Journal of Visualized Experiments
Selective cleaning of wild Caenorhabditis nematodes to enrich for intestinal

Article Type:
Manuscript Number:

Full Title:

Corresponding Author:

Corresponding Author's Institution:
Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

Please specify the section of the
submitted manuscript.

Please indicate whether this article will be
Standard Access or Open Access.

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Please confirm that you have read and
agree to the terms and conditions of the
author license agreement that applies
below:

Please provide any comments to the
journal here.

Please confirm that you have read and
agree to the terms and conditions of the
video release that applies below:

microbiome bacteria
--Manuscript Draft--
Invited Methods Article - JoVE Produced Video
JoVEG2937R1

Selective cleaning of wild Caenorhabditis nematodes to enrich for intestinal
microbiome bacteria

Robert Luallen, PhD
San Diego State University
San Diego, CA UNITED STATES

San Diego State University
rluallen@sdsu.edu

Emily Morgan

Jonah Faye Longares
Marie-Anne Felix

Robert Luallen, PhD

Response

Immunology and Infection

Standard Access ($1400)

San Diego, California, USA

| agree to the Author License Agreement

| agree to the Video Release

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation


https://www.jove.com/files/Author_License_Agreement.pdf
https://www.jove.com/files/Video_Release_1-29-21.pdf

Manuscript Click here to access/download;Manuscript;62937_R1_RE.docx 2

1  TITLE:

2  Selective Cleaning of Wild Caenorhabditis Nematodes to Enrich for Intestinal Microbiome

3  Bacteria

4

5 AUTHORS AND AFFILIATIONS:

6 Emily Morgan?, Jonah Faye Longares!, Marie-Anne Félix?, Robert J Luallen*

7

8 !Department of Biology, San Diego State University, San Diego, USA

9  Z|nstitut de Biologie de I’Ecole Normale Supérieure, Paris, France
10
11  Email addresses of the authors:
12  Emily Morgan (emmorgan@sdsu.edu)
13  Jonah Faye Longares (jlongares@sdsu.edu)
14  Marie-Anne Félix (felix@bio.ens.psl.eu)
15  Robert)J. Luallen (rluallen@sdsu.edu)
16
17  *Email address of the corresponding author:
18  Robert ). Luallen (rluallen@sdsu.edu)
19
20  SUMMARY:
21  Wild Caenorhabditis nematodes are associated with many microbes, often in the gut lumen or
22  infecting the intestine. This protocol details a method to enrich unculturable microbes colonizing
23 theintestine, taking advantage of the resistance of the dauer cuticle.
24
25  ABSTRACT:
26  Caenorhabditis elegans (C. elegans) has proven to be an excellent model for studying host-
27  microbe interactions and the microbiome, especially in the context of the intestines. Recently,
28  ecological sampling of wild Caenorhabditis nematodes has discovered a diverse array of
29  microbes, including bacteria, viruses, fungi, and microsporidia. Many of these microbes have
30 interesting colonization or infection phenotypes that warrant further study, but they are often
31  unculturable. This protocol presents a method to enrich the desired intestinal microbes in C.
32  elegans and related nematodes and reduce the presence of the many contaminating microbes
33 adhering to the cuticle. This protocol involves forcing animals into the dauer stage of
34  development and using a series of antibiotic and detergent washes to remove external
35 contamination. As dauer animals have physiological changes that protect nematodes from harsh
36 environmental conditions, any intestinal microbes will be protected from these conditions. But,
37  for enrichment to work, the microbe of interest must be maintained when animals develop into
38 dauers. When the animals leave the dauer stage, they are singly propagated into individual lines.
39  F; populations are then selected for desired microbes or infection phenotypes against visible
40 contamination. These methods will allow researchers to enrich unculturable microbes in the
41  intestinal lumen, which make up part of the natural microbiome of C. elegans and intracellular
42  intestinal pathogens. These microbes can then be studied for colonization or infection
43  phenotypes and their effects on the host fitness.
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INTRODUCTION:

The genetic model organism C. elegans is an excellent in vivo system to study host-microbe
interactions’?. They have relatively simple physiology compared to other animals, yet, much of
their cell biology is fundamentally similar to mammals making them a good model for biological
research®34, Additionally, they are microscopic, easy to maintain, and remain transparent
throughout their short lifespan. These properties enable rapid studies into the mechanisms
governing host-microbe interactions and visualization of in vivo infection and colonization of the
genetically pliable hosts>®. Finally, C. elegans rapidly responds to bacterial, fungal, and viral
infections, making them an excellent model to study host-microbe interactions and the gut
microbiome’=>.

An increase in the sampling of wild C. elegans and other nematodes has allowed for research into
the ecology of free-living nematodes and natural genetic variation'®!!, Concurrently, sampling
has also increased the discovery of naturally occurring biological pathogens and microbes that
interact with C. elegans'?=%°, leading to the establishment of many host-microbe model systems,
including viruses, bacteria, microsporidia, oomycetes, and fungi'®2°. Typically, wild C. elegans is
found in rotting stems and fruits, often in more temperate climates, and mostly they are self-
reproducing?l. When these samples are brought into the lab, wild nematodes are isolated into
clonal populations, carrying an array of associated microbiota. When discovering new microbes
of interest in Caenorhabditis nematodes, animals are often directly screened for infection or
colonization by microscopy using easily visualized phenotypes. For example, viral infection can
be visualized as a disintegration of intestinal structures, and microsporidian stages can be seen
inside host cells as spores or meronts!#?2, When a microbe of interest is discovered for future
investigation, it must be separated from the other contaminating microbes found in the wild
nematodes so that it can be studied in isolation. In many cases, the microbe of interest cannot
be cultured in vitro, making it essential to enrich the microbe in the host nematode.

