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Summary
Gut microbes can play an important role in digestion, disease resistance, and the general health of animals, but little is known about the
biology of gut symbionts in Apis mellifera. As part of the BEEBOOK series describing honey bee research methods, we provide standard
protocols for studying gut symbionts. We describe non-culture-based approaches based on Next Generation Sequencing (NGS), methodology
that has greatly improved our ability to identify the microbial communities associated with honey bees. We also describe Fluorescent In Situ
Hybridization (FISH) microscopy, which allows a visual examination of the microenvironments where particular microbes occur. Culturing
methods are also described, as they allow the researcher to isolate particular bacteria of interest for further study or gene identification, and
enable the assignment of particular functions to particular gut community members. We hope these methods will help others advance the
state of knowledge regarding bee gut symbionts and the role they play in honey bee health.

Métodos estandar para investigar simbiontes intestinales de

Apis mellifera
Resumen
Los microbios intestinales pueden jugar un papel importante en la digestión, la resistencia a las enfermedades, y la salud general de los
animales, pero se conoce poco sobre la biología de los simbiontes intestinales en Apis mellifera. Como parte de la serie BEEBOOK que
describe los métodos de investigación en la abeja, ofrecemos protocolos estándar para el estudio de simbiontes intestinales. Se describen
métodos no basados en cultivos sino sobre la base de la secuenciación de nueva generación (NGS según sus siglas en inglés), metodología
que ha mejorado en gran medida nuestra capacidad para identificar las comunidades microbianas asociadas con la abeja de la miel. También
describimos la microscopía de hibridación in situ fluorescente (FISH), la cual permite un examen visual de los microambientes donde viven
microbios particulares. También se describen métodos de cultivo, que permiten al investigador aislar bacterias de interés particular para
posteriores estudios o para la identificación de genes, y permitir asignar funciones particulares a determinados miembros de la comunidad
intestinal. Esperamos que estos métodos ayudarán a otros a avanzar en el estado del conocimiento sobre simbiontes intestinales de abejas y
el papel que desempeñan en la salud de las abejas de la miel.

Footnote: Please cite this paper as: ENGEL, P; JAMES, R R; KOGA, R; KWONG, W K; MCFREDERICK, Q S; MORAN, N A (2013) Standard methods for research on
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西方蜜蜂肠道共生体研究的标准方法
摘要
肠道微生物在动物的消化、抗病性和常规健康中起重要作用。然而，目前对于西方蜜蜂肠道共生体的生物学知之甚少。作为BEEBOOK蜜
蜂研究方法系列的一部分，我们为研究肠道共生体提供了标准方案。介绍了基于新一代测序（NGS）而免于生物培养的研究方法，该方法极大地
提高了我们鉴定蜜蜂相关微生物群落的能力。描述了荧光原位杂交（FISH）显微技术，该技术实现了对一些特殊微生物出现的微环境进行目视
检测。同时，也描述了一些培养方法，这些方法使得研究人员可分离出特定感兴趣的细菌，以供进一步研究或进行基因鉴定，并使得将特定的功
能与特定肠道菌群相联系成为可能。我们希望这些方法能帮助大家提升对于蜜蜂肠道共生体及其在蜜蜂健康方面所起作用的了解。

Keywords: COLOSS, BEEBOOK, fluorescent in situ hybridization, gut symbionts, methods, microbial culture, next generation sequencing,
honey bee
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1. Introduction

diverse as mammals and insects. The role of symbiotic gut microbes

In honey bees, the gut is the primary location for digestion and food

honey bees, both individual bees and the colony at large, is an

processing, as well as the site of infection for a variety of pathogens,

intriguing area of research where much is still to be learned. In this

including Paenibacillus larvae (de Graaf et al., 2013), Ascosphaera

chapter we present a number of basic protocols for investigating the

apis (Jensen et al., 2013) Nosema ceranae (Fries et al., 2013), and

microbial communities found in honey bee guts.

probably many of the honey bee viruses (de Miranda et al., 2013).

in digestion, resistance to infectious disease, and the general health of

Traditional microbiological studies, from the time of Pasteur, have

Biologists have increasingly recognized that gut microorganisms play a relied on the axenic (pure) isolation of individual microbes, which
beneficial role in many aspects of the health of animals, animals as

were then characterized based on their metabolic, biochemical, and
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morphological characteristics. These culture-based studies remain the

The primary molecule currently used for surveying microbial diversity

foundation of microbiology. However, for most environmental

and verifying taxonomic identities is the small subunit ribosomal RNA,

samples, estimates of microbial density based on microscopic counts

which is referred to as the 16S rRNA in Bacteria and Archaea, and the

of cell numbers tend to be far higher than estimates based on colony- 18S rRNA in Eukaryota. This molecule is present in all cells and
forming units on culture plates (Staley and Konopka, 1985). Furthermore, provides a molecular label for a particular species or taxon, and can
it has long been known that many microbes cannot be cultured in the

be compared against public databases to determine whether a

laboratory, or require specialized conditions yet to be discovered, but

sampled sequence corresponds to previously studied organisms

no real solution to this problem existed for environmental microbiology (McDonald et al., 2012). The microbial community in a bee gut can be
until molecular sequencing technology became available. Using

determined by extracting the DNA, using targeted PCR to amplify the

sequencing techniques, Rappé and Giovannoni (2003) showed that

bacterial rRNA genes present, followed by high throughput sequencing

the microorganisms readily cultured from a given environment are

technologies such as Illumina, 454 or others (Sogin et al., 2006;

only a tiny subset of the species actually living there. Typically, only

Tringe and Hugenholtz, 2008), often called next-generation

about 1% of bacteria from a given habitat will grow in culture (Staley

sequencing (NGS) technologies. Bioinformatic searches are then used

and Konopka, 1985). With attention to specific aspects of the culture

to compare the resulting sequences to those previously identified and

media and atmospheric conditions, more organisms might grow, but

stored in publically available databases. We present protocols for

consistently, many organisms sampled from most environments do

these methods.

not appear in lab cultures (Stevenson et al., 2004). Therefore, good

Sequencing technologies are becoming increasingly cost-effective

estimates of "what is really there" in microbiology depend on non-

while also yielding improved data quality, primarily through an

culture-based studies. Non-culture-based studies may be followed by

increase in the length of the sequencing read. Longer and more

culturing efforts so that the microbes of interest can be isolated, and

accurate sequences give higher quality information for identifying

thus better described chemically and morphologically, and to conduct

microbial taxa. Because these technologies are evolving rapidly, we

experiments with them. In addition, molecular methods such as

give a generalized overview for the methods, recognizing that details

fluorescent in situ hybridization (FISH) can be used to locate specific

of techniques will change as these technologies, and the methods for

microorganisms in their precise locations within a sample; for

analysing the results, evolve. Our recommendations are for specific

example, FISH can be used to identify where certain microbes occur

techniques that are likely to remain static for some time, such as DNA

in the honey bee gut, or where infection takes place for a pathogen.

extraction, PCR, and a general approach for analysing microbial

Numerous researchers have performed studies on organisms
cultured from bee guts and the hive, documenting a variety of

communities.
The 16S rRNA can also be used to design in situ hybridization

metabolic and functional activities (Gilliam and Prest, 1972, 1987;

probes. Many ribosomes are present in the cytoplasm of each cell,

Gilliam and Valentine, 1974; Gilliam et al., 1974; Gilliam, 1978; Evans

and probes corresponding to diagnostic regions of the rRNA gene can

and Armstrong, 2006). However, non-culture-based surveys have

be used to selectively label and visualize specific cells containing the

presented a contrasting view of the dominant members of the honey

corresponding RNA sequences. In addition, the 16S rRNA can be used

bee gut microbiota, revealing that readily cultured, fully aerobic

to identify bacteria isolated using culture-based methods. DNA can be

organisms comprise only a small portion of the diversity of microbes

extracted from isolated colonies of the bacteria, amplified using

present. A set of eight major taxa dominate the honey bee gut

selective PCR, followed by sequencing. Again, a bioinformatic search

environment, and these fall within the Gammaproteobacteria,

can then be used to compare the unknown sequence to those

Betaproteobacteria, Alphaproteobacteria, Lactobacillales, and

previously identified and stored in publically available databases.

