an increase in Lactobacillus in the Terra-
Pro bees at week 2 (Fig. 4). It is important to note that 
the SuperDFM-Honeybee™ probiotic bacteria were never 
found in any of the bee gut samples, even during active 
treatment with the probiotic powder (Figs. 4 and S3).

Discussion

Despite promising claims, there is no scientific evidence 
demonstrating the effectiveness of current commercially 
available probiotics in restoring the honey bee gut 
microbiome after a perturbation. Additionally, none of the 
current commercially available probiotics contains native 
bee microbes. One of the most popular honey bee probiotics 
is SuperDFM-HoneyBee™, made by the company Strong 
Microbials. This product is advertised as a probiotic that can 
“replenish the microbes lost due to agricultural modifications 
of honey bees’ environment” and “promotes optimal gut 
health”. Therefore, we sought to determine whether this 
probiotic can restore the honey bee gut microbiota after 
a routine treatment with the antibiotic oxytetracycline 
(Terra-Pro). We found that microbiota of bees from hives 
given the probiotic following Terra-Pro treatment was not 
any more similar to bees from the control hives than bees 
from hives only given Terra-Pro treatment. In general, both 
the Terra-Pro-Only and Terra-Pro+DFM bees displayed 
more variation between individuals than the control bees at 
all sampling timepoints. Moreover, we never detected the 
microbes present in the probiotic in the guts of bees during 
or following supplementation and our results suggest that 
DFM treatment could potentially lead to decreased bacterial 
abundance (TerraPro + DFM bees had fewer bacteria in 
their guts after two DFM treatments than control and Terra-
Pro bees). These results are consistent with a previous 
study that evaluated an unnamed commercial probiotic and 
revealed that it never colonized the honey bee gut (even of 

Fig. 4  Bar plots representing the average relative abundance of taxa found in the bee gut samples within each experimental group at each sam-
pling timepoint. The DFM powder (probiotic) was also sequenced as a positive control. See Figure S3 for data on individual bees
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microbiota-depleted bees) and that the probiotic led to an 
increase in the abundance of opportunistic pathogens [23]. 
However, given that we only observed a mild amount of 
microbiota disturbance following TerraPro treatment, we 
argue that additional hive-level studies are needed before 
definitive conclusions can be made about the potential  
health benefits and safety of currently available probiotics.

Although we observed significant differences between 
control hives and hives treated with Terra-Pro, the effects of 
the antibiotic treatment were much less severe than expected. 
This might sound like a promising result for bees and bee-
keepers, but we are skeptical that our study accurately 
reflects the impacts of antibiotic treatment on the honey 
bee microbiome, especially because these results contradict 
several published studies. For example, previous hybrid 
lab- and field-based studies found that both oxytetracycline 
(the active ingredient in Terra-Pro) and tylosin (the active 
ingredient in Tylan) severely perturbed the gut microbiome 
of bees by reducing the size and composition of bacteria 
present in the community, resulted in increased susceptibil-
ity to opportunistic pathogens, and reduced survivorship [11,  
16]. We hypothesize that several factors limited our ability 
to capture the full effects of Terra-Pro on the honey bee  
microbiome in our study: (1) bees were sampled from 
brood frames at random so we are unsure how long they 
were exposed to the antibiotic and some could have been 
newly emerged (lacking the characteristic microbiome); 
(2) all hives were treated with the acaricide Apivar (active 
ingredient amitraz) prior to the experiment, which could 
have impacted their microbiomes [36]; and (3) our limited 
sample size per hive might not have been representative of 
the hive populations. Therefore, we argue that more exten-
sive and controlled hive-level studies are required to make 
a definitive statement about the effects of in-hive Terra-Pro 
treatment as well as the DFM probiotic on the microbiome 
and health of honey bees.

Recently, several research groups have been investigat-
ing other probiotic treatments, which are not yet commer-
cially available to beekeepers. A honeybee-specific lactic 
acid bacteria (hbs-LAB) probiotic has been developed which 
contains a mixture of crop and gut-associated Lactobacillus 
and Bifodobacterium species isolated from honey bees [37, 
38]. The hbs-LAB (also referred to as SymBeeotic) has been 
shown to inhibit P. larvae infection when tested in the lab 
[39, 40] but not at the colony level [41]. To our knowledge, 
SymBeeotic has not been tested for its ability to restore the 
microbiota after perturbation. Another honey bee probiotic 
that is currently being tested is the BioPatty™ (also referred 
to as LX3), which is made of a mixture of three Lactobacil-
lus strains, including Lactobacillus (Apilactobacillus) kun-
keei (a hive-associated bacterium that is often found in the 
honey bee gut) [42–44]. The BioPatty™ has been shown 
to increase the expression of bee immunity genes, reduce 

infection of P. larvae in infected colonies, and help restore 
the microbiome following antibiotic perturbation [42–44]. 
Another research group has been exploring the use of a 
cocktail of core native bee gut strains as a potential probiotic 
therapy [16, 23]. This cocktail has been demonstrated to suc-
cessfully colonize and persist in germ-free bees and reduce 
the ability for opportunist bacteria to proliferate [16, 23].

Given that all honey bees possess a highly conserved 
microbiome composed of five core bacterial taxa that are 
functionally important for be health [4], a probiotic com-
prised of native honey bee bacteria would increase the 
chance of restoration of the community and eliminate the 
risk of introducing foreign microbes into the hive ecosys-
tem [23]. However, an additional and important factor to 
consider when developing honey bee probiotics is how the 
probiotic should be delivered. In fact, very few studies have 
been performed to investigate how the mode of delivery of 
probiotics could impact their effectiveness. One recent study 
evaluated the impact of the delivery method by comparing 
an LAB (LX3) infused pollen patty vs. a spray-based for-
mulation [44]. Results showed both delivery methods facili-
tate viable uptake of the LX3 probiotic in adult honey bees, 
although the strains do not colonize long-term [44]. With 
this in mind, the continued development and testing of pro-
biotic blends containing native honey bee gut bacteria and 
an optimal method of administration will hopefully lead to 
an effective and safe commercially available supplement that 
can help improve bee and hive health.

Conclusion

Probiotics, in theory and concept, are a promising solu-
tion to enhance bee health, but the current market available  
products for beekeepers are making claims that outreach 
the ability of their products [45]. However, research into 
proprietary blends of native bee gut bacteria shows promise 
and holds great potential for revitalizing honey bee health. 
Along with scientific research, there is a need for policies 
and regulations that better reflect the growing research on 
the impacts of probiotics on honey bee health. Currently, 
probiotics are regulated as food, which circumvents the 
responsibility of companies to provide data to the FDA on 
the product’s long-term safety for the targeted organism and 
claims made about the product’s effects [46, 47]. The FDA’s 
Center for Veterinary Medicine (CVM) should revise its pol-
icy on Animal Foods with Drug Claims to regulate honey 
bee probiotics as a nutritional ingredient (which is regulated 
as a drug) rather than an animal feed (which is regulated as 
food) [47]. This policy change would require more product 
testing before commercialization and would save farmers 
and beekeepers from purchasing ineffective products and 
help safeguard honey bee health.
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