For example, this protocol describes a wild isolate of C. tropicalis containing a bacterium that
colonizes within the intestinal lumen of nematodes, adhering to the intestinal epithelial cells in a
directional manner. Phenotypically, the bacterium grows perpendicular along the intestinal
lumen’s inner sides, giving it a bristle-like appearance, visualized on a standard Normarski
microscope in all stages of the animal, including the dauer stage. The nematode growth medium
(NGM) plate on which this wild C. tropicalis strain was grown contained visible contamination
with other microbes. This protocol was developed to reduce additional contaminating microbial
growth on the plates for studying this unknown adhering bacterium. The nematodes were forced
into the dauer stage to protect the bacteria in the lumen, and then cleaned using a series of
washes. Afterward, the unknown bacterial species was identified by dissection of the intestines
and PCR amplification of the 16 S ribosomal DNA for identification/classification.

Overall, this protocol can potentially enrich any microbe of interest associated with a wild-caught
nematode. Afterward, researchers will identify the target microbe, visualize in vivo infection or
colonization phenotypes via microscopy, and study effects on host fitness or other aspects of
host-microbe interactions. The isolation and investigation of novel microbial species that interact
with Caenorhabditis nematodes can uncover the genetic mechanisms of host immunity and novel



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

paradigms of host-microbe interactions relevant to microbial pathogenesis and microbiome
studies.

PROTOCOL:
1. Inducing dauer formation for wild nematodes on NGM plates

1.1.  Grow the wild Caenorhabditis strain on standard NGM plates with OP50-1 E. coli as a food
source after obtaining the worms with an unculturable microbe of interest. Incubate the
nematodes at 20 °C.

NOTE: The standard temperature to grow Caenorhabditis nematodes is between 15-25 °C, but
should be determined empirically to prevent loss of the microbe of interest.

1.2.  Starve the plate of animals at 20 °C for 4-5 days until all the OP50-1 is consumed and the
majority have reached the dauer stage.

NOTE: Dauers are long-lived larvae that develop due to the absence of nutrition and have
protective cuticles.

2. Washing the nematodes

2.1. Add5 mL of M9 minimal salts media (42 mM NazHPOas, 22 mM KH2PO4, 8.6 mM NaCl, 19
mM NHa4Cl) to a 6 cm plate of starved worms.

2.2. Using a sterile glass pipette and bulb, pipette up the M9 and worms from the plate and
transfer them to a sterile 15 mL centrifuge tube.

2.3.  Using a clinical centrifuge, spin down the worms in the tube at 1000 x g for 30 s at room
temperature.

2.4. Using a sterile 15 mL pipette, remove and discard the M9 supernatant above the pellet of
worms. Do not disturb the live worms at the bottom of the tube by leaving approximately 50 uL
of M9 above the worms.

2.5.  Add 10 mL of M9 + 0.05% of Triton X-100 to the same centrifuge tube and adequately
tighten the tube’s cap.

2.6. Incubate the tube on a nutator for 20 min at room temperature to remove the external
microbes. Remove the tube from the nutator and spin down the worms at 1000 x g for 30 s.

2.7. Using a sterile pipette, remove and discard the M9 supernatant above the pellet of
worms. Do not disturb the live worms at the bottom of the tube by leaving approximately 50 L
of M9 above the worms.
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2.8. Follow and repeat steps 2.5-2.8 three more times.

3. Disinfecting the nematodes

3.1.  Prepare an antibiotic and SDS solution in 10 mL of M9 buffer by adding 0.25% SDS (250
uL of 10% SDS), 50 pg/mL of carbenicillin, 25 pg/mL of kanamycin, 12.5 pg/mL of tetracycline,
100 pg/mL of gentamycin, 50 pg/mL of streptomycin, 37.5 pug/mL of chloramphenicol, and 200

ug/mL of cefotaxime (see Table of Materials).

3.2. Incubate the tube containing nematodes in the antibiotic and SDS solution on a nutator
at room temperature overnight.

NOTE: All non-dauer worms and embryos will die, but many of the dauer worms will survive this
cleaning process.

4. Removing the antibiotic and SDS solution
4.1. Spin down the worms in the tube at 1000 x g for 1 min at room temperature. Using a
sterile pipette, remove the supernatant from the centrifuge tube without disturbing the worms

at the bottom of the tube.

4.2. Add 10 mL of M9 + 0.05% Triton X-100 and adequately tighten the cap of the tube.
Incubate the tube on a nutator for 20 min at room temperature.

4.3. Remove the tube from the nutator and spin down the worms at 1000 x g for 1 min. Follow
and repeat steps 4.2—4.3 three times.

4.4. After the last wash, leave the worm pellet undisturbed at the bottom in 100 uL of the
solution and discard the rest.

5. Propagate a clean nematode strain

5.1. Using a sterile glass pipette, transfer 100 uL of the supernatant and the pellet to the
center of a 10 cm NGM plate seeded with OP50-1. Allow the plate to dry without disturbing the
liquid at the center.

5.2. Allow the dauers to crawl out of the center and through the OP50-1 lawn for 5—-10 min.
5.3.  Carefully pick up one single dauer and plate it onto a 6 cm NGM seeded plate. In total,
pick at least 10 dauers and plate them in individual 6 cmm NGM plates seeded with OP50-1 (10

plates total).