Actinomycetes. These eight bacterial taxa, which correspond to the

Metagenomics includes several approaches useful for studying

typical definition of bacterial species, have been found in A. mellifera

functions of gut biota, but is not included among our listed protocols.

worldwide (Jeyaprakash et al., 2003; Mohr and Tebbe, 2006;

The original use of the word "metagenomics" referred to cloning

Babendreier et al., 2007; Cox-Foster et al., 2007; Martinson et al.,

relatively large fragments of DNA from community DNA samples, and

2011; Cornman et al., 2012; Engel et al., 2012; Li et al., 2012;

then attempting to screen these cloned fragments for functional

Martinson et al., 2012; Moran et al., 2012; Sabree et al., 2012; Tian

activities (Handelsman, 2004). A primary limitation of this approach is

et al., 2012). Close relatives of some of these taxa have been found in that genes underlying many functional activities maybe present but
other Apis species in Asia (Ahn et al., 2012; Li et al., 2012) and in

not expressed, although metagenomics can be an effective method

many species of bumble bees (Bombus) (Koch and Schmid-Hempel,

for detecting certain functions, such as antibiotic resistance (Tian et al.,

2011, 2012; Koch et al., 2012, 2013). These surveys used a variety of 2012). Since major members of the bee microbiota can be cultured,
sequencing methodologies, yet consistently retrieved a similar set

the study of cultured isolates may offer a more robust approach for

of organisms.

finding functional capabilities. Currently, metagenomics generally
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1. First determine what you consider to be your sample: the

microbial community to identify and compare the prevalence of

entire gut or part of the gut. It is very important to work in a

functional genes, such as those for enzymes associated with cellulose

clean, sterile environment using sterile materials and tools.

or pectin degradation (e.g. Warnecke et al., 2007; Brulc et al., 2009;

Unless you intend to include the microbial community

Engel et al., 2012). Typically, metagenomic sequencing is combined

occurring on the insect cuticle, it is imperative to disinfect and

with a 16S rRNA gene sequencing approach, with the former being

clean the surface of the bees before dissections. Microbes and

used for inferring functional capabilities, and the latter used to infer

their nucleic acids can be removed from bee cuticle using a

community membership and diversity. The study by Engel et al.

1% aqueous solution of chlorine (using either sodium dichloro

(2012) is the only example to date of using deep sequencing

-s-triazinetrione-dihydrate (swimming pool or spa chlorine) or

metagenomics to understand functions of the bee gut microbiota.

sodium hyperchlorite (bleach)). Soak each bee for at least 2

Metagenomic methods encompass rapidly evolving approaches to

min but not more than 7 min., then rinse three times in

environmental microbiology. Since standard methodologies are still

sterile, purified water. This can be done in a 24 well plate on

under development at this time, these were not included here.

a shaker table, or in a series of 1.5 ml disposable centrifuge

We provide here standard protocols for studying bee gut bacteria,

tubes with gentle mixing on a vortex mixer. It is important

including NGS methods for surveying bacterial diversity, FISH

that all of the chlorine be removed from the bees prior to

microscopy to precisely locate where these microorganisms occur in

dissection because chlorine degrades DNA and thus can inhibit

the insect gut, and culturing methods for known gut symbionts.

the PCR reactions.

Although we focus on bacteria, our methods can be extended to other

2. Once you obtain your sample, place it in a sterile 2 ml

microorganisms and viruses, with appropriate changes in the

microcentrifuge tube with a sterile 5 mm stainless steel bead

oligonucleotide primers used for diversity surveys and FISH.

(QIAGEN, Valencia, CA), 500 μl of 0.1 mm glass beads
(Scientific Industries, Inc.;Bohemia, NY, USA), and 500 μl RLT

2. Bacterial community analysis
using next-generation sequencing
(NGS)

buffer (QIAGEN; Valencia, CA, USA) with 10 μl of βmercaptoethanol per ml buffer. Note that β-mercaptoethanol
(including the used buffer) must be handled as hazardous
waste.
3. Run in tissue lyser or bead beater at 30 Hz for 5 min.
4. Centrifuge samples briefly to separate the beads and the

Currently, one of the easiest and more cost effective tools available

buffer. If a foam layer has developed, it can be eliminated

for characterizing the microbial communities associated with honey

with a longer centrifugation period (several minutes at 5000

bee guts is sequencing the diversity of the 16S rRNA gene in honey
bee guts using NGS technology. NGS surveys have provided insights

rpm at 5°C).
5. In a new tube add 100 μl of 100% ethanol and 100 μl of

into the composition of bee gut-associated bacterial communities,

supernatant (200 μl of 100% ethanol and 200 μl of

symbiont host-specificity, and conditions conducive to the co-evolutionary

supernatant may be used for small samples, but it is

dynamics of bees and their associated microbes (Ahn et al., 2012;

important to treat all samples within a study the same so that

Martinson et al., 2012; McFrederick et al., 2012; Moran et al., 2012;

the data are comparable). Gently mix using a vortex mixer.

Newton and Roeselers, 2012).

Centrifuge briefly, if needed, to consolidate the sample, which
may get spread around in the tube.

2.1. Extraction, PCR, and sequencing

6. For DNA recovery, apply the sample from step 5 to a QIAamp

2.1.1. Extraction of bacterial community DNA

mini spin column and follow the tissue protocol of QIAamp

Extraction is the first step towards identifying the microbial

DNA minikit (QIAGEN, Valencia, CA) (starting at the step

communities present in a sample (Fig. 1). Extraction methods for

where the supernatant is applied to the spin column, Step 7

diverse bacterial communities must include a method to disrupt the

on page 35 in the handbook published 4/2010).

cell walls of spores and the more recalcitrant bacteria (Marmur, 1961).
We recommend using a method that includes bead-beating because
that is one of the best methods for cell disruption, and it has been the

7. Elute DNA in 30 μl of sterilized nanopure water, or in the
provided QIAGEN buffer AE if long-term storage at -20 is desired.
8. Quantify DNA and adjust to a standard concentration across

method of choice for recent bee-associated NGS surveys (Mattila et al.,

all samples. We have used 20 ng/μl, but higher concentrations

2012; McFrederick et al., 2012; Moran et al., 2012).

may be desirable with small samples.
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Fig. 1. Suggested protocol for data collection, processing, and analysis of bacterial community data using 16S rRNA next generation
sequencing (NGS).

2.1.2. Primer choice and 16S rRNA regions.

performing reactions in triplicate, and then combining triplicate

Several factors influence primer choice. Universality of the primer

reactions before sequencing.

across the Bacteria is the primary concern, and for this we recommend

1. Use HotStarTaq Plus Master Mix Kit (QIAGEN, Valencia, CA)

using the 16S rRNA gene as the target. The region of the 16S rRNA

for 50 μl reaction.

gene that the primers amplify also deserves careful consideration.

a. 25 μl HotStarTaq plus master mix (2x).

Different regions can return different results, and therefore, studies

b. 2 μl each of 10 μM forward and reverse primer (0.4 μM

that use different regions of the 16S rRNA gene are not directly

final concentration).

comparable (Engelbrektson et al., 2010). We recommend two regions

c. 5 μl DNA template (100 ng).

that have recently been used successfully for identifying the bee-

d. 16 μl sterilized nanopure water.

associated microbiome: V1-V3 (Ahn et al., 2012; Mattila et al., 2012;

2. PCR conditions.

McFrederick et al., 2012) and V6-V8 (Martinson et al., 2012; Moran

a. 95°C for 5 minutes.

et al., 2012). V1 is particularly useful for discriminating Lactobacillus

b. 25 cycles of: 94°C for 30 seconds, 60°C for 40 seconds,

species (McFrederick et al., 2013). Both of these regions provide good
taxonomic resolution of bee-associated bacteria, but universal primers
associated with these regions can also amplify eukaryotic DNA
(McFrederick, unpublished data; Moran et al., 2012). As NGS read

72°C for 1 minute.
c. Final elongation of 72°C for 10 minutes.
3. PCR purification
a. Remove unincorporated primers, dNTPs, etc., using a PCR

lengths increase, obtaining overlapping paired-end reads (i.e.

purification kit, such as Agencourt AMPure XP (Agencourt

sequencing 250 bases from each end of a 400 bp amplicon) will

Bioscience Corporation, MA) or MinElute PCR columns

become feasible, and additional variables will factor into primer choice.

(QIAGEN, Valencia, CA).

