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SUMMARY:

This protocol describes a 96-well disruption of individual bacterially colonized Caenorhabditis
elegans following cold paralysis and surface bleaching to remove external bacteria. The
resulting suspension is plated on agar plates to allow accurate, medium-throughput
guantification of bacterial load in large numbers of individual wormes.

ABSTRACT:

The nematode Caenorhabditis elegans is a model system for host-microbe and host-microbiome
interactions. Many studies to date use batch digests rather than individual worm samples to
quantify bacterial load in this organism. Here it is argued that the large inter-individual
variability seen in bacterial colonization of the C. elegans intestine is informative, and that batch
digest methods discard information that is important for accurate comparison across conditions.
As describing the variation inherent to these samples requires large numbers of individuals, a
convenient 96-well plate protocol for disruption and colony plating of individual worms is
established.

INTRODUCTION:

Heterogeneity in host-microbe associations is observed ubiquitously, and variation between
individuals is increasingly recognized as a contributing factor in population-level processes from
competition and coexistence’ to disease transmission”™. In C. elegans, “hidden heterogeneity”
within isogenic populations has been observed repeatedly, with sub-populations of individuals
showing distinct phenotypes in heat shock response>®, ageing, and lifespan’**, and many other
aspects of physiology and development®’. Most analyses that attempt to identify sub-population
structure provide evidence for two sub-populations in experimental populations of isogenic,
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synchronized worms>”®, though other data suggest the possibility of within-population

distributions of traits rather than distinct groups”**®. Of relevance here, substantial
heterogeneity in intestinal populations is observed even within isogenic populations of worms
colonized from a shared source of microbes*™, and this heterogeneity can be concealed by the
batch digest measurements that are widely used*’~° for bacterial quantification in the worm.

This work presents data suggesting a need for greater reliance on single-worm measurements in
host-microbe association, as well as protocols for increasing accuracy and throughput in single-
worm disruption. These protocols are designed to facilitate mechanical disruption of large
numbers of individual C. elegans for quantification of viable bacterial load, while providing
better repeatability and lower effort per sample than pestle-based disruption of individual
worms. A recommended gut-purging step, where worms are permitted to feed on heat-killed E.
coli prior to the preparation for disruption, is included to minimize contributions from recently
ingested and other transient (non-adhered) bacteria. These protocols include a cold-paralysis
method for cleaning the cuticle with a low-concentration surface bleach treatment; surface
bleaching can be used as a preparatory step in single-worm disruption or as a method for
preparing live, externally germ-free worms. This surface-bleaching method is sufficient to
remove a wide range of external microbes, and cold treatment provides an alternative to
conventional levamisole-based paralysis; while levamisole will be preferred for cold-sensitive
experiments, cold paralysis minimizes contributions to hazardous waste streams and allows
rapid resumption of normal activity. While the full protocol describes a laboratory experiment
where worms are colonized with known bacteria, the procedures for cleaning worms and single-
worm disruption can readily be applied to worms isolated from wild samples or colonized in
microcosm experiments. The protocols described here will produce live bacteria extracted from
the worm intestine, suitable for plating and quantification of colony forming units (CFUs) in
individual worms; for sequencing-based intestinal community analysis, subsequent cell lysis and
nucleic acid extraction steps should be added to these protocols.

PROTOCOL:

Worms used in these experiments were obtained from the Caenorhabditis Genetic Center,
which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). Bristol N2 is
the wild-type. DAF-2/IGF mutants daf-16(mu86) | (CGC CF1038) and daf-2(e1370) lll (CGC
CB1370) are used to illustrate differences in intestinal bacterial load.

HT115(DE3) E. coli carrying the pos-1 RNAi vector is from the Ahringer library?’. The MYb
collection of C. elegans native gut bacteria? was obtained from the Schulenburg lab. Salmonella
enterica LT2 (ATCC 700720) attB:GFP-KmR is from this lab®*. Pseudomonas mosselii was isolated
in this lab. Staphylococcus aureus MSSA Newman pTRKH3-mGFP was obtained from the
LaRock lab at Emory University.

All worm buffers and media are prepared according to previously published literature® with
minor modifications (see Supplementary File 1).

1. Preparation of synchronized sterile C. elegans
2



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

NOTE: In this section, step-by-step procedures are described for generating a synchronized
population of reproductively sterile adult worms. Feeding on pos-1 RNAI plates is used here to
prevent production of progeny because this interference is embryonic lethal; L1 larvae raised to
adulthood on pos-1 RNAi develop into egg-laying hermaphrodites, but these eggs are inviable®.
The RNAI feeding protocol is as in the "Reverse genetics" chapter of Wormbook?®.

1.1. Before synchronizing worms, ensure that fresh 10 cm NGM + pos-1 RNAi plates are
available. Plates can be prepared fresh from concentrated induced liquid culture (+Amp +IPTG)
or inoculated as lawns on NGM + 100 pg/mL ampicillin + 1 mM IPTG and allowed to grow at 25
°C in the dark for 1 day?”.

NOTE: Carbenicillin (25 pg/mL) is often used instead of ampicillin on RNAi plates. Ampicillin is
less expensive but less stable; if using ampicillin, plates should be seeded immediately once dry
and used as soon as possible (can be stored for <1 week at 4 °C)?. The high antibiotic
concentration recommended here will help to ensure adequate selection.

1.2. Start with several (typically two to four) NGM plates with large populations of gravid
hermaphrodites. Isolate eggs using bleach-NaOH synchronization®.

1.2.1. Wash worms off agar plates using 2 mL of sterile ddH,0O per plate. Distribute the liquid
evenly into 1.5 mL microcentrifuge tubes (one tube per plate or hermaphrodites).