5.4. Incubate the plates for 4-5 days at 20 °C until dauers have grown and the following
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generation (F1s) has reached the adult stage. Visually check for contamination on all the plates,
seen as non-OP50-1 microbial growth.

5.5.  For each clean plate, verify the propagation of the microbe of interest via Normarski or
fluorescent microscopy, such as fluorescent in situ hybridization (FISH)!?, depending on the
phenotype of interest.

6. Intestinal dissection and PCR identification of microbial species

6.1. Grow animals at 20 °C for 3—4 days to allow them to starve and reduce the amount of
OP50-1 bacteria. Add 5 mL of M9 media to the plate of starved worm:s.

6.2. Using a sterile glass pipette and bulb, pipette up the M9 + worms from the plate and
transfer them to a sterile 15 mL centrifuge tube.

6.3.  Using a clinical centrifuge, spin down the worms in the tube at 1000 x g for 30 s at room
temperature.

6.4. Using a sterile 15 mL pipette, remove the supernatant from the centrifuge tube without
disturbing the live worms at the bottom of the tube.

6.5. Add 10 mL of M9 + 0.05% Triton X-100 and incubate the tube on a nutator for 20 min to
remove external microbes. Repeat four times to wash the worms.

6.6.  After the last wash, using a sterile pipette tip, remove the supernatant without disturbing
the pellet at the bottom in 100 pL of the solution.

6.7. Using a sterile pipette tip, transfer M9 and the worms to an unseeded NGM plate and let
the plate dry while the worms crawl around for 20 min to help remove OP50-1 from the cuticle
and the intestine.

6.8. Add 250 pL of M9 to the dried plate and use a glass pipette to transfer M9 + worms to a
new unseeded NGM plate. Again, let that plate dry and allow the worms to crawl around for 20
min.

6.9. Add 250 pL of M9 to the plate and transfer 100 pL of the M9 + worms to a clean watch
glass.

6.10. Using two sterile 26 G syringe needles, decapitate the nematodes by holding the worm
down with one needle and using the other needle to cut the worm. After decapitation, bring out
the intestine (granular) and the gonad (transparent) from the body.

6.11. Cut off a piece of the exposed intestine by holding down the intestine with one needle
and cutting it with the other.
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NOTE: If possible, verify that the microbe of interest is still present in everted intestines using
Normarski microscopy, FISH, or immunohistochemistry?3.

6.12. Transfer a single dissected intestine into a 0.5 mL PCR tube containing 10 pL of sterile
water. Repeat for a total of at least 5 PCR tubes containing intestines from different animals.

6.13. Freeze the PCR tubes at -80 °C for a minimum of 5 min. Remove the PCR tubes from the
freezer and thaw out the samples.

6.14. Pipette the liquid up and down a few times to separate the bacteria from the intestine.

6.15. Conduct PCR using universal primer pairs against the DNA sequence of the small
ribosomal subunit of bacteria, yeast, or microsporidia, depending on the suspected type of
microbe.

NOTE: For example, a sample protocol using universal bacterial 16 S primers is presented in Table
1.

6.16. Purify the amplicon using a filter-based DNA cleaning and concentration kit (see Table of
Materials) and perform Sanger sequencing.

REPRESENTATIVE RESULTS:

A wild C. tropicalis strain (JU1848) was isolated from rotten palm tree fruits in the Nouragues
Forest of French Guiana (Figure 1A)%4. This strain was found to have thin microbes that colonize
the lumen of the intestine in a directional manner (Figure 1B). This microbe was easily transferred
to C. elegans strain N2 via co-culture with strain JU1848, where it colonized the lumen of the
intestine similarly.

Propagation of JU1848 on standard NGM plates seeded with E. coli OP50-1 over multiple
generations continually resulted in visible contamination, seen as various dark, mucoid colonies
on and off the OP50-1 lawn (Figure 2A). A plate of wild JU1848 was starved to force animals into
dauer and cleaned as described. Single dauer animals that survived cleaning were plated onto
individual 6 cm NGM plates seeded with OP50-1 and allowed to grow for 4 days at 20 °C. Multiple
plates of F1 progeny were observed without visible microbial contamination (Figure 2B). The F1
progeny were verified still to contain adhering bacteria in the lumen of the intestine (see below).

Clean JU1848 animals were washed and decapitated to isolate intestinal pieces as described in
the protocol (steps 6.1-6.12). Adhering bacteria in the lumen of the dissected intestine was
verified via Nomarski microscopy (Figure 3). The microbe in the lumen of JU1848 was suspected
to be a bacterium, so the dissected intestines were used as a template for PCR using universal
bacterial 16 S primers, 27 F, and 1492 R. From a total of six individual dissected intestines, the
PCR products were sequenced via Sanger, and clean chromatographs showed that all the six
sequences were identical. Based on these sequences, this bacterium was identified as a new
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species in the class Alphaproteobacteria but could not be classified into a known order or genus
(Supplementary File 1).

FIGURE AND TABLE LEGENDS:

Figure 1: Adhering bacteria colonizing the lumen of a wild C. tropicalis. (A) Field sample image
of rotten Euterpe sp. (Family: Arecaceae) palm tree fruits in the Nouragues forest of French
Guiana. (B) Nomarski image of strain JU1848 seen with thousands of long, thin bacteria that form
a brush-like appearance in the lumen (lu) of the host intestine (in). The bacterial (ba) layers
coating the intestine are indicated with brackets ([).

Figure 2: Contaminating microbial growth is lost after nematode cleaning. (A) Wild strain
JU1848 propagates noticeable microbial growth on standard 6 ccmn NGM plates seeded with E. coli
OP50-1 bacteria. (B) After cleaning, a plate of F1 progeny from a single dauer shows no visible
microbial contamination after 4 days of incubation at 20 °C.