1. Suggested V1-V3 region primer pair.
Forward primer, 28F: 5’– GAGTTTGATCNTGGCTCAG –3’

2.1.4. Library construction

Reverse primer, 519R: 5’–GTNTTACNGCGGCKGCTG –3’.

Library construction is the process of preparing DNA for sequencing

2. Suggested V6-V8 region primer pair.

on the NGS platform of choice. This process typically consists of

Forward primer, 926F: 5’– AAACTYAAAKGAATTGACGG –3’

ligating platform-specific adapters to the flanking ends of DNA

Reverse primer, 1392R 5’– ACGGGCGGTGTGTRC –3’

fragments. Kits are typically available for this step. For 16S rRNA gene
sequence (henceforth 16S amplicon) bacterial community analyses,

2.1.3. PCR conditions

sequencing adapters and barcodes for sample identification are

PCR bias is known to occur in multiple template PCR amplifications,

designed into 16S amplicon universal primers and added in the PCR

leading to a situation where the relative concentrations of templates

step above. As using paired-end reads to analyse bacterial

are not equal to the relative concentrations of products. To minimize

communities becomes more commonplace, primer design and library

PCR bias we recommend using no more than 25 PCR cycles,

construction will continue to evolve (Degnan and Ochman, 2012).

The COLOSS BEEBOOK: gut symbionts
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2.1.5. Sequencing

call, then discarded if they no longer meet the specified

Only a few laboratories maintain their own next generation sequencers,

length criteria),

and subsequently, most studies outsource their sequencing to core

d. mismatches to the primer sites or barcodes, i.e. reads

facilities or off site laboratories specializing in NGS. Potentially this will

where there is a sequencing error in the primer sequence

change as smaller and cheaper version of sequencers become

or that do not match any of the barcodes used to label

available. However, sequencing protocols are usually carried out by
service facilities, and so are not detailed here.

which sample each read came from,
e. for 454 data, sequences that have runs of 6 or more of
the same nucleotide (homopolymers), which is a

2.2. Quality filtering and data analysis
Entry into the analysis of large data sets produced by NGS may

characteristic error for 454 sequencing (Schloss et al., 2011).
2. Check alignment. As an additional quality control step and to

appear intimidating at first, but several software pipelines are available

prepare data for downstream analyses, align the sequences

to assist you in these analyses. The most commonly used pipelines

against a 16S rRNA database such as SILVA (Quast et al.,

(based on the number of citations) are QIIME (Caporaso et al., 2010b)

2013). Sequences that fall out of the alignment window are

and mothur (Schloss et al., 2009), but other useful software, such as

discarded. We recommend NAST based aligners (Schloss,

the Joint Genome Institute’s PyroTagger (Kunin and Hugenholtz,

2009; Caporaso et al., 2010a) as they create high quality

2010), also exist. QIIME and mothur, with a couple of exceptions that
we note below, have all of the following analyses available in their

alignments when used with the SILVA database.
3. Check for chimeric sequences. As long as microbial

respective pipelines, and both pipelines are freely available. Both of

community analyses continue to rely on PCR methods,

these packages take NGS files as input and additionally take user-defined

chimeric sequences will remain a problem for which to

files (mapping files in QIIME or oligonucleotide files in mothur) that

monitor. Chimeras occur when sequences from two separate

contain:

templates are combined during the reaction, and chimeras

1. primer sequences.

thereby artificially inflate diversity estimates. Several chimera

2. sample names.

checkers have been developed (e.g. Edgar et al., 2011; Haas

3. barcode sequences specific to each sample.

et al., 2011), and although some chimeras will remain

4. optional metadata for QIIME mapping file.

undetectable, the rate can be greatly reduced with these
tools. As honey bee gut symbionts are still not well represented

These files allow the multiplexed reads to be assigned to the

in the curated reference databases, we currently recommend

sample from which they came and allow for alpha and beta diversity

using UCHIME in de novo mode, which does not require a

analyses downstream in the pipeline. Some popular analyses, such as

reference database (Edgar et al., 2011).

UniFrac (Lozupone and Knight, 2005; Hamady et al., 2009), are newer
methods designed to explicitly deal with 16S amplicon community

2.2.2. Identifying operational taxonomic units (OTUs)

surveys, while other commonly used analyses have a long history of

The next step is to cluster sequences into OTUs. No single sequence

use in community ecology.

identity threshold exists for matching bacterial species, as defined by
phenotype (Schloss and Westcott, 2011). Therefore, the standard

2.2.1. Quality filtering

practice is to use ≥ 97% sequence identity to cluster sequences into

Quality control of NGS data will coevolve with sequencing technology.

OTUs. Several programs are available to cluster sequences into OTUs

Currently, the following steps are recommended:

including PyroTagger (Kunin and Hugenholtz, 2010), CD-HIT (Huang

1. Check for sequence errors. Quality filtering steps are
conducted in any of the above pipelines and begin with the
analysis of raw sequence to remove sequences with:
a. low quality scores (sequences with average quality scores
less than 25),
b. short length (sequences less than 50% of the expected

et al., 2010), UCLUST (Edgar, 2010), and mothur (Schloss and
Westcott, 2011).
Undetected chimeras can persist as spurious OTUs, and because
the chimera rate and sequencing errors are compounded with sequencing
depth in NGS, it is important to randomly subsample each community
using a standardized number of sequences (Schloss et al., 2011). We

sequence length, e.g. for 454 titanium data we

recommend subsampling a minimum of 1000 sequences, or the highest

recommend removing reads < 200 bases),

number that will avoid discarding too many samples. Additionally, many

c. ambiguous base calls (for 454 data, reads with ambiguous studies exclude rare and/or singleton OTUs from further analysis. One
base calls are correlated with other errors and should be

approach is to analyse the data twice, once with singleton OTUs included

discarded (Huse et al., 2007), for other platforms,

and then again with them excluded, and report the results of both

sequences can be trimmed at the first ambiguous base

analyses in publication supplemental files (e.g. Martinson et al., 2012).
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2.2.3. Taxonomic assignment of OTUs

where Sest is the estimated number of species, Sobs is the

The most commonly used software programs for taxonomic assignment

observed number of species, f1 is the number of singleton

of OTUs are the Ribosomal Database Project’s Naïve Bayesian

taxa (taxa represented by a single read in that community),

Classifier (NBC, (Wang et al., 2007)) and the Basic Local Alignment

and f2 is the number of doubleton taxa. If a sample contains

Search Tool (BLAST, (Altschul et al., 1990)). The database against

many singletons, it is likely that more undetected OTUs exist,

which sequences are compared, however, appears to be more important

and the Chao 1 index will estimate greater species richness

than the tool used to assign sequences to taxonomy (Newton and

than it would for a sample without rare OTUs. Besides the

Roeselers, 2012; Sabree et al., 2012). For example, many of the 16S

Chao1 estimator, mothur includes several other species

rRNA gene sequences from uncultured and undescribed honey bee

richness estimators and a wrapped version of CatchAll, which

gut symbionts have not been incorporated into highly curated databases

calculates 12 different estimators and proposes a best

such as SILVA and greengenes, and use of these databases may

estimate of species richness (Bunge et al., 2012). QIIME also

result in inconsistent assignment of A. mellifera gut symbionts

includes the Chao1 estimator along with several other species

(Newton and Roeselers, 2012). NBC classifications using custom

richness estimators.

training sets that explicitly include representatives of A. mellifera gut

2. Rarefaction curves are used to determine whether sampling

symbionts will obviate such inconsistencies (Newton and Roeselers,

depth was sufficient to accurately characterize the bacterial

2012) as will searches against the complete nucleotide collection at

community being studied. To build rarefaction curves, each

NCBI (Sabree et al., 2012). Two of the A. mellifera core gut symbionts,

community is randomly subsampled without replacement at

Gillamella apicola and Snodgrasella alvi, have recently been cultured

different intervals, and the average number of OTUs at each

and formally described (Kwong and Moran, 2013), and are presently

interval is plotted against the size of the subsample (Gotelli

represented in the greengenes, SILVA, and ribosomal database

and Colwell, 2001). The point at which the number of OTUs

project alignments. As formal description of the A. mellifera microbiota

does not increase with further sampling is the point at which

expands, the highly curated alignments will more accurately classify

enough samples have been taken to accurately characterize

these sequences. Searches against NCBI’s nucleotide collection,

the community. Mothur and QIIME will both calculate

however, will continue to provide insight into uncultured sequences

rarefaction for observed and estimated species richness.

that may be closely related to the query sequence and are recommended.