1.2.2. Spin down for ~5 s in a benchtop minicentrifuge (2,000 x g) to pull adults to the bottom of
the tubes. Pipette off the supernatant and discard.

1.2.3. Wash with 1 mL of sterile ddH,0; spin down as before and discard the supernatant.

1.2.4. Repeat the previous step to reduce remaining bacterial debris.

1.2.5. Resuspend the contents of each tube in 1 mL of sterile ddH,0. Add to each tube 130 pL of
commercial bleach (8.25% sodium hypochlorite) and 130 pL of 5 N sodium hydroxide (NaOH,

final concentration 0.5 N).

1.2.6. Vortex tubes vigorously for at least 10-15 s every 2 min until adult bodies have broken up.
Do not allow bleach-NaOH treatment to go longer than 5 min to avoid killing eggs.

1.2.7. Spin in a minicentrifuge for 30-60 s at 2,000 x g to pellet the eggs. Pipette off the
supernatant and discard. There may or may not be a visible pellet, this is normal.

1.2.8. Add 1 mL of M9 worm buffer and spin for 30—-60 s at 2000 x g. Discard the supernatant.

1.2.9. Repeat the rinse step (1.2.8) 5x to thoroughly remove bleach-NaOH mixture, removing as
much of the supernatant as possible without disturbing the egg pellet.
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1.2.10. Transfer eggs to 10 mL of M9 worm buffer in a 50 mL conical tube or 30 mL culture tube
with cap. If using conical tubes, leave the lid unscrewed slightly and use a bit of tape to keep it
secure. Incubate with shaking overnight (16 h) at 25 °C and 200 RPM to allow the larvae to
hatch.

1.3. Transfer synchronized L1 larvae to RNAI plates to grow to adulthood.

1.3.1. Add 2 mL of sterile M9 buffer + 0.01% Triton X-100 (henceforth M9TX-01) to each L1 tube
and transfer the entire volume (12 mL) to a 15 mL screw-top conical tube.

1.3.2. Place 15 mL tubes with L1 worms at 4 °C for 10 min to slow the larval movement.

1.3.3. Spin down 15 mL conical tubes in a large tabletop centrifuge (1,500 x g at 4 °C for 3 min;
acceleration and deceleration should be no higher than 80% of maximum).

1.3.4. Carefully pipette off the supernatant without disturbing the L1 pellet. Discard the
supernatant.

1.3.5. Add 12 mL of cold M9TX-01 to each tube. Repeat the centrifugation. Carefully pipette off
and discard the supernatant. Each tube should have ~200 pL remaining.

1.3.6. Rinse a 200 pL pipette tip in M9TX-01 to keep worms from sticking to the plastic, then use
this tip to resuspend the worm pellet. Transfer resuspended worms to prepared pos-1 plates by
pipetting drops of liquid onto the bacterial lawn.

1.3.7. Incubate the plates at 25 °C until the first day of adulthood.

NOTE: If growing worms on pos-1 RNAi plates, worms MUST feed ad libitum on the RNAI
bacteria until they have fully transitioned to adulthood to ensure high penetrance of the
embryonic-lethal phenotype. Check the plates at 24 and 48 h. If the plates appear starved or
nearly starved, the worms will need to be moved to fresh plates to finish growing into full-sized
adults. To avoid depleting plates before worms are grown, aim to add 250-500 L1 larvae to each
10 cm RNAiI plate.

1.4. Harvest adults and clear intestinal E. coli to create germ-free worms.

1.4.1. Rinse adult worms from plates using 5 mL of M9TX-01 per plate. Transfer buffer + worms
to a 15 mL conical tube and allow adults to settle to the bottom of the tube.

1.4.2. Rinse adults in changes of 10 mL of fresh M9TX-01 buffer until no visible bacterial
turbidity remains (typically 1-2x). Tubes can be centrifuged at 700 x g for 30 s to pellet worms,
or adults can be allowed to settle by gravity.
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1.4.3. Perform one additional wash with 10 mL of M9TX-01 to reduce external bacteria.

1.4.4. Transfer worms to 50 mL conical tubes or 30 mL culture tubes containing 5 mL S Medium
+ 2x heat-killed E. coli OP50 (~5 x 10° killed cells/mL) + 200 pug/mL of gentamycin + 50 pg/mL of
chloramphenicol. If using conical tubes, leave the lid unscrewed slightly and use a bit of tape to
keep it secure. Use glass pipettes or rinse plastic pipettes in M9TX-01 to keep the worms from
sticking.

1.4.5. Incubate adults at 25 °C with shaking at 200 RPM for 24-48 h to produce germ-free
adults.

NOTE: If the worms are to remain in antibiotics for >24 h, more heat-killed OP50 may have to be
added to ensure that the worms have an adequate food source. Check tubes at 24 h and

supplement with heat-killed OP50 if turbidity is visibly reduced.

1.5. Sucrose wash adults according to the Wormbook protocols® to obtain clean, reproductively
sterile, synchronized adult-only stocks for bacterial colonization.

1.5.1. Ensure that cold volumes of 60% sucrose, M9 worm buffer, and M9TX-01 are ready for the
use. For simplicity, these can be left at 4 °C the night before.

1.5.2. For each sample to be washed, create a labeled 15 mL conical tube containing 8 mL of
M9ITX-01 and set aside on ice. These will be needed in 1.5.10.

1.5.3. Add 5 mL of M9TX-01 to each 50 mL tube containing L1 larvae. Transfer the entire volume
(now 10 mL) to an empty 15 mL screw-top conical tube and allow adults to settle to the bottom
of the tube.