Figure 3: Adhering bacteria are seen in the lumen of the dissected intestine. Nomarski image of
a clean JU1848 animal that was decapitated so that the intestines spill out. The colonizing
bacteria (ba) are indicated with a bracket ([) and are seen in the lumen (lu) of a piece of the
intestine (in) that is outside of the nematode body (nb).

Table 1: Sample PCR protocol using universal bacterial primers and dissected intestine.

Supplementary File 1: MUSCLE alignment of bacterial 16 S rDNA sequences derived from PCR
of six dissected JU1848 intestines.

DISCUSSION:

This protocol describes the isolation and identification of microbes from wild-isolated
Caenorhabditis nematodes using a series of cleaning procedures. Numerous microbes are
associated with wild-isolated nematodes, and some of them have exciting phenotypes that can
be used for future studies in host-microbe interactions and innate immunity. Many culturable
microbiome and pathogenic bacteria have been isolated from wild Caenorhabditis nematodes
using standard techniques for in vitro bacterial growth?>2¢. However, not all microbes can be
cultured in vitro, and it becomes necessary to enrich them in wild nematodes. Some microbes
have a resistant spore stage, such as microsporidia, and high concentrations of SDS can be used
to kill most bacteria and fungi, allowing for specific enrichment of spores*?. This protocol presents
a method to enrich unculturable intestinal microbes that are not resistant to SDS and antibiotic
treatment.

The technique presented here takes advantage of the environmental resistance seen in dauer
animals due to physiological changes such as strengthening of the cuticle, suppressing pharyngeal
pumping, and covering the mouth with a buccal plug?’. A critical step in this protocol is the
overnight incubation with various antibiotics and 0.25% SDS. This step is used to kill all external
microbes while leaving internal microbes intact. While C. elegans dauers have been
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demonstrated to survive SDS concentrations as high at 10% for 30 min?’, this protocol uses a
moderate but prolonged incubation to not only kill microbes but further expose bacteria to
antibiotics. Furthermore, an average concentration of SDS can help ensure that dauers from
other Caenorhabditis species survive, as exposure of C. tropicalis to 1% SDS overnight resulted in
the death of all dauer animals. If all of the dauers die, then the concentration of SDS and/or the
length of exposure to SDS should be reduced. Conversely, if the F1 generation plates still have
visible contamination after cleaning, the SDS concentration and incubation time should be
increased.

Another critical step is the isolation of single dauer animals after cleaning. This step is crucial as
not all animals are clean after SDS and antibiotic treatment. Therefore, the animals are placed in
the center of a 10 cm NGM plate with OP50-1 and allowed to crawl radially outward. Often it is
best to pick more distal animals, as extended crawling through OP50-1 appears to help remove
any potential surviving microbes attached to the cuticle. However, this leads to a limitation of
the protocol, as it will be more challenging to enrich for a microbe of interest if it is not present
in the population at a high frequency. Here, the adhering Alphaproteobacteria was present in
90%—-95% of the population; therefore, most clean plates had the microbiome bacterium.
However, if a microbe of interest is present at a much lower frequency in the population, it may
be necessary to screen many more Fi plates.

This protocol could likely be used to isolate any number of non-culturable microbes of interest
found in wild nematodes. However, the microbe must be in a tissue protected by the dauer
cuticle, capable of surviving in dauer animals, and have an observable phenotype in the host. As
such, this technique can be used to enrich other microbiome bacteria in the intestinal lumen
besides the Alphaproteobacteria species described here, including bacteria that do not adhere.
Also, the protocol was used to enrich for a facultative intracellular bacterium, Bordetella atropi,
which infects the nematode Oscheius tipulae®®. After enrichment, B. atropi was found to form
colonies on NGM plates, showing that a microbe of interest may be discovered to be culturable
in vitro once faster-growing contaminants are removed. This technique would likely work for
microsproidians and viruses, including the Orsay virus, given this capacity to enrich an
intracellular bacterium. However, these microbes must be capable of surviving the transition into
and out of dauer.

It is important to remember that while this protocol can be performed in a Biosafety Level 1
laboratory, a sterile technique must be maintained throughout to prevent further microbial
contamination. The protocol can be changed according to the researcher’s needs, including the
types/concentrations of antibiotics, the percentage of SDS, and/or the addition of antifungals
such as nystatin. Often, the number of contaminating microbes found in a wild-isolated
nematode can vary dramatically. Here, the apparent loss of non-OP50-1 E. coli growth on NGM
plates was used as a readout for a clean nematode strain. But, there may be non-culturable
populations of contaminating microbes present, so it is essential to conduct a metagenomics
method such as 16S rRNA amplicon sequencing to see the extent of contamination?®. Once the
worm strain is cleaned, it can be frozen and stored away for future studies. Overall, this protocol
allows researchers to enrich unculturable microbes in wild nematodes, allowing them to study
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effects on host fitness, characterize phenotypes of colonization or infection, and take advantage
of genetic tools to understand the mechanical bases for host-microbe interactions.
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Reagent Concentration Amount
27 F primer (5-AGAGTTTGATCMTGGCTCAG-3’) 20 mM 2.5puL
1492 R primer (5’-GGTTACCTTGTTACGACTT-3’) 20 mM 2.5puL
Dissected intestine in water N/A 3uL
10x PCR buffer 10x 5uL
dNTP 10 mM 1ul
Taq Polymerase 5 U/uL 0.5 uL

Water N/A 35.5 uL
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We thank the reviewers and editor for their helpful comments. Our responses are listed
below in blue.