QIIME will additionally create graphs of rarefaction curves,
while mothur outputs results that can be imported into

2.2.4. Alpha diversity
Estimators of within-community (alpha) diversity have been proposed

graphing software.
3. Community diversity indices combine species richness and

and refined for decades (Whittaker, 1972; Magurran, 2004). For NGS

abundance into a single value of evenness. Communities that

surveys of bacterial symbionts, three measurements of alpha diversity

are numerically dominated by one or a few species exhibit low

are commonly used: rarefaction curves, species richness estimators

evenness while communities where abundance is distributed

(often in conjunction with rarefaction curves), and community

equally amongst species exhibit high evenness (Gotelli, 2008).

diversity indices. Bee-associated bacterial surveys commonly report all

Two of the most widely used indices are the Shannon (or

three measures, but it should be noted that the abundance of 16S

Shannon-Wiener) index (Shannon, 1948) and Simpson’s index

amplicon sequences can be a poor predictor of relative bacterial

(Simpson, 1949). A recommended index that is not sensitive

abundances (Amend et al., 2010). Estimates of within and between

to sample size is the Probability of an Interspecific Encounter

community diversity that rely on 16S amplicon sequence abundance

(PIE [Hurlbert, 1971]):

should therefore be interpreted with caution. Recently, a method to
account for 16S gene copy number in estimating bacterial abundance
was developed (Kembel et al., 2012), which may help improve the
accuracy of bacterial diversity measurements based on 16S amplicons.
where N is the sample size, pi is the proportion of the sample
1. Species richness estimators estimate the total number of

that is made up of individuals of species i, and S is the

species present in a community. The Chao 1 index is

number of species in the sample. PIE is bounded between 0

commonly used, and is based upon the number of rare

(a community comprised of a single species), and 1 (a

classes (i.e. OTUs) found in a sample (Chao, 1984):

community comprised of an infinite number of equally
abundant species), but is not currently included in either
mothur or QIIME. Both mothur and QIIME include multiple
community diversity indices.
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2.2.5. Exploratory techniques: beta diversity

dimensions as possible, while achieving stress values of less

The main goal of most bacterial community studies is to compare the

than at least 0.20 and preferably less than 0.10 (Quinn and

composition of different communities (beta diversity). The communities

Keough, 2002). Although currently not implemented in mothur

being compared differ in some trait or treatment, such as which section

or QIIME, analyses such as canonical correspondence analysis

of the gut the samples are from. There are numerous ways to visualize

(CCA) relate environmental variables to ordination patterns

and analyse beta diversity, and a thorough review of multivariate

(Ramette, 2007). CCA can also be used to determine which

techniques that are commonly used by microbial ecologists is presented

OTUs correspond with specific environmental variables.

by Ramette (2007). The beta diversity analyses that have been used

3. Hierarchical community clustering. To visualize community

in studies of bee-associated bacteria fall into two categories: exploratory

relatedness in the same format as a phylogenetic tree, we

techniques and tests of significance. We recommend the following

recommend UPGMA, or the Unweighted Pair Group Method

steps for ordination and hierarchical clustering (exploratory techniques):

with Arithmetic mean (Sokal and Michener 1958). Jackknife

1. Determine the distance/dissimilarity matrix. The goal of

support for the branching patterns in the resulting dendrogram

ordination and clustering is to visually compare community

can be calculated in QIIME (Kuczynski et al., 2011), providing

composition. Both approaches utilize community distance

an estimate of confidence in the clustering patterns.

matrices as input, and these matrices are commonly
computed using two methods.

2.2.6. Testing for significant differences in communities

a. Bray-Curtis dissimilarity (Bray and Curtis, 1957):

Several analyses have been used to test for differences in microbial
community composition (Schloss, 2008). It is likely, however, that
new methods specifically developed for analysis of deeply sequenced
microbial communities will complement or even replace the existing

where w is the sum of the of the lesser scores for only

methods.

those species which are present in both communities, a is

1. Non-parametric MANOVA (NPMANOVA, (Anderson, 2001),

the sum of the measures of taxa in one community and b

also called Adonis in the vegan R package and QIIME) is a

is the sum of the measures of taxa in the other

non-parametric analyses of variance that has been used to

community. When proportional abundance is used, a and

test for differences in microbial community composition. In

b equal 1 and the index collapses to 1-w.

NPMANOVA and the following analyses the response variable

b. UniFrac distances (Lozupone and Knight, 2005). UniFrac

is the dissimilarity or distance matrix calculated above and the

distances are based on branches in a phylogenetic tree

independent variable is the group of samples being tested,

that are either shared or unique amongst samples.

(e.g. samples grouped by different regions of the bee gut or

UniFrac distance matrices therefore depend on the quality

by an experimental treatment). Multiple response permutation

of the input tree, which can be problematic for short NGS

procedure (MRPP) is a related test for differences between

data (Ochman et al., 2010). Given that caveat, UniFrac

communities. NPMANOVA (Adonis) and MRPP are available in

distances are commonly used, and can be calculated in

QIIME and require:

QIIME given an OTU table that lists the abundance of

a. a distance or dissimilarity matrix.

each OTU in a sample and a phylogenetic tree.

b. a mapping file.

2. Evaluate ordination patterns. The Bray-Curtis dissimilarity
matrix or UniFrac distance matrix is used as input for ordination
and clustering analyses. The two most common methods for

c. a categories list that details the category in the mapping
file that will be tested (i.e. the independent variable).
2. AMOVA (Excoffier et al., 1992) is another non-parametric

ordination of NGS bacterial community data are principal

analyses of variance that is available in mothur and tests

coordinates (PCoA) and nonmetric multidimensional scaling

whether the variation in each sample differs from the variation

(NMDS). NMDS is recommended, as NMDS is non-parametric,

of the pooled samples. To run AMOVA mothur requires:

free of assumptions, and can reduce the data into fewer axes

a. a distance or dissimilarity matrix.

than PCoA (Quinn and Keough, 2002; Ramette, 2007). The

b. a design file that lists the sample name and corresponding

number of axes for the NMDS ordination is determined beforehand,

group (i.e. the independent variable).

and will likely be a tradeoff between interpretability and

Although these tests are non-parametric, false positive results may be

goodness of fit (Quinn and Keough, 2002). When Kruskal’s

problematic and results should be interpreted with caution.

stress formula is used, it is recommended to use as few

Engel et al.
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3. Fluorescent in situ hybridization

3.1. Designing Probes

(FISH) for image analysis of

3.1.1. Probe sequence

specific microorganisms in the

same as those for oligonucleotide primers used in conventional PCR,

digestive tract

Requirements for oligonucleotide probes used in FISH are partially the
and as such, general primer design software and web-based services
can be used as a starting point for designing probes (e.g. Primer 3

FISH with fluorescently labelled oligonucleotides targeting bacterial

(Rozen and Skaletsky, 2000), SILVA (Quast et al., 2013) and

rRNAs can be a very powerful tool for detecting specific bacteria in

probeBase (Loy et al., 2007)). The probeBase database represents a

various environmental samples such as active sludge, stool, clinical

good resource to analyse potential probe sequences (http://

specimens, animal tissues and so on (Wagner et al. 2003, Amann and

www.microbialecology.net/probebase/default.asp). At this web site,

Fuchs 2008). In this chapter, we describe a basic FISH protocol

one can also find published oligonucleotides that have been shown to

suitable for the detection of specific bacteria in the honey bee gut

work in a given target bacterium.

(Fig. 2) and probably also applicable for other insect samples. We

Probes should be designed using the following guidelines:

provide useful tips and mention important points to be considered

1. 15-25 bases in length

when performing these experiments.