1.5.4. Carefully pipette off the supernatant and discard.

1.5.5. Add 10 mL M9TX-01 to each tube and move tubes to an ice bucket for 5-10 min.

NOTE: Starting at this point, worms and all buffers should be kept on ice.

1.5.6. Use the "fast temp" setting to cool a large tabletop centrifuge to 4 °C.

1.5.7. Add 10 mL of cold M9TX-01 to each tube to rinse off any remaining debris. Let worms
settle on ice; remove the supernatant and discard.

1.5.8. Sucrose float: Add 5 mL of cold M9 buffer and 5 mL of cold 60% sucrose solution to each
tube, mixing thoroughly. Then, carefully float 1 mL of cold M9 buffer on top of the sucrose-
buffer mixture in each tube. Do not mix after the float has been added.
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CAUTION: Move quickly for the next few steps—worms can desiccate if exposed to high
concentrations of sucrose for too long!

1.5.9. Centrifuge at 1500 x g for 3 minutes at 4 °C. Live adult worms will be at the interface of
the M9 and the sucrose, approximately 1 mL from the top of the tube.

1.5.10. Use a glass 5 mL serological pipette to transfer the worm layer to prepared 15 mL conical
tubes with cold M9TX-01 (from step 1.5.2). Be very careful to get the layer of live worms
without pipetting up too much of the sucrose.

1.5.11. If necessary, add M9TX-01 to get equal volumes of 10-12 mL/tube. Centrifuge at 1500 x
g at 4 °C for 1 min, then pipette off the supernatant. Worms can be returned to room
temperature at this point.

1.5.12. Repeat the wash step 1.5.11 twice, reducing the speed to 700 x g at 4 °C and time to 30
s.

2. Feeding worms on live bacteria in liquid culture

NOTE: This protocol is used to colonize worms with laboratory-grown bacteria in well-mixed
conditions in liquid culture (Supplementary Figure 1). Worms can be colonized with individual
isolates from pure culture (e.g., pathogens such as Enterococcus faecium®®*°) or mixtures of
isolates (e.g., minimal microbiome communities).

2.1. Start with sucrose washed synchronized adult worms from protocol step 1.5 in a 15 mL
conical tube. Wash the worms once in 12 mL of S buffer and discard the supernatant.

2.2. Resuspend the washed worms in the volume of S medium needed for the experiment.
Consider the volume of experimental conditions, the number of conditions over which worms
will be split, and the final concentrations of worms and bacteria.

NOTE: Feeding in worms varies with bacterial availability®*® and worms can be stressed by
crowding®’. For colonization in liquid culture, <1000 worms/mL and >10’ CFU/mL are
recommended; 10" CFU/mL is considered “ad libitum” feeding density on E. coli*.

2.3. Spin down bacterial cultures. Pour off the supernatant; aspiration or pipetting can be used
to remove the supernatant for bacteria that form loose pellets.

NOTE: For cultures >5 mL, transfer to 15 mL tubes and spin at ~2800 x g in a large tabletop
centrifuge for 8-10 min. Cultures <5 mL can be transferred to 1.5 mL tubes and centrifuged at
9000 x g for 1-2 min in a small tabletop centrifuge. Highly motile bacteria (e.g., many species of
Pseudomonas) may need to be chilled at 4 °C for 10-15 min to facilitate formation of a stable
pellet, and it may be better to centrifuge at 4 °C.
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2.4. Resuspend bacterial cultures in one volume of S buffer and centrifuge again to pellet.
Remove and discard the supernatant as before.

2.5. Resuspend bacterial cultures in S medium at the desired density for the experiment, plus
any antibiotics for selection. The antibiotics to be used, if any, will depend on the resistance
profile of the bacteria used for colonization.

2.6. Using a pipette tip coated in M9TX-01, pipette worms gently up and down until worms are
thoroughly resuspended in S medium, then transfer to tubes or plate wells for bacterial
colonization.

2.7. Add bacterial suspension to each worm culture to reach the desired bacterial concentration
and final volume.

2.8. If using a multi-well plate for colonization, cover the plate with a sterile 96-well gas-
permeable sealing membrane.

2.9. Incubate with shaking at 200 RPM to prevent bacteria from settling during incubation.
3. Mechanical disruption of individual worms in a 96-well format

NOTE: This section describes a 96-well plate format protocol for mechanical disruption of
individual bacterially colonized C. elegans. The first steps in the protocol (3.1-3.8) describe a
method for purging non-adhered bacteria from the worm intestine and cleaning the exterior of
the worms using cold paralysis and surface-bleaching. These steps will produce clean, live adult
worms that can be mechanically disrupted for quantification of bacterial contents (3.8—end) or
used for further experiments (Supplementary Figure 1). This protocol can be adapted to
quantify bacteria in worms colonized in liquid culture (Section 2), on agar plates, or from natural
or microcosm soil.

3.1. Place an aliquot of M9TX-01 on ice to chill (4-5x the number of samples in mL).

3.2. Prepare an aliquot of M9TX-01 + bleach (6% sodium hypochlorite, 1:1000 or 1:2000 v/v, 1
mL per sample + 1 mL extra) and place on ice to chill. This aliquot will be used in step 3.8.

3.3. Prepare 96-well plates for serial dilution of disrupted worm samples.

3.3.1. Obtain sterile 300 uL capacity 96-well plates with lids; this protocol uses one dilution
plate per 12 worms digested.

3.3.2. Use a 96-well multichannel pipettor to fill rows B-D of each 96 well plate (300 plL
capacity) with 180 uL of 1x PBS buffer. Leave the top row empty. Rows B—D will become 10x
serial dilutions of the worm digests [0.1x, 0.01x, 0.01x].
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3.3.3. Set plates aside. Dilution plates will be used in step 3.13.
3.4. Resuspend each worm sample in 1 mL of M9TX-01 in a 1.5 mL microcentrifuge tube.