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues. - Completed

2. Please ensure that abbreviations are defined at first usage. - Completed

3. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you",
"our" etc.). - Revised

4. JoVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an
instrument or reagent. Please remove all commercial language from your manuscript
and use generic terms instead. All commercial products should be sufficiently
referenced in the Table of Materials. Please sort the Materials Table alphabetically by
the name of the material. — changed as requested

5. Please note that your protocol will be used to generate the script for the video and
must contain everything that you would like shown in the video. Please ensure you
answer the “how” question, i.e., how is the step performed? Alternatively, add
references to published material specifying how to perform the protocol action. There
should be enough detail in each step to supplement the actions seen in the video so
that viewers can easily replicate the protocol. - checked

6. Please add more details to your protocol steps:

Step 1.2: Please mention the period of starvation. - added

Step 2.3: Please mention the centrifugation temperature. - added

Step 2.6/3.2/4.4: Please mention the incubation temperature. - added

Step 2.8: Please mention the composition of the supernatant and the residue, and the
fate of the two. - added

Step 6.1.7: Please list the primers and the components of the PCR reaction in a tabular
form. — changed as requested. We’ve added Table 1.

Step 6.1.8: Please remove the commercial term and provide a generic term instead.
Please include the details in the Table of Materials. — changed as requested

7. As we are a methods journal, please revise the Discussion to explicitly cover the
following in detail in 3-6 paragraphs with citations: — add as requested in Discussion.
a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

c) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

8. Please spell out the journal titles in the References. — changed as requested

Reviewers' comments:
Reviewer #1:
Manuscript Summary:
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This protocol takes advantage of a relatively impervious life stage, dauer, to allow the
thorough cleaning and disinfecting of external microbes from C. elegans and related
nematodes. This enables internal microbes (microbiome or colonists) to be identified. |
think this protocol will be of general interest in the C. elegans community.

Major Concerns:
| have no major concerns.

Minor Concerns:

Here are some minor editorial suggestions:

31. 'that come with' should maybe be 'adhering to the cuticle' - changed

46. 'uncomplex’ maybe edit to 'simple' - changed

49. delete 'for' - changed

107. etc. 1006 g force seems overly precise — changed to 1000 g

124. maybe 'non-dauer worms will die' - changed

180. transfer a single dissected intestine ... tube (no s) - changed

239. shorten 'When sampling, we find that there can be a large number of microbes that
are associated with wild nematodes' to 'Numerous microbes are associated with wild
nematodes'. - changed

246 | don't think the germline arrest feature of dauers is relevant. - deleted

264 'Amount’ should be 'number’ - changed

268 'Method', not 'methods' - changed

Check for consistency of spacing between number and unit (there are instances of 0, 1
and 2 spaces). - changed

Most of the micron (mu) symbols are the letter 'u'. - changed

Fig. 1, 3: It is very hard to see the colonizing microbes that are being pointed to in the
DIC images. Is it possible to include a DAPI or other stain that makes it easier to see
them? — These images are in live or recently dissected animals and are therefore
unfixed, so we cannot standard DAPI or FISH staining. We’ve changed the Figure and
Figure legends to more clearly point out the colonizing microbes.

Fig. 2 Please include a photo of a plate without writing on the bottom of it. — We cropped
the images to exclude the writing on the bottom of the plate.

By allowing for identification of unculturable and/or previously unidentified organisms,
this protocol may also allow for the identification of novel antibiotics or antifungals. You
may wish to mention this in the discussion. — We are uncertain about this point so we
have not added it in the discussion.

Reviewer #2:

Manuscript Summary:

In Morgan et al., the authors report the development of culturing techniques to enrich for
gut microbes in the nematode, Caenorhabditis elegans, that are typically unable to be
cultured in isolation. Specifically, their protocol involves the forcing of wild-caught
nematodes into a dauer stage, treatment with antibiotics and detergent-based washing
steps to remove microbes contaminating the external surface of the animals. C. elegans



has become an important small animal model system for studying microbe-host
interactions, particularly for those microbes that infect the intestine. Therefore, the
techniques/protocols presented in this paper are of utmost importance to the field
because they will allow investigation of microbe-host interactions that would otherwise
be difficult to study.

Overall the manuscript is well written, easy to understand, and provides an innovative
technique to facilitate the study of microbe- C. elegans interactions.

Major Concerns:
None

Minor Concerns:

1. Lines 58-59. The authors should cite some recent review articles describing the use
of C. elegans for studying bacteria, viruses, and other microbes. This would be helpful
for readers new to the field. — added as requested

2. In lines 98-100 the authors describe inducing dauer formation in worms. Since this
protocol may be viewed by novice C. elegans researchers, it might be worth giving a
time estimate for dauer formation and providing an image of an animal that is in the
dauer stage (beside one that is not) so that readers can understand the difference in
their appearance. — added as requested

3. Lines 103-104- what size dish/plate is being used for the worms? 60 mm? 100 mm?
150 mm? - added

4. Can the authors comment on what types of microbes should survive this treatment
beyond the Alphaproteobacteria species they identified? | am just wondering how
broadly applicable this technique will be to other microbes? — added to the Discussion

5. Related to the above question, do the authors know if Orsay virus "survives" this
forced dauer/wash treatment protocol? Given that it infects the intestine and has
become an important virus model system in C. elegans it would be interesting to know
this. — added to the Discussion



Supplemental File (Figures, Permissions, etc.)