2. 50-70% GC content
3. 50-60˚C Tm
4. Specificity of a FISH probe is increased by including unique
bases to a given target bacterium (or bacterial group) either
in the middle part of the primer or evenly distributed over the
entire sequence.
5. Choose a suitable region of the 16S rRNA molecule to target
for hybridization. The brightness of a FISH signal is largely
affected by the accessibility of a given region for probe
hybridization (Fuchs et al., 1998; Behrens et al., 2003, Yilmaz

et al. 2006). This factor was experimentally examined for a
few bacterial species. Because secondary structures of rRNAs
can slightly differ between bacterial species, regions known to
result in good hybridization efficiency in these bacterial
species might not be the most suitable ones in another target
bacterium.
6. Examine the specificity of a designed probe by conducting
diagnostic PCR using an unlabelled oligonucleotide with the
same sequence as the probe and a universal forward primer
for the bacterial 16S rRNA gene such as 16SA1
(5’-AGAGTTTGATCMTGGCTCAG-3’) or 16SA2
(5’-GTGCCAGCAGCCGCGGTAATAC-3’).
7. The unlabelled oligonucleotide is also useful for competitive
suppression control experiments, which are later described in
this chapter. You will need at least 500 µM of the unlabelled
oligonucleotide.
3.1.2. Selecting fluorochromes

Fig. 2. Flowchart of the steps involved in fluorescent in situ hybridization Recently, various types of fluorochromes have become available which
(FISH) of the honey bee gut using paraffin embedded sectioning.

emit fluorescent light at different wavelengths. This allows the
simultaneous detection of distinct bacteria using specific probes
labelled with different fluorochromes. A high-performance laser
scanning microscope (LSM) in combination with multiple types of
probes dually-labelled with such fluorochromes increases the number

The COLOSS BEEBOOK: gut symbionts

11

of bacteria that can be detected simultaneously (Valm et al., 2011).

However, insects are often collected in the field, and thus they cannot

However, most of epifluorescence microscopes used routinely in

immediately be processed. If the insects must be preserved before

conventional laboratories may be equipped with only a few fluorescence FISH experiments can be performed, acetone and ethanol can be
filters. This limits the number of fluorochromes that can be detected

used as preservatives. Acetone is an amphiphilic organic solvent that

unambiguously. Moreover, because insect tissues generally have

deprives water from fresh tissue samples very quickly. This property

stronger autofluorescence in shorter (blue to green) wavelengths,

makes acetone an excellent preservative agent for insects with cuticle

signals of fluorochromes emitting fluorescence in this wavelength

exoskeletons that prevent efficient penetration of many aqueous

range tend to be obscured by the autofluorescence of the insect

fixative agents (Fukatsu, 1999). However, acetone is not always the

tissue (Fukatsu et al., 1998; Koga et al., 2009). Accordingly, only

best choice for FISH experiments, especially in case of bee gut

fluorochromes emitting longer wavelength light are generally suitable

specimens. The major flaw of acetone is that tissues soaked in it

as reporter dyes of FISH probes for insect materials (Table 1).

become brittle. This makes the dissection of an intact gut from whole

Green fluorochromes are sometimes allocated for counter

body preservations in acetone extremely challenging. Hence, absolute

staining, especially when using LSM, because these microscopes are

ethanol is recommended if entire insects need to be preserved for

typically not equipped with a laser generator to detect blue

later dissection. However, if the desired tissue can be dissected prior

fluorescence dyes such as DAPI. Different companies offer a broad
variety of fluorochromes for oligonucleotide labelling. Alexa Fluor

®

to preservation then acetone is the primary choice.
Use excessive amounts of preservative agent. The total volume of

dyes seem to outperform traditional fluorochromes, such as FITC,

insect tissue should be roughly 10% of the preservative volume.

TRITC or Cy™ Dyes, in fluorescence intensity and photo stability.

These preservatives are highly volatile and their volume can decline

However, these patented dyes are relatively expensive, and for most

fairly quickly over time. Thus, be sure to check the volume periodically

applications, other dyes will be sufficient to generate good results.

in preserved specimens.

Table 1. Fluorochromes suitable for experiments in Apis mellifera.

3.3. Fixation, paraffin embedding, sectioning and mounting

1

In histological analyses, paraffin sectioning is one of the most widely

If autofluorescence is low in tissues.

Use

Counter staining DNA

Recommended

Emission

Fluorochromes

colour

DAPI

Blue

Hoechst33342

Blue

®

SYTOX Green
®

Labeling oligonucleotide
probes

(1974) or Presnell et al. (1997)). One can refer to these protocols to
learn the principles and details of different techniques. Here, we
describe the conditions useful for preparing paraffin sections of the
honey bee gut.

Green

Alexa Fluor 555

Orange

Alexa Fluor® 647

Far-red

CyTM3

Orange

TM

used techniques, and many good protocols are available (e.g. Barbosa

Cy 5

Far-red

TM

TYE 563

Orange

TYETM665

Far-red

Alexa Fluor® 4881

Green

3.3.1. Fixing honey bee gut samples from fresh bees
1. Dissect the gut from the bee in PBS (0.8% NaCl [w/v], 0.02%
KCl [w/v], 0.115% Na2HPO4 [w/v], 0.02% KH2PO4 [w/v], pH
7.5) or Insect Ringer’s solution.
2. Freshly prepare formaldehyde fixative mixing 9 vol. of PBS
and 1 vol. of 40% formaldehyde solution (i.e. 4%
formaldehyde in PBS). It would be better to use more than 10
volumes of the fixative to that of a specimen.
3. Fix the tissue by soaking the gut samples in the freshly
prepared formaldehyde fixative, overnight at 4˚C.
4. After fixation, wash the tissue in PBS at least three times for

3.2. Preserving insect materials for FISH
Specimen quality can substantially influence the success of FISH
experiments. Immediately processed fresh insect specimens represent

10 min at room temperature.
5. Follow with at least three washes in 75% ethanol for 30 min
at room temperature.

the optimal material. The tissue should be dissected (see Carreck et al.,

6. Transfer the gut samples to absolute ethanol for storage until

2013) in an isotonic solution, such as phosphate buffered saline (PBS)

used. You can keep the samples in absolute ethanol at least a

or Insect Ringer’s solution, before being fixed, as this will facilitate the

week, and perhaps longer.

infiltration of reagents into tissue later. Dissection prior to fixation also
aids in orienting the specimen for later sectioning.
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3.3.2. Fixing honey bee gut samples from preserved bees
1. If the honey bees have been preserved in absolute ethanol or
acetone, the tissue has to be softened before dissection.
Achieve this by soaking and dissecting the specimen in
aqueous alcohol (usually 70-80% ethanol), then wash the gut
sample once more with absolute ethanol just prior to fixation.
(See 3.3.1 for working with fresh samples.)
2. Fix the samples by soaking them in Carnoy’s fixative (ethanol:

replacement of water with ethanol in the tissue.
2. Clear dehydrated tissues by soaking in absolute xylene for 20 min
at room temperature; repeat twice more for a total of 3 washes.
3. Infiltrate paraffin into the tissues by applying liquid paraffin at
65-70˚C, 3 times for 1 hr.
4. Put the tissues in melted paraffin in a desired orientation and
‘snap cool’ it in ice-cold water. Do this in a mould (plastic or
metal), which has been pre-warmed to the same temperature

chloroform:acetic acid = 6: 3: 1 [v/v]) at room temperature,

as the paraffin. Use a Pasteur pipette (also pre-warmed) to

overnight. Tissues can be exposed to Carnoy’s fixative for

pipette melted paraffin into the mould. Add the specimen into

longer time periods if autofluorescence from tissue needs to

the mould filled with paraffin, then ‘snap-cool’ it immediately

be reduced further. However, this is not typically necessary

in the ice-cold water. After leaving it for 5 min in the ice-cold

for honey bee gut tissues.

water, the paraffin should have hardened and the block

3. Then wash with absolute ethanol at least three times for 20

including the embedded tissue can be removed from the mould.

min at room temperature.
Determine the direction of your sectioning (cross or sagital)
3.3.3. Bleaching samples to reduce autofluorescence in the

before embedding it in the paraffin block, and then remember the

gut tissues

orientation of the sample. Once embedded, the tissue is difficult to

Autofluorescence can be reduced in tissues using hydrogen peroxide

see in solid paraffin. Thus, the orientation of the tissue should be

(H2O2) (Koga et al., 2009), as described here. However,

noted down for proper orientation of the block when preparing

autofluorescence is not very strong in honey bee gut tissue and H2O2

sectioning later.

treatments produce oxygen bubbles in the lumen causing insufficient
penetration of the paraffin. Thus, bleaching with H2O2 is not

3.3.5. Sectioning and mounting

recommended unless autofluorescence is problematic in your tissues

Use the following procedure to section paraffin-embedded tissues with

for some reason.