3.5. Spin tubes briefly (2—3 s) in a low speed minicentrifuge (2,000 x g) at 25 °C to pellet adults.
Pipette off the supernatant and discard, being sure not to disturb the worm pellet.

3.6. Using the centrifugation settings in step 3.5, rinse worms twice with 1 mL of M9TX-01, then
once with 1 mL of M9 worm buffer, to reduce external bacteria.

3.7. Purge non-adhered bacteria from the worm intestine.

3.7.1. Resuspend each sample of worms in 1 mL of S medium + 2x heat-killed OP50 in a culture
tube.

3.7.2. Incubate at 25 °C for 20—30 min to allow passage of any non-adhered bacteria from the
gut.

NOTE: This will also purge any extracellular fluorescent protein from the lumen and allow
clearer visualization of labeled bacteria adhered to the intestinal epithelium, particularly when
acid-fast fluorophores (e.g., mCherry, dsRed) are used.

3.8. Surface bleach worms to clear external bacteria.
3.8.1. Rinse purged worms twice with 1 mL of cold M9TX-01 and discard the supernatant.

3.8.2. Allow tubes to chill for 10 min on ice (preferred) or at 4 °C. This will paralyze worms and
prevent ingestion of bleach.

NOTE: Other protocols use a chemical paralysis agent such as levamisole; this is an established
approach®® which requires addition of a hazardous waste stream.

3.8.3. Add 1 mL of ice-cold M9 worm buffer + unscented bleach (8.25% sodium hydroxide,
1:1000 or 1:2000 v/v) to each tube. Allow tubes to sit on ice (preferred) or at 4 °C for at least 10
min to kill external bacteria.

NOTE: Do not exceed 1:1000 concentration of bleach. Even in paralyzed worms, mortality can
result.

3.8.4. Pipette off bleach buffer and discard; return tubes to ice to ensure worms do not resume
pumping until bleach is cleared.

3.8.5. Add 1 mL of cold M9TX-01 to each tube. Spin for ~5 s in a minicentrifuge (2,000 x g at 25
°C); return tubes to ice. Remove the supernatant and discard.
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3.8.6. Repeat this rinse step with another 1 mL of cold M9TX-01, discarding as much of the
supernatant as possible.

NOTE: If using worms for further experiments, skip the permeabilization step (Protocol 3.9) and
instead transfer freshly surface-bleached adults to ice-cold buffer in a 6 cm Petri dish and
separate worms into experimental conditions as in Protocol 3.10. Keep worms cold to prevent
motility from resuming but work quickly — keeping worms for >30 min on ice can potentially
result in <100% resumption of normal activity*.

3.9. Chemical permeabilization of worm cuticle with sodium dodecyl sulfate and dithiothrietol
(0.25% SDS + 300 mM DTT) (based on*)

CAUTION: DTT is a reducing agent and irritant. Wear PPE and work in a fume hood when
handling dry stocks or solutions. A hazardous waste stream is required.

3.9.1. In the fume hood, prepare enough SDS/DTT solution to allow 100 puL for each sample. For
1 mL, to 965 uL of M9 worm buffer or M9TX-01 in a 1.5 mL microcentrifuge tube, add 5 pL of 5%
(w/v) SDS and 30 pL of 1M DTT.

NOTE: 1 M DTT solution (aqueous) should be prepared fresh or stored in aliquots at -20 °C to
ensure potency. Aliquots should be sized to be used up in two to three experiments to avoid
excessive freeze-thaw cycling.

3.9.2. Move microcentrifuge tubes containing surface-bleached worms to a room-temperature
tube rack. Each tube should contain worms in ~20 pL of buffer.

3.9.3. Add 100 pL of SDS/DTT solution to each worm sample. Dispose of any remaining SDS/DTT
solution in the appropriate hazardous waste stream.

3.9.4. Allow the treatment to proceed for up to 8 min on the bench to partially break down the
resistant cuticle of the adult worms. Worms will die and settle to the bottom of the tube during
this time.

3.9.5. After permeabilization time is up, carefully pipette off the SDS/DTT supernatant and
dispose of it in an appropriate SDS/DTT hazardous waste stream.

3.9.6. Add 1 mL of M9TX-01 to each tube. Spin briefly in a table-top centrifuge to pellet the
worms or allow worms to settle by gravity to the bottom of the tubes, then draw off the

supernatant and dispose of it in an SDS/DTT hazardous waste stream.

3.9.7. Resuspend worms in 1 mL M9 worm buffer + 0.1% Triton X-100 until ready to use.



395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

3.10. Separate worms into a deep 96-well plate with silicon carbide grit for mechanical
disruption. Prepare the 96-well disruption plate as under.

3.10.1. Obtain a sterile 2 mL deep-well 96-well plate and a matching silicon 96-well plate cover.
NOTE: It is important to use plates that are compatible with the 96-well adaptors for the tissue
disruptor. Tiny differences in external dimensions make the difference between a plate that can
be removed from the adaptors and one that cannot.

3.10.2. Using a sterile scoop spatula, add a small amount of sterile 36-grit silicon carbide to each
well of the plate that will receive a worm. Use enough grit to barely cover the bottom of the
well (about 0.2 g per well). Excessive material will make it difficult to get a pipette tip to the
bottom of the well when retrieving the contents.

3.10.3. Add 180 pL of M9 worm buffer to each well.

3.10.4. Label the columns or rows to indicate where each sample will go, then cover the plate
loosely with the silicon 96-well plate cover.