JU1848bl seqJUul848 09
JU1848bl_seqJdUulg848 11
JU1848bl seqJUl848 12
JU1848bl_seqJdul848_13
JU1848bl_seqJdulg848_ 14
JU1848bl_seqJdulg848_15

JU1848bl_seqJdul848_09
JU1848bl_seqJdUulg848 11
JU1848bl_seqJdUl848 12
JU1848bl_seqJdul848_13
JU1848bl seqJU1848 14
JU1848bl_seqJdulg848_15

JU1848bl_seqJdul848_09
JU1848bl seqJUl848 11
JU1848bl_seqJdUul848 12
JU1848bl_seqJdulg848_ 13
JU1848bl seqJdU1848 14
Ju1848bl_seqJdul848_15

JU1848bl_seqJdul848 09
JU1848bl seqJU1848 11
JU1848bl seqJU1848 12
JU1848bl_seqJdul848_ 13
JU1848bl_seqJdulg848 14
JU1848bl_seqJdul848_ 15

JU1848bl_seqJdul848 09
JU1848bl_seqJdulg48 11
JU1848bl_seqJdulg848 12
JU1848bl_seqJdul848_13
JU1848bl seqJU1848 14
JU1848bl_seqJdul848_ 15

JU1848bl seqJU1848 09
JU1848bl seqJU1848 11
JU1848bl seqJU1848 12
JU1848bl seqJU1848 13
JU1848bl seqJU1848 14
JU1848bl seqJU1848 15

JU1848bl seqdU1848 09
JU1848bl seqJU1848 11
JU1848bl seqJU1848 12
JU1848bl seqJU1848 13
JU1848bl seqJU1848 14
JU1848bl seqJU1848 15

JU1848bl seqJU1848 09
JU1848bl seqJU1848 11
JU1848bl seqJU1848 12
JU1848bl seqJU1848 13
JU1848bl seqJU1848 14
JU1848bl seqJU1848 15

JU1848bl seqJU1848 09
JU1848bl seqJUl848 11
JU1848bl seqJUl848 12
JU1848bl seqJU1848 13
JU1848bl seqJU1848 14
JU1848bl seqJU1848 15

JU1848bl seqJU1848 09
JU1848bl seqJUl848 11
JU1848bl seqJU1848 12
JU1848bl seqJU1848 13
JU1848bl seqJU1848 14
JU1848bl seqJU1848 15

JU1848b1_seqJU1848 09

Click here to access/download;Supplemental File (Figures,

Permissions, etc.);Supplementary File 1.docx

TGCAGTCGCACGGGTGGTAGTAATACCATTAGTGGCGGACGGGTGAGTAATACATAGGAA
TGCAGTCGCACGGGTGGTAGTAATACCATTAGTGGCGGACGGGTGAGTAATACATAGGAA
TGCAGTCGCACGGGTGGTAGTAATACCATTAGTGGCGGACGGGTGAGTAATACATAGGAA
--—-GTCGCACGGGTGGTAGTAATACCATTAGTGGCGGACGGGTGAGTAATACATAGGAA
————— TCGCACGGGTGGTAGTAATACCATTAGTGGCGGACGGGTGAGTAATACATAGGAA
TGCAGTCGCACGGGTGGTAGTAATACCATTAGTGGCGGACGGGTGAGTAATACATAGGAA

TCTGCCTTATAGAGGGGGATAGCTGTTGGAAACGACAGGTAATACCGCATAATCCCTGAG
TCTGCCTTATAGAGGGGGATAGCTGTTGGAAACGACAGGTAATACCGCATAATCCCTGAG
TCTGCCTTATAGAGGGGGATAGCTGTTGGAAACGACAGGTAATACCGCATAATCCCTGAG
TCTGCCTTATAGAGGGGGATAGCTGTTGGAAACGACAGGTAATACCGCATAATCCCTGAG
TCTGCCTTATAGAGGGGGATAGCTGTTGGAAACGACAGGTAATACCGCATAATCCCTGAG
TCTGCCTTATAGAGGGGGATAGCTGTTGGAAACGACAGGTAATACCGCATAATCCCTGAG

GGGTAAAGGAGAAATCCGCTATAAGATGAGCCTATGGCTGATTAGCTAGTTGGTGGGGTA
GGGTAAAGGAGAAATCCGCTATAAGATGAGCCTATGGCTGATTAGCTAGTTGGTGGGGTA
GGGTAAAGGAGAAATCCGCTATAAGATGAGCCTATGGCTGATTAGCTAGTTGGTGGGGTA
GGGTAAAGGAGAAATCCGCTATAAGATGAGCCTATGGCTGATTAGCTAGTTGGTGGGGTA
GGGTAAAGGAGAAATCCGCTATAAGATGAGCCTATGGCTGATTAGCTAGTTGGTGGGGTA
GGGTAAAGGAGAAATCCGCTATAAGATGAGCCTATGGCTGATTAGCTAGTTGGTGGGGTA

AAGGCCTACCAAGGCGACGATCAGTAGCTGTTCTGAGAGGAAGACCAGCCACATTGGAAC
AAGGCCTACCAAGGCGACGATCAGTAGCTGTTCTGAGAGGAAGACCAGCCACATTGGAAC
AAGGCCTACCAAGGCGACGATCAGTAGCTGTTCTGAGAGGAAGACCAGCCACATTGGAAC
AAGGCCTACCAAGGCGACGATCAGTAGCTGTTCTGAGAGGAAGACCAGCCACATTGGAAC
AAGGCCTACCAAGGCGACGATCAGTAGCTGTTCTGAGAGGAAGACCAGCCACATTGGAAC
AAGGCCTACCAAGGCGACGATCAGTAGCTGTTCTGAGAGGAAGACCAGCCACATTGGAAC

TGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGACAATGGGGGAA
TGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGACAATGGGGGAA
TGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGACAATGGGGGAA
TGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGACAATGGGGGAA
TGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGACAATGGGGGAA
TGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGAGGAATATTGGACAATGGGGGAA

ACCCTGATCCAGCAATGCCGCGTGAGTGAAGAAGGCCTTCGGGTTGTAAAGCTCTTTTAC
ACCCTGATCCAGCAATGCCGCGTGAGTGAAGAAGGCCTTCGGGTTGTAAAGCTCTTTTAC
ACCCTGATCCAGCAATGCCGCGTGAGTGAAGAAGGCCTTCGGGTTGTAAAGCTCTTTTAC
ACCCTGATCCAGCAATGCCGCGTGAGTGAAGAAGGCCTTCGGGTTGTAAAGCTCTTTTAC
ACCCTGATCCAGCAATGCCGCGTGAGTGAAGAAGGCCTTCGGGTTGTAAAGCTCTTTTAC
ACCCTGATCCAGCAATGCCGCGTGAGTGAAGAAGGCCTTCGGGTTGTAAAGCTCTTTTAC

AGGTGAAGATAATGACGGTAACCTGAGAATAAGCTCCGGCTAACTTCGTGCCAGCAGCCG
AGGTGAAGATAATGACGGTAACCTGAGAATAAGCTCCGGCTAACTTCGTGCCAGCAGCCG
AGGTGAAGATAATGACGGTAACCTGAGAATAAGCTCCGGCTAACTTCGTGCCAGCAGCCG
AGGTGAAGATAATGACGGTAACCTGAGAATAAGCTCCGGCTAACTTCGTGCCAGCAGCCG
AGGTGAAGATAATGACGGTAACCTGAGAATAAGCTCCGGCTAACTTCGTGCCAGCAGCCG
AGGTGAAGATAATGACGGTAACCTGAGAATAAGCTCCGGCTAACTTCGTGCCAGCAGCCG

CGGTAATACGAAGGGAGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGGGTGCGTAGGCT
CGGTAATACGAAGGGAGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGGGTGCGTAGGCT
CGGTAATACGAAGGGAGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGGGTGCGTAGGCT
CGGTAATACGAAGGGAGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGGGTGCGTAGGCT
CGGTAATACGAAGGGAGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGGGTGCGTAGGCT
CGGTAATACGAAGGGAGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGGGTGCGTAGGCT

GTTTAATAAGTTAGATGTGAAAGCCTCGGTTTCAAGCTGAGAATAGCATTTAATACTGTT
GTTTAATAAGTTAGATGTGAAAGCCTCGGTTTCAAGCTGAGAATAGCATTTAATACTGTT
GTTTAATAAGTTAGATGTGAAAGCCTCGGTTTCAAGCTGAGAATAGCATTTAATACTGTT
GTTTAATAAGTTAGATGTGAAAGCCTCGGTTTCAAGCTGAGAATAGCATTTAATACTGTT
GTTTAATAAGTTAGATGTGAAAGCCTCGGTTTCAAGCTGAGAATAGCATTTAATACTGTT
GTTTAATAAGTTAGATGTGAAAGCCTCGGTTTCAAGCTGAGAATAGCATTTAATACTGTT

AGACTAGAGGATAAGAGAGGATAGTGGAATTCTGAGTGTAGAGGTAAAATTCGTAGATAT
AGACTAGAGGATAAGAGAGGATAGTGGAATTCTGAGTGTAGAGGTAAAATTCGTAGATAT
AGACTAGAGGATAAGAGAGGATAGTGGAATTCTGAGTGTAGAGGTAAAATTCGTAGATAT
AGACTAGAGGATAAGAGAGGATAGTGGAATTCTGAGTGTAGAGGTAAAATTCGTAGATAT
AGACTAGAGGATAAGAGAGGATAGTGGAATTCTGAGTGTAGAGGTAAAATTCGTAGATAT
AGACTAGAGGATAAGAGAGGATAGTGGAATTCTGAGTGTAGAGGTAAAATTCGTAGATAT

TCGGAGGAACACCAGAGGCGAAAGCGTCTATCTGGATTAATCCTAACGCTGAGGCACGAA
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TCGGAGGAACACCAGAGGCGAAAGCGTCTATCTGGATTAATCCTAACGCTGAGGCACGAA
TCGGAGGAACACCAGAGGCGAAAGCGTCTATCTGGATTAATCCTAACGCTGAGGCACGAA
TCGGAGGAACACCAGAGGCGAAAGCGTCTATCTGGATTAATCCTAACGCTGAGGCACGAA
TCGGAGGAACACCAGAGGCGAAAGCGTCTATCTGGATTAATCCTAACGCTGAGGCACGAA
TCGGAGGAACACCAGAGGCGAAAGCGTCTATCTGGATTAATCCTAACGCTGAGGCACGAA

AGTATGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCATACCATAAACGATGAACGTT
AGTATGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCATACCATAAACGATGAACGTT
AGTATGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCATACCATAAACGATGAACGTT
AGTATGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCATACCATAAACGATGAACGTT
AGTATGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCATACCATAAACGATGAACGTT
AGTATGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCATACCATAAACGATGAACGTT

AAGGGTCGGTACAGAAGTATCGGTCTTCAAGCTAACGCGTTAAACGTTCCGCCTGGGGAG
AAGGGTCGGTACAGAAGTATCGGTCTTCAAGCTAACGCGTTAAACGTTCCGCCTGGGGAG
AAGGGTCGGTACAGAAGTATCGGTCTTCAAGCTAACGCGTTAAACGTTCCGCCTGGGGAG
AAGGGTCGGTACAGAAGTATCGGTCTTCAAGCTAACGCGTTAAACGTTCCGCCTGGGGAG
AAGGGTCGGTACAGAAGTATCGGTCTTCAAGCTAACGCGTTAAACGTTCCGCCTGGGGAG
AAGGGTCGGTACAGAAGTATCGGTCTTCAAGCTAACGCGTTAAACGTTCCGCCTGGGGAG

TACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCAT
TACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCAT
TACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCAT
TACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCAT
TACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCAT
TACGGTCGCAAGATTAAAACTCAAAGGAATTGACGGGGACCCGCACAAGCGGTGGAGCAT

GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGACTTGACATCTAAATTATAAAA
GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGACTTGACATCTAAATTATAAAA
GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGACTTGACATCTAAATTATAAAA
GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGACTTGACATCTAAATTATAAAA
GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGACTTGACATCTAAATTATAAAA
GTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGGACTTGACATCTAAATTATAAAA

TACAGAAATGAATTTTTTCAGTTCGGCTGGGTTTAGACAGGTGCTGCATGGCTGTCGTCA
TACAGAAATGAATTTTTTCAGTTCGGCTGGGTTTAGACAGGTGCTGCATGGCTGTCGTCA
TACAGAAATGAATTTTTTCAGTTCGGCTGGGTTTAGACAGGTGCTGCATGGCTGTCGTCA
TACAGAAATGAATTTTTTCAGTTCGGCTGGGTTTAGACAGGTGCTGCATGGCTGTCGTCA
TACAGAAATGAATTTTTTCAGTTCGGCTGGGTTTAGACAGGTGCTGCATGGCTGTCGTCA
TACAGAAATGAATTTTTTCAGTTCGGCTGGGTTTAGACAGGTGCTGCATGGCTGTCGTCA

GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTATTTTTAATTG
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTATTTTTAATTG
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTATTTTTAATTG
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTATTTTTAATTG
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTATTTTTAATTG
GCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTATTTTTAATTG

CCATCAAGTAATGTTGGGAACTTTAGAAAAACTGCCGGTGATAAGCCGGAGGAAGGTGGG
CCATCAAGTAATGTTGGGAACTTTAGAAAAACTGCCGGTGATAAGCCGGAGGAAGGTGGG
CCATCAAGTAATGTTGGGAACTTTAGAAAAACTGCCGGTGATAAGCCGGAGGAAGGTGGG
CCATCAAGTAATGTTGGGAACTTTAGAAAAACTGCCGGTGATAAGCCGGAGGAAGGTGGG
CCATCAAGTAATGTTGGGAACTTTAGAAAAACTGCCGGTGATAAGCCGGAGGAAGGTGGG
CCATCAAGTAATGTTGGGAACTTTAGAAAAACTGCCGGTGATAAGCCGGAGGAAGGTGGG

GATGACGTCTAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCGGT
GATGACGTCTAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCGGT
GATGACGTCTAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCGGT
GATGACGTCTAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCGGT
GATGACGTCTAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCGGT
GATGACGTCTAGTCCTCATGGCCCTTATGTCCTGGGCTACACACGTGCTACAATGGCGGT

GACAATGAGCAAGCAAACCTGCGAGGGTAAGCTAATCTCAAAAATCCGTCGTAGTTCGGA
GACAATGAGCAAGCAAACCTGCGAGGGTAAGCTAATCTCAAAAATCCGTCGTAGTTCGGA
GACAATGAGCAAGCAAACCTGCGAGGGTAAGCTAATCTCAAAAATCCGTCGTAGTTCGGA
GACAATGAGCAAGCAAACCTGCGAGGGTAAGCTAATCTCAAAAATCCGTCGTAGTTCGGA
GACAATGAGCAAGCAAACCTGCGAGGGTAAGCTAATCTCAAAAATCCGTCGTAGTTCGGA
GACAATGAGCAAGCAAACCTGCGAGGGTAAGCTAATCTCAAAAATCCGTCGTAGTTCGGA

TTGTACTCTGAAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCAGCATGC
TTGTACTCTGAAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCAGCATGC
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TTGTACTCTGAAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCAGCATGC
TTGTACTCTGAAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCAGCATGC
TTGTACTCTGAAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCAGCATGC
TTGTACTCTGAAACTCGAGTGCATGAAGTTGGAATCGCTAGTAATCGCAGATCAGCATGC

TGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGAAGCTGATTT
TGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGAAGCTGATTT
TGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGAAGCTGATTT
TGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGAAGCTGATTT
TGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGAAGCTGATTT
TGCGGTGAATACGTTCCCGGGTCTTGTACACACCGCCCGTCACACCATGGAAGCTGATTT

TACCTTAAGACGGTGTACCAACCTAGCAATAGGAGGAAGCC- 1361

TACCTTAAGACGGTGTACCAACCTAGCAATAGGAGGAAGC-- 1360
TACCTTAAGACGGTGTACCAACCTAGCAATAGGAGGAAGCC- 1361
TACCTTAAGACGGTGTACCAACCTAGCAATAGGAGGAAG--- 1355

TACCTTAAGACGGTGTACCAACCTAGCAATAGGAGGAAGCCG 1357
TACCTTAAGACGGTGTACCAACCTAGCAATAGGAGGAAGCC- 1361

1260
1256
1255
1260

1320
1320
1320
1316
1315
1320