a microtome. The resulting sections should then be mounted onto

1. Prepare a solution of H2O2-ethanol using 1 volume of 30%
H2O2 and 4 volume of absolute ethanol.
2. Soak the gut samples in the H2O2-ethanol for several days to
several weeks, changing the solution every two to three days.
During soaking, the colour of the tissue should become
lighter.
3. Wash with absolute ethanol at least three times for 20 min at
room temperature.
4. The specimen can be kept at -20˚C until use.

glass slides. In general, cutting tissue sections needs training and
practice. Therefore, we recommend consulting a person who is
experienced in histological techniques when using a microtome the
first time.
1. Remove (trim) excess parts of the paraffin block containing
the tissue to a few millimetres around the tissue. Use a scalpel
for trimming.
2. Fix the trimmed paraffin block onto the specimen holder of
the microtome for preparing tissue sections. The procedure of
fixing the paraffin block depends on the model of the

3.3.4. Dehydration, clearing, paraffin infiltration and
embedding
Complete replacement of water in tissues with paraffin is crucial for

microtome. Please refer to the manual of the microtome.
3. Trim the paraffin block on the specimen holder again to make
the upper and lower sides of the block parallel to each other.

obtaining high-quality sections. Firstly, water is replaced with an

4. Mount the specimen holder onto the microtome.

amphiphilic solvent (e.g. ethanol). Then, this solvent will be replaced

5. Cut the paraffin block into 5 µm thick sections. You can adjust

with a hydrophobic solvent (e.g. xylene). Finally, the hydrophobic

the thickness of the sections to your purpose and type of

solvent is replaced with paraffin. Longer exposure to each of the

tissue. For example, you may have to use thicker sections

different reagents will ensure complete replacement, but may also

when preparing hindgut tissue that is filled with solid waste,

adversely affect the tissues. Therefore, it is important to optimize

such as pollen shells.

conditions, such as the exposure time for each solvent, depending on

6. Mount the sections on a commercially available glass slide

the type of specimen. Here, we describe conditions for paraffin

coated with aminosilane (APS) or equivalent. Place each

embedding of the midgut and hindgut of the honey bee.

section on a separate slide. It is important to have several

1. Dehydrate the gut tissues by soaking in absolute ethanol for 1 hr
at room temperature, repeat twice or more to ensure the

slides with the same tissue sample section, so that different
stains can be used and controls can be included.
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2. Competitive suppression control. Conduct hybridization with an

The protocol for conducting the hybridization is essentially the same

excess amount (usually 50x) of an unlabelled oligonucleotide

as described by Fukatsu et al. (1998) and Koga et al. (2009). Its use

using the same sequence as a fluorescent probe to observe

in honey bee research is discussed further in Evans et al. (2013).

sequence-specific, competitive suppression of the hybridization
signals.

3.4.1. Hybridization procedures
1. Freshly prepare a hybridization buffer containing the probe(s)

3. RNase A control. Prior to hybridization, treat the tissue sections
with 10 µg/mL of RNase A in PBSTx at 37˚C for 30 min. Wash

(20 mM Tris-HCl [pH 8.0], 0.9M NaCl, 0.01% sodium dodecyl

the section with PBSTx and then conduct hybridization as

sulphate, 30% formamide, 100 pmol/ml each of the probes,

usual. The purpose of this control is to verify that the probe

10 µg/ml DAPI or equivalents). Prepare 150 µl of this solution

specifically binds to RNA molecules.

per slide.
2. Remove paraffin from the sections using absolute xylene

3.4.3. Combining probes

(soak for 3 min., and repeat this 3 times), followed by

Probes that do not overlap in their emission wavelengths can be

absolute ethanol (soak for 3 min, twice), then rinse with

combined in the same sample to detect different bacteria

RNase-free water.

simultaneously (Fig. 3). Combining a universal eubacterial probe with

3. Apply 150 µl of the hybridization buffer onto the sections and
cover with a coverslip, taking care not to trap air bubbles.

a more specific probe is also useful to detect the presence of
additional bacteria not identifiable with a specific probe.

4. Put the glass slides in a humidified chamber and leave at
room temperature, overnight, in the dark.
5. The next day, carefully remove the coverslip by applying
freshly prepared PBSTx (0.8% NaCl [w/v], 0.02% KCl [w/v],
0.115% Na2HPO4 [w/v], 0.02% KH2PO4 [w/v], 0.3% Triton X100 [v/v]) between the glass slide and coverslip using a wash
bottle.
6. Wash the slides with PBSTx with gentle agitation (~50 rounds
per minute) in the dark, 3 times for 10 min at room
temperature. You can use conventional staining trays or
containers.
7. Apply 100 µl of a commercially available antifade solution such
as SlowFade (Invitrogen) or DABCO-glycerol (prepared by
mixing 1.25 g of 1,4-Diazabicyclo[2.2.2]octane [DABCO],

Fig. 3. Micrograph using fluorescent in situ hybridization (FISH) of

10 mL of PBS and 90 mL of glycerol) directly onto the

Snodgrassella alvi (green) and Firm-5 (blue) in an oblique section of

specimen and cover the slide with a coverslip; avoid trapping

the honey bee ileum. The fluorescent tags used here were linked to

air bubbles.

probes hybridizing with 16S rRNA specific to these bacterial types. In

8. Seal all sides of the coverslip with clear fingernail polish.

addition, a DNA stain (white) was used to stain the honey bee nuclei.

9. The samples are now ready for microscopy and should be

Image prepared by W Kwong.

immediately analysed. These slides cannot be stored, because
the rRNA probes and fluorochromes are unstable, especially
when exposed to light.

3.4.4. Image acquisition and adjustments
FISH signals can be detected by using an epifluorescence microscope

3.4.2. FISH controls

using standard fluorescence microscopy procedure for your

Control experiments are necessary to validate the specificity of the

instrument. Here is some basic information that might be helpful for

probes and to discriminate between the fluorescent signals of probes

beginners.

and autofluorescence of insect tissues. All three of the following

1. Frequently, each channel (i.e. each signal from a given probe

control experiments should be conducted, because they are crucial for

or DNA counter-stain) is acquired as a black & white image.

verifying any FISH results obtained.

Each of these images will later be coloured with a specific

1. No probe control. Conduct hybridization without the

colour (arbitrarily chosen) and merged, resulting in a single

fluorescent probe(s) to examine the levels of autofluorescence

pseudo-coloured image. Therefore, the actual fluorescent

from the tissues.

colour seen can differ from that in the final images.
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2. The probe will dissociate from the target RNA molecules over
time in the mounting media. Thus, after mounting in antifade

dominant groups. All bacteria described here can be cultured by
plating homogenized guts (aseptically removed from the bee using

medium, observation should be conducted as soon as possible. methods described in Section 2.1.1.) onto a suitable medium (often a
3. Minimize exposure of your slides to the excitation light to

standard nutrient-enriched agar that can be purchased from

prevent photobleaching of fluorochromes (i.e. reduction of

commercial suppliers). The plates are then incubated for several days,

signal intensity).

typically at 35-37°C, to allow growth of bacterial colonies.

4. Irradiation at higher magnification causes localized

Most of the bacteria associated with honey bee guts require a

photobleaching. This photobleached region will be observed

low-O2 atmosphere for optimal growth. To supply these conditions,

as a dark spot in a lower-magnified image. Therefore, images

plates may be incubated in dedicated CO2 incubators or sealed in

should be acquired from lower to higher magnifications.

pouches or jars with CO2-generating packets. Bacteria that require
anaerobic conditions can be grown in dedicated anaerobic chambers

3.5. Concluding remarks about FISH

by displacing air with nitrogen gas, or in sealed pouches or jars with

Preparing fine paraffin sections is the key to a successful FISH

the appropriate packets for generating anaerobic atmospheres.

experiment. However, this step requires technical proficiency and

Packets for both CO2 and anaerobic atmospheres are available from

practice. Therefore, whole-mount FISH (wFISH) (Koga et al., 2009)

commercial suppliers such as BD Biosciences’s GasPak system

might be an attractive alternative. This technique does not require

(Franklin Lakes, NJ, USA) and Oxoid’s CO2Gen and AneroGen

tissue sectioning, but a laser-scanning microscope is essential for

(Basingstoke, Hampshire, UK). Identification of bacterial isolates

analysis. In addition, wFISH has several other limitations, such as

should be carried out by DNA sequencing (as described in section

poor performance on large and thick specimens and vulnerability to

2.1.2. and 2.1.3.) rather than by phenotypic observations, as traits

autofluorescence. A combination of both FISH techniques would be

such as colony morphology and biochemical activities may be

optimal to obtain a comprehensive picture of the structural

heterogeneous among members of the same species.

organization of microbial communities in the gut environment of bees
and other insects.