3.11. Transfer individual worms to the 96-well plate for disruption.

3.11.1. Move permeabilized worms carefully to a small (35 or 60 mm) Petri dish containing
sufficient M9TX-01 to fill the dish to a depth of ~1 cm.

NOTE: If a large number of worms are present, it may not be feasible to transfer the entire
sample as the liquid will become crowded and it will be difficult to pipette individual worms.

3.11.2. Using a dissecting microscope or other low-magnification device, pipette off individual
worms in 20 pL volumes, and transfer these worms to individual wells of the 96-well plate.

NOTE: It is best to harvest only freshly killed worms. Avoid worms with a rigid linear shape, as
these worms may have been dead for some time. Try to take worms that are curved or S-
shaped, with normal gross physiology and an intact gut.

3.11.3. After transferring each volume, make sure that the selected worm was actually ejected
into the well. To do this, pipette up 20 uL of M9TX-01 from a clear area of the Petri dish and
release the full volume back into the dish; this will normally eject the worm if it is stuck to the
pipet. If the worm was stuck, remove 20 pL from the well and try the transfer again.

3.11.4. Once all worms have been transferred, cover the 96-well plate with a sheet of
commercially available flexible paper-backed sealing film (2 x 2 squares), making sure that the
paper-backed side of the sealing film is facing down onto the sample wells. Be careful not to
stretch the sealing film too thin, or it will be very difficult to remove later.
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3.11.5. Place the silicon sealing mat lightly on top of the flexible sealing film; do not press the
cover down into the wells at this time.

3.11.6. Move the plate to 4 °C to chill for 30—60 min. This will prevent over-heating during
disruption, which can damage the samples.

NOTE: This is a break point in the protocol. In most cases, the plate can be left at 4°C for up to 4
h before grinding. Do not leave the worms overnight, as this will change the bacterial counts.

3.12. Load 96-well plates onto a tissue disruptor to break up worm tissues and release intestinal
bacteria.

NOTE: (Optional) If using an odd number of 96-well plates for digests, it is necessary to prepare
a counterweight before proceeding. Use an empty deep 96-well plate and fill wells with water
until it weighs the same as the first plate.

3.12.1. Press the silicon sealing mat down firmly into the wells to create a seal, making sure the
lid lies flat across the entire surface of the plate.

NOTE: If the flexible sealing film is too thick after stretching, it will be difficult to secure the
silicon lid such that it is lying flat in all wells. This will result in an insufficient seal and well-to-
well contamination during shaking.

3.12.2. Secure plates in the tissue disruptor using the 96-well plate adaptors. Shake plates for 1
min at 30 Hz, then rotate plates 180° and shake again for 1 min. This will help ensure even
disruption in all wells of the plate.

3.12.3. Tap plates firmly on the bench two or three times to dislodge any grit from the flexible
sealing film.

3.12.4. Using a large centrifuge with two 96-well plate adaptors, spin the plates down at 2400 x
g for 2 min to gather all material to the bottom of the wells.

3.12.5. Remove the silicon lid and carefully pull off the flexible sealing film.

NOTE: If the flexible sealing film sticks in any of the wells, use a 200 pL pipette tip to remove it.
This is common when the flexible sealing film was stretched too thin.

3.13. Serially dilute worm digest samples in 300 uL in 96-well plates.

3.13.1. Using a multi-well pipettor set to 200 pL, pipette up and down several times slowly and
carefully to re-mix the contents of the wells, then draw off as much of the liquid as possible.
Transfer this liquid to the top rows of the 96-well plates prepared in step 3.3.
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3.13.2. Using a 96-well pipettor set to 20 puL, remove this volume of liquid from the top row and
dispense into row B. Pipette up and down 8—10x to mix. Discard tips.

3.13.3. Repeat step 3.13.2, starting from the 0.1x samples in row B to create 0.01x dilution
samples in row C.

3.13.4. Repeat step 3.13.2 again, going from row C to row D.

3.13.5. Plate onto solid agar for bacterial quantification. For mono-colonized worms, it is
generally sufficient to plate 10-20 pL drops of each dilution [1x—0.001x] on agar plates. For
multi-species colonization, plate each dilution separately by pipetting 100 uL onto a 10 cm agar
plate; spread immediately using glass plating beads.

4. Cleaning silicon carbide grit for re-use

NOTE: This procedure is used to clean and sterilize the grinding material, silicon carbide grit, for
re-use after experiments. This protocol should be followed in its entirety before first use, as
silicon carbide grit is an industrial product and does not come pre-sterilized. Si-carbide grit (3.2
g/cc) is a dense, rough-edged material that works efficiently to disrupt tough samples. However,
the particles can wear down over repeated use and should be replaced when wear becomes
apparent. Fortunately, the material is inexpensive, and the sizes typically sold (~1 Ib) are
sufficient for many experiments.

4.1. After removing samples for plating, add 10% bleach solution to all wells of the 96-well plate
and let sit for at least 10 min.

4.2. Remove the bulk of the grit by rapidly inverting the 96-well plate over a small high-sided
tray or empty P1000 pipette tip container large enough to catch all the contents. The grit will

sink immediately to the bottom of the tray. Pour off the bleach solution into a sink.

4.3. Re-fill the 96-well plate with tap water and invert into the same tray to rinse out remaining
grit. Pour the water off into the sink.

4.4. Repeat one to three more times with tap water until plate is completely clear of grit.

4.5. Rinse grit 2x in tap water, filling the tray each time.

NOTE: The 96-well deep-well plate can be washed in a laboratory dishwasher, covered securely
with foil, and autoclaved with other reusable plastics. Grit does not need to be washed

immediately and can be set aside at this point. Used grit is usually accumulated from multiple
experiments before washing and autoclaving.

12
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4.6. Wash grit in a solution of laboratory detergent for 30 min, agitating occasionally by swirling
or mixing with a metal spatula.

4.7. Rinse away all traces of detergent in several (8—10) changes of tap water, then rinse 2x with
distilled water.

4.8. Spread grit in an open tray, such as a shallow polypropylene autoclave tray, and dry at 40—
70 °C for several hours.

NOTE: If the grit is clumpy when dry, it was not cleaned or rinsed sufficiently. Repeat the
cleaning protocol starting at step 4.6, adding additional rinses in step 4.7.

4.9. Distribute clean, dry grit into screw-top autoclavable glass bottles to a maximum depth of
5-6 cm. Autoclave on pre-vacuum cycle for 30 min to sterilize.

REPRESENTATIVE RESULTS:

Bleach sterilization of live worms

Surface-bleached worms are effectively free of external bacteria until motility returns and
excretion resumes. Under the conditions used here, rapid extinction of bacteria in buffer is
observed (Figure 1A—C, Supplementary Figure 2, Video 1) without disturbing the gut-associated
bacteria in cold-paralyzed worms (Figure 1D-F, Video 2). These data indicate that surface
bleaching can be used effectively to sanitize worms externally without compromising the
intestinal contents (comparisons of surface-bleached vs. no-bleach worm-associated CFU counts
are non-significant, Wilcoxon rank-sum test p > 0.05).

Variations on multi-sample mechanical disruption

The 96-well technique for mechanical disruption of worms is robust to the specific materials
used, and practical considerations dictate the choice of grinding material. Similar to a previous
report®, manual disruption (Figure 2A) resulted in more heterogeneity than the standard 96-
well protocol (silicon carbide grit, Figure 2B) (var(log;,CFU) = 0.499) across all buffer conditions,
as compared with 0.229 for Si-carbide, 0.243 for large glass beads (Figure 2C), and 0.227 for
small glass beads (Figure 2D). Nonetheless, most differences in CFU/worm distributions were
not significant (Kruskal-Wallace, p = 0.017 with df = 3; significant post-hoc Wilcoxon tests for
large beads vs. small beads, p = 0.021, and large beads vs. silicon carbide grit, p = 0.02). The use
of Triton X-100 as a surfactant was not associated with any significant difference in yield when
considered as an individual factor (Kruskal-Wallace, p = 0.94, df = 3), although there is an
apparent increase in yield in no-Triton vs. Triton-containing samples when large beads (2.7 mm)
were used (Figure 2C), possibly attributable to the excessive “foaming” observed in these wells
when Triton was present. These results indicate that large glass beads, while ideal for use in
homogenization tubes®, are not suitable for the 96-well technique. While small glass beads
produced reasonable results (Figure 2D), they consistently clogged 200 pL pipette tips during
mixing and plating. The standard material in this assay, silicon carbide grit, is inexpensive, too
large to clog standard tips, and like glass beads can be washed and reused after autoclaving. The
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grit does release a small amount of “dust” into the buffer, which does not interfere with plating
but needs to be filtered off if the products of disruption are to be used for flow cytometry.

Heterogeneity in bacterial colonization in adult worms

Successful disruption of individual worms reveals heterogeneity in bacterial colonization.
Individuals from isogenic synchronized populations of worms, colonized at the same time on the
same pool of bacteria, consistently show 100-fold or greater range in intestinal bacterial load.
This is observed for different bacterial colonists (Figure 3A) and during colonization on multi-
species bacterial communities (Figure 3B). This heterogeneity is also evident in individual-worm
measurements of fluorescence when worms are colonized with bacteria expressing a
fluorescent protein (GFP) (Figure 3C-D). The properties of the host play a role in shaping this
heterogeneity, as can be seen by comparing colonization of wild-type Bristol N2 worms to
colonization by the same bacteria in DAF-2/IGF mutants; this daf-16 mutant supports larger
populations of many bacteria as compared with N2, while daf-2 is resistant to colonization by a
range of bacteria® (Figure 3B,D). This heterogeneity is characteristic, showing variation across
different combinations of host and colonist(s), while retaining a consistent structure over
different runs of the same experiment (Figure 3E—F).

Importance of individual heterogeneity for accurate comparison of groups

The importance of individual heterogeneity can be easily seen by considering how batch digests
could alter the distributions of data. Colonization by native microbiome bacteria MYb53
(Rhodococcus erythropolis) and MYb120 (Chryseobacteria spp.) (Figure 3A, 4A) in N2 adults are
used as examples. The individual worm data are clearly similar in distribution (two-tailed t-test,
p = 0.9, Wilcoxon rank sum, p = 0.59). When resampling these data to simulate the effects of
batch digests, the batch extrapolated CFU/worm pulls toward the upper quantiles of the data
due to the positive skew in these distributions (mean > median). As batching effectively
averages over the individuals within a batch, batch-extrapolated CFU/worm will center around
the arithmetic mean of the individual data, with decreasing distance to this mean as batches
become large according to the central limit theorem (Figure 4B-D). Accordingly, signal from
biological variation is quickly lost; batch-inferred CFU/worm measurements converge toward
the average, which is not a representative metric of these log-scale-distributed data. Differences
in inferred colonization by MYb53 vs. MYb120 quickly become significant in simulated batch
digests (t-test batch 5, p = 0.049; batch 10, p = 2.27e-4; batch 20, p = 1.19e-15; Wilcoxon rank
sum test batch 5, p = 2.27e-4; batch 10, p = 2.70e-06; batch 20, p = 1.80e-09) as the original
signal is obscured.