A word of caution, culturing methods will always lead to bias in
what is recovered, and this bias is affected by the culture conditions
you select. What is presented here is a general guide to methods that
have successfully cultured some members of each dominant group,

4. Culture conditions for the dominant
members of the bee gut microbiota

but it is important to recognize that these techniques may not always
capture the full strain diversity within each group.

Culture-independent studies show that the gut microbiota of the

4.1. Genus Snodgrassella

honey bee is dominated by only 8 or so groups of bacteria (Martinson

4.1.1. Optimal growth conditions

et al., 2011; Ahn et al., 2012; Moran et al., 2012). Given the difficulty

1. Atmosphere of 5% CO2

of drawing delineations between species when it comes to bacteria,

2. Temperature of 35-37°C

each “group” may actually represent one or more species. Nonetheless,

3. Culture media: trypticase soy agar, trypticase soy agar + 5%

these groups are valid in that they comprise distinct phylogenetic

defibrinated sheep blood, heart infusion agar, brain heart

clades, and the bacteria within each clade are found in association

infusion agar, and LB agar; grows weakly in trypticase soy

with bees and not with other animals or environmental sources

broth (Kwong and Moran, 2013).

(Martinson et al., 2011; Ahn et al., 2012; McFrederick et al., 2012).
Bacteria from each of these groups can be cultured on standard

4.1.2. Microbe characteristics

microbiological media if supplied with the correct growth conditions.

Colonies smooth, white, round, ~1mm diameter, and form within 2

Recent culture-based studies have begun to support the findings of

days (Fig. 4). Cells are Gram negative, rod-shaped, and non-motile.

culture-independent surveys, giving due recognition to the dominant

Snodgrassella can use citric acid or malic acid as the main carbon

members of the microbiota (Olofsson and Vásquez, 2008; Engel et al., source; are positive for catalase and nitrate reductase activity,
2012; Tian et al., 2012; Vásquez et al., 2012; Kwong and Moran,
2013). By combining the low-bias culture-independent analysis of
bacterial communities and the powerful molecular tools available in

negative for oxidase.
The sole species described for this genus is Snodgrassella alvi, a
member of the family Neisseriaceae and class Betaproteobacteria

culture-based approaches, a rigorous study of the microbial associates (Martinson et al., 2012; Kwong and Moran, 2013). In early publications
of bees can be realized.

(Babendreier et al., 2007; Martinson et al., 2011; Moran et al., 2012),

The following is a brief overview of the current state of knowledge S. alvi is referred to as the “Beta” or “Betaproteobacteria”.
regarding the cultivation of the bee gut microbiota for each of the

Snodgrassella alvi strains have been isolated from honey bees and
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bumble bees, and the type strain is S. alvi wkB2T (Kwong and Moran,

The species strain described for this group is Frischella perrara

2013). The type strain can be procured from bacterial culture collections (Strain PEB0191), a member of the family Orbaceae and class
(accession BAA-2449T at the American Type Culture Collection in

Gammaproteobacteria. Although in the same family as Gilliamella, its

Manassas, VA, USA [ATTC] or 14803T at the National Collection of

closest relatives are in the Orbus genus. Frischella perrara was

Industrial, Food, and Marine Bacteria in Aberdeen, UK [NCIMB]).

referred to as “Gamma-2” or “Gammaproteobacteria 2” (Babendreier

Snodgrassella has been estimated to comprise 0.6-39% of bacteria in

et al., 2007; Martinson et al., 2011; Moran et al., 2012), and has

the guts of individual workers (Moran et al., 2012).

recently been formally named (Engel et al., 2013). Frischella has been
isolated from A. mellifera but has not been detected in bumble bees

4.2. Genus Gilliamella

(Koch and Schmid-Hempel, 2011). The type strain is PEB0191T and

4.2.1. Optimal growth conditions

can be procured from bacterial culture collections (accession BAA2450T at ATCC, or 14821T at NCIMB). Frischella is present in most

1. Atmosphere of 5% CO2
°

2. Temperature of 35-37 C

adult workers and has been estimated to comprise up to 13% of the
gut bacteria (Moran et al., 2012).

3. Culture media: trypticase soy agar or broth, trypticase soy
agar + 5% defibrinated sheep blood, heart infusion agar, and

4.4. Genus Lactobacillus

LB agar (Kwong and Moran, 2013).

4.4.1. Optimal growth conditions
4.2.2. Gilliamella characteristics

1. Atmosphere can be aerobic or anaerobic

Smooth, white, round colonies ~2.5mm diameter that form within 2

2. Temperature of 35-37°C

days incubation; however, colony morphology can vary between

3. Culture media: tryptone soy broth agar (Oxoid; Basingstoke,

strains (Fig. 4). Cells are Gram negative, rod-shaped, non-motile, and

Hampshire, UK), tomato juice agar (Oxoid; Basingstoke,

may form filament chains. Gilliamella is negative for catalase, nitrate

Hampshire, UK), Rogosa agar (Merck), and MRS (de Man-

reductase, and oxidase (Kwong and Moran, 2013).

Rogosa-Sharpe) agar (Oxoid; Basingstoke, Hampshire, UK),

The sole species described for this genus is Gilliamella apicola, a

Lactobacillus Carrying Media (Efthymiou and Hansen, 1962)

member of the family Orbaceae and class Gammaproteobacteria

and MRS broth supplemented with 0.5% L-cysteine or 20%

(Martinson et al., 2012; Kwong and Moran, 2013). In early

fructose (Olofsson & Vásquez, 2008; Forsgren et al. 2010).

publications (Babendreier et al., 2007; Martinson et al., 2011; Moran

et al., 2012), G. apicola is referred to as the “Gamma-1” or

4.4.2. Lactobacillus characteristics

“Gammaproteobacteria-1”. G. apicola strains have been isolated from
honey bees and bumble bees, and the type strain is G. apicola wkB1

T

(Kwong and Moran, 2013). The type strain can be procured from
T

Cells of the Lactobacillus genus can vary from long and slender rods
to short coccobacilli rods (Hammes and Hertel, 2009). Colony
morphologies also vary, but are typically convex, smooth, and opaque

T

bacterial culture collections (accession BAA-2448 at ATCC, or 14804

without pigment (Hammes and Hertel, 2009). The bee-associated

at NCIMB). Gilliamella has been estimated to comprise 0.6-30% of

Lactobacillus are negative for catalase and sporulation, positively

bacteria in the guts of individual workers (Moran et al., 2012).

Gram-staining, and produce lactic acid by homofermentation
(Olofsson and Vásquez, 2008). The Lactobacillus kunkeei clade is

4.3. Genus Frischella

fructophilic, preferentially utilizing fructose over glucose as the carbon

4.3.1. Optimal growth conditions

source (Neveling et al., 2012).

1. Atmosphere of 5% CO2, or anaerobic

Lactobacillus species are ubiquitous in nature and are commonly

2. Temperature of 35-37°C

found in association with many animals, plants, and foodstuffs.

3. Culture media: trypticase soy agar + 5% defibrinated sheep

Lactobacilli are widely considered probiotic, meaning their presence is

blood, heart infusion agar, brain heart infusion agar, and

beneficial to the health of the host organism (Kleerebezem and

trypticase soy broth (Engel et al., 2013).

Vaughan, 2009). The bee-associated Lactobacillus fall into two main
clades, “Firm-4” and “Firm-5” (Babriendier et al., 2007; Martinson et

4.3.2. Frischella characteristics

al., 2011; Moran et al., 2012). These clades are only distantly related

Frischella are facultative anaerobic, but will not grow in fully aerobic

to other Lactobacillus, with 16S rRNA identities ~90% (Olofsson and

conditions (Engel et al., 2013). These bacteria produce smooth,

Vásquez, 2008; Vásquez et al., 2012), and thus may eventually be

round, flat, semi-transparent colonies of ~1mm diameter in about 3

classified as novel species.

days (Fig. 4). Cells are rod-shaped and may form filaments or chains.