Effects of individual heterogeneity on microbial transmission

As individual worms show substantial heterogeneity in bacterial colonization, it is reasonable to
ask whether this heterogeneity has downstream effects. For example, it is reasonable to expect
that transmission might be a function of intestinal bacterial load. By transferring individual
surface-bleached worms to a clean environment, it is possible to observe inoculation of the
environment with excreted live bacteria. In these experiments, surface-bleached pre-colonized
adults, carrying generally substantial populations (103°-10° CFU/worm, Figure 5) of commensal
Ochrobactrum MYb14-GFP or pathogenic S. aureus-GFP, were allowed to roam on heat-killed
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OP50 lawns on NGM agar for 1.5 h. When these worms are re-harvested from excretion plates
and disrupted for bacterial quantification, there is no significant relationship between bacterial
load and excretion rate of live bacteria (Pearson correlations between log-transformed
colonies/hr and CFU/worm: MYb14 rho = 0.19, p = 0.45; S. aureus rho = 0.02, p = 0.9) (Figure 5).
Nor is there a significant relationship between the presence/absence of colonies on a plate and
intestinal bacterial load (binomial logistic regression with log-transformed CFU/worm as factor:
p = 0.15 with df = 53). A substantial fraction of plates remained free of new growth (9/18 plates
for MYb14, 10/36 plates for S. aureus), indicating low overall excretion rates.

When worms are allowed to excrete onto agar plates, the actual number of live excreted
bacteria per worm is confounded by “farming”, where worms pass through colonies and create
trails of new growth (Figure 6)*. A plate with n colonies represents at least one, and at most n,
events where live colony-forming bacteria were excreted. From this observation, it is not
possible to know how many excretion events in (1,n) actually occurred, nor is it possible to
know how many bacteria were excreted in each event. It is therefore not possible to precisely
estimate excretion rates of live bacteria from the gut using these data. However, it is possible to
infer some bounds. Although the number of colonies per plate is not very informative,
presence/absence data can be used for rough inference of excretion rates. For simplicity, if it is
assumed that excretion rate of live bacteria is not a function of bacterial load and that excretion
is a Poisson process, there is a ~50% chance of observing at least nine events in 18 trials when A
~ 0.33 worm™ hr' in MYb14. For S. aureus, similar plausible rates of A = 0.2 worm™ hr™ are
obtained. While these rough calculations suggest low rates of excretion of live bacteria, more
precise quantification of this process over larger numbers of individual worms will be necessary
to obtain reliable estimates.

Data Availability:
Data shown here are available on Dryad (https://doi.org/10.5061/dryad.7wm37pvw?2).

FIGURE AND TABLE LEGENDS:

Figure 1. Low-concentration surface-bleaching treatment rapidly kills bacteria in buffer but
does not disturb intestinal communities in cold-paralyzed worms. (A—C) Bacterial CFU/mL in
M9 worm buffer during surface bleaching at three different concentrations (1:1000, 1:2000,
1:5000 v/v; unbleached control for comparison), targeting (A) S. aureus Newman, (B) S. enterica
LT2, or (C) E. coli OP50. Samples were taken at indicated time points up to 20 min post-exposure
and washed twice with sterile buffer to prevent bleach from killing colonies on plates. Data for
the 1:1000 condition are offset slightly so that these data are visible on the plot. (D-F) Intestinal
bacteria in individual N2 worms (n = 24 worms per experiment, two or three independent runs
on separate days). All comparisons of surface-bleached and no-bleach worm-associated CFU
counts are non-significant (Wilcoxon rank-sum test p > 0.05). Grey horizontal lines represent
threshold of detection, defined as the density (40 CFU/worm) at which probability of observing
at least one colony is “60% when plating 10 uL aliquots from 200 pL volumes.

Figure 2. The 96-well disruption protocol produces consistent results and is robust to the
choice of materials. N2 adult worms colonized with a single bacterial species for 48 h (P.
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mosselii) were surface bleached and permeabilized according to standard protocols, then
individual worms (n = 24 per condition) were mechanically disrupted for CFU plating using (A)
manual disruption in individual 0.5 mL tubes, using a motorized pestle or (B-D) variations on
the 96-well disruption protocol described in detail in the Protocol. Disruption was carried out in
M9 worm buffer containing varying concentrations of Triton X-100 (x-axis, 0-0.1%, v/v) and one
of (B) 36-grit silicon carbide, (C) small (425-600 um) glass beads, or (D) large (2.7 mm) glass
beads. For all plots, data shown are log:o(CFU/worm), and each point is one individual worm.

Figure 3. Heterogeneous bacterial colonization of the C. elegans intestine. (A) Single-species
colonization of N2 adult hermaphrodites prepared as in Methods. Bacteria are four species from
the MYb native worm microbiome collection (Dirksen et al. 2016) (n = 24 worms, one
experiment each) and two pathogens, Staphylococcus aureus MSSA Newman (SA) and
Salmonella enterica LT2 (SE) (n = 96—144 worms over two/three independent experiments).
Colonization by native microbiome species was assessed after a 48 h incubation at 25°C in liquid
S medium + 108 CFU/mL bacteria; colonization by pathogens was assessed after incubation on
lawns on NGM worm agar for 24 (SA) or 48 (SE) h at 25°C. (At 48 h, worms on S. aureus have
mostly died.) (B) Total CFU/worm in N2, daf-16(mu86), and daf-2(e1370) adults colonized for 4
days in liquid media on an eight-species minimal native microbiome (data from Taylor and Vega,
2021)*. (C-D) Green fluorescence in individual worms colonized with GFP-expressing bacteria,
observed by large object flow cytometry. In (C), synchronized populations of N2 adults were
colonized with OP50 (non-fluorescent, n = 1908 individual adult worms), S. aureus (GFP, n =
968), or S. enterica (GFP, n = 1153) as described in (A); the OP50 control indicates typical levels
of green-channel autofluorescence in day-3 adult N2 worms. In (D), synchronized populations of
N2 (n = 1165), daf-16(mu86) (n = 1180), and daf-2(e1370) (n = 2267) adults were colonized with
commensal Ochrobactrum MYb14-GFP for 2 days on plates as described in (A). (E-F) Day-to-day
variation in colonization by S. aureus (E) and S. enterica (F) (same data as in panel A and Figure
1, n = 48 worms per experiment). The x-axis indicates the day of sampling. Grey horizontal lines
represent threshold of detection, defined as the density at which probability of observing at
least one colony is ~60% (40 CFU/worm for single-species colonization and four CFU/worm for
multi-species colonization, due to different plating volumes of 10 uL and 100 pL respectively out
of 200 pL).

Figure 4. Batching erases biological variation in skewed log-scale data. CFU/worm data from
Figure 3 were resampled with replacement to create n = 25 replicate sets of simulated data for
each batch size, where size is the number of individual worms per batch. CFU/worm is the total
CFU in each simulated batch divided over the number of worms per batch. In the raw data
(panel A), average CFU/worm for MYb53 is 4450.8 (10*®), and for MYb120, 1398.3 (10*?); the
batch-inferred numbers converge to these values as batch size increases (B, five worms/batch;
C, 10 worms/batch; D, 20 worms/batch), consistent with expectations from central limit
theorem.

Figure 5. Excretion of live bacteria is poorly correlated with CFU load in the intestine of
individual worms. Here, N2 adults were colonized by feeding for 1 or 2 days respectively on
lawns of S. aureus-GFP or MYb14-GFP. Worms with detectable GFP fluorescence (total GFP > 1.8
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logs on large object flow cytometer) were sorted from the bulk population, surface bleached as
described in Methods, and transferred individually to NGM + heat-killed OP50 plates as
described for Figure 5. Pearson correlations between log-transformed colonies/h and
CFU/worm are non-significant (MYb14 rho = 0.19, p = 0.45; S. aureus rho = 0.02, p = 0.9).

Figure 6. Bacterial “farming” obscures the number of excretion events on agar plates. Here are
two plates with MYb14-GFP colonies from worm excreta. The first plate (A) has clear evidence
of “farming” along worm paths and appears to represent at least two separate excretion events
based on differences in GFP expression (visible as yellowish pigmentation) across colonies.
While the second plate (B) is more ambiguous, farming cannot be ruled out based on the
positions of the colonies. In these experiments, N2 adult worms were pre-colonized for 48 h by
feeding on agar plates containing lawns of MYb14-GFP. After colonization, worms were
prepared and surface bleached according to Methods, then transferred in 5 uL aliquots of M9
worm buffer + 0.1% Triton X-100 to 6 cm NGM + heat-killed OP50 plates (prepared by allowing
50 pL spots of 5x concentrated heat-killed OP50 to dry on the surface). Worms were permitted
to roam for 1.5 h at 25°C, then picked from plates and disrupted for CFU/worm plating (manual
disruption in 20 pL buffer in individual 0.5 mL tubes, using a motorized pestle). Plates were
incubated at 25°C for 2 days before counting.

Video 1. Visualization of N2 worms colonized with GFP fluorescent S. aureus without surface
bleaching. A small number of fluorescent cells on the cuticle move into and out of focus as the
image passes through the body of the worm, and spatially heterogeneous colonization of the
gut becomes visible as the field of view moves from the body surface into the intestine. Z-stack
image was taken at 20x magnification on an inverted fluorescent microscope. Bright-field and
GFP filtered fluorescent images were overlaid, and images across the Z-stack stitched together,
using the vendor software. Image is from the same slide as in Supplementary Figure 2.

Video 2. Visualization of a N2 worm colonized with GFP fluorescent S. aureus with surface
bleaching (1:1000 v/v for 20 min). Spatially-heterogeneous colonization by fluorescent bacteria
is visible in the intestine of this individual, and bacteria have infiltrated the body tissues,
indicating advanced infection. No bacteria are visible on the cuticle. Z-stack image was taken at
20x magnification on an inverted fluorescent microscope. Bright-field and GFP filtered
fluorescent images were overlaid, and images across the Z-stack stitched together, using the
vendor software. Image is from the same slide as in Supplementary Figure 2B.

Supplementary Figure 1. Overview of the Protocol. Here, synchronized adult worms are mono-
colonized with red bacteria, surface-bleached, and permeabilized before mechanical disruption
of individual worms in a 96-well format. Bacteria released from the intestine are dilution plated
in 10x series for CFU/worm quantification; plates shown are typical for observed heterogeneity.

Supplementary Figure 2. Visualization of N2 worms colonized with GFP fluorescent S. aureus
with and without surface bleaching (1:1000 v/v for 20 min). (A) In the unbleached sample,
external bacteria are visible at low magnification as areas of green fluorescence not associated
with worms or worm body fragments. (B) In the surface-bleached sample, GFP fluorescence is
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restricted to the interior of worm bodies (one worm body fragment is visible mid-image). All
images were taken at 4x magnification on an inverted fluorescent microscope. Bright-field and
GFP filtered fluorescent images were overlaid, and images from adjacent fields of view stitched
together, using the vendor software.

Supplementary File 1: Buffer and solution recipes.

DISCUSSION:

Here data are presented on the advantages of single-worm quantification of bacterial load in C.
elegans, along with