Another species, L. kunkeei, may be the most frequently

Frischella can obtain carbon through fermentation of glucose,

recovered member of Lactobacillus in culturing experiments (Tajabadi

fructose, and mannose. They are positive for catalase and negative

et al., 2011; Vásquez et al., 2012; Neveling et al., 2012). However,

for nitrate reductase and oxidase.

culture-independent studies show “Firm-4” and “Firm-5” are the

Engel et al.
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dominant bee gut lactobacilli, not L. kunkeei (Moran et al., 2012;

growth (Fig. 4; PE, unpublished). The Alpha-1 group belongs to the

Ahn et al., 2012). L. kunkeei has also been found on flowers (Neveling class Alphaproteobacteria and is related to several ant-associated

et al., 2012) and wine (Edwards et al., 1998), suggesting they may

bacteria and to Bartonella, a genus that includes opportunistic

have other naturally occurring habitats outside the bee gut

intracellular parasites (Jeyaprakash et al., 2003; Babriendier et al.,

(McFrederick et al., 2012). Lactobacillus is the most abundant group

2007; Martinson et al., 2011). Alpha-1 is typically found at low

in the bee gut and has been estimated to comprise 20-99% of

frequency (< 4 %) in the honey bee gut and are probably not present

bacteria in individual workers (Moran et al., 2012).

in all individuals (Moran et al., 2012).

4.5. Genus Bifidobacterium

4.7. Other bacteria

4.5.1. Optimal growth conditions

Alpha-2.1 and Alpha-2.2 (Martinson et al., 2011) are two other groups

1. Atmosphere that is aerobic or anaerobic

within the Alphaproteobacteria commonly found in the bee gut.

2. Temperature of 37°C

Alpha-2.1 is related to Gluconobacter and Acetobacteraceae, while

3. Culture media: blood agar, peptone-yeast extract-glucose

Alpha-2.2 is related to Saccharibacter floricola, a bacterium associated

broth (Biavati et al., 1982), MRS medium (Olofsson &

with flowers (Martinson et al., 2011). Members of both of these

Vásquez, 2008; Bottacini et al. 2012).

groups have been cultured (Mohr and Tebbe, 2007), although they
remain poorly studied. These two groups are typically found at low

4.5.2. Bifidobacterium characteristics

frequency in the bee gut (< 6%), although they appear to be present

Bifidobacterium are typically anaerobic or microaerophilic; however,

in most individuals (Moran et al., 2012).

members of the bee gut Bifidobacterium have been found to grow

Other bacterial genera may also be recovered from culturing

aerobically (Bottacini et al., 2012). Colonies appear within 2 days and

efforts, such as Pantoea (Loncaric et al., 2009) and Bacillus (Evans

are punctiform, convex, smooth, and greyish-white (Biavati et al.,

and Armstrong, 2006). However, these likely represent transient

1982) (Fig. 4). The bee gut Bifidobacterium are negative for catalase

members of the bee microbiota, as they are not among the dominant

and sporulation, Gram positive, and produce lactic and acetic acid

groups found in culture-independent studies.

(Olofsson and Vásquez, 2008).

4.8. Preservation of bacterial cultures

Like Lactobacilli, Bifidobacteria are common members of animal
gut microbial communities and have been used as probiotics

Cryopreservation is a standard practice for the long-term storage of

(Kleerebezem and Vaughan, 2009). Three species of Bifidobacterium

bacterial cultures. Although a wide range of preservation methods are

specific to honey bees have been described: B. asteroides, B. coryneforme, available, the protocol described here is sufficient for general strain
and B. indicum (Scardovi and Trovatelli, 1969; Biavati et al., 1982;

archival purposes.

Felis and Dellaglio, 2007). Other species have been found in bumble

1. Streak out the strain on a plate and incubate for 1 day or until

bees (Killer et al., 2011). The type strains are available from ATCC:
T

T

it is dense enough to harvest. Liquid media may also be used,
T

B. asteroides 25910 , B. coryneforme 25911 , and B. indicum 25912 .
The genome of B. asteroides strain PRL2011 has been sequenced
(Bottacini et al., 2012). Bifidobacterium is present in most adult
workers and has been estimated to comprise up to 15% of the gut
bacteria (Moran et al., 2012).

if the strain is able to grow in it.
2. Prepare the cryoprotectant: Sterilize a 30% (v/v) glycerol
solution by autoclaving at 121°C for 15-20 min.
3. Harvest the culture and resuspend in 500 µl of suitable liquid
media (ex. for Snodgrassella, use trypticase soy broth).
4. Add the resuspended culture (500 µl) and 30% glycerol (500 µl)

4.6. Alpha-1 bacteria

to a 2 ml microfuge tube and mix thoroughly. Cryotubes

4.6.1. Optimal growth conditions

designed for storage at low temperatures, such as Nunc

1. Atmosphere of 5% CO2

Cryotubes (Sigma-Aldrich; St. Louis, MO, USA), are

2. Temperature of 35-37°C

recommended.

3. Culture media: trypticase soy agar, trypticase soy agar + 5%
defibrinated sheep blood, and heart infusion agar (PE,
unpublished).

5. Store frozen at -80°C.
6. To reactivate frozen bacteria, remove tube from freezer. Do
not thaw; keep tube on ice or dry ice, or work quickly. Scrape
a small amount of frozen culture out of the tube using a

4.6.2. Alpha-1 characteristics

sterile tool (an inoculation loop or toothpick works well), and

This group of bacteria has not been formally described, but in our

streak out on a fresh agar plate. Return tube to -80°C, and

experience they form smooth, round, white colonies after 1 day of

incubate the plate in the optimal conditions for your strain.

The COLOSS BEEBOOK: gut symbionts
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Fig. 4. Examples of dominant gut microbiota isolated from Apis mellifera: a) Snodgrassella alvi wkB2T; b) Gilliamella apicola wkB7 (left) and
G. apicola wkB1T (right); c) Frischella perrara PEB0191T, grown anaerobically; d) Bifidobacterium strain wkB3 (left) and Alpha-1 strain
PEB0122 (right); e) enlargements of 1x1 cm sections for (left to right) S. alvi wkB2T, G. apicola wkB7, G. apicola wkB1T, F. perrara PEB0191T,
and Bifidobacterium wkB3/Alpha-1 PEB0122. Strains grown on heart infusion agar + 5% sheep blood at 37ºC and 5% CO2 for 48 h, or as indicated.
Images by W Kwong and P Engel.

5. Conclusions and outlook

methods are also important, allowing researchers to isolate particular

We have described key methods for studying symbiotic microorganisms bacteria of interest for further study or gene identification, and
in honey bee guts. Non-culture-based approaches in general, and NGS enabling the assignment of particular functions to particular gut
sequencing in particular, have greatly improved our capabilities when

community members. The culture conditions required for bacterial

it comes to identifying the microbial communities associated with

species found in the honey bee gut, as described here, clearly show

honey bees. FISH microscopy provides a means to visually examine

that these gut symbionts tend to require low oxygen conditions, as is

the microenvironments where particular microbes occur. Culturing

the case for many microbes isolated from the intestines of mammals,
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but not always true for insect gut symbionts. Also, the bacterial

AMANN, R; FUCHS, B M (2008) Single-cell identification in microbial

symbionts in the digestive tracts of honey bees require fairly high

communities by improved fluorescence in situ hybridization

culturing temperatures, but temperatures consistent with honey bee

techniques. Nature Reviews Microbiology 6(5): 339–348.

colonies. The techniques described in this chapter focus on bacterial

http://dx.doi.org/10.1038/nrmicro1888

communities, but can easily be adapted for other microbial groups, for AMEND, A S; SEIFERT, K A; BRUNS, T D (2010) Quantifying microbial
the study of pathogens, or to elucidate interactions between

communities with 454 pyrosequencing: does read abundance

potentially beneficial gut microorganisms and pathogens. In addition,

count? Molecular Ecology 19(24): 5555–5565.

many of these methods can readily be used to study the gut

http://dx.doi.org/10.1111/j.1365-294X.2010.04898.x

microbiota of other bee species, allowing for comparative studies
across hosts. We hope the methods we describe will help others
advance the state of knowledge regarding bee gut symbionts, an
intriguing area of research.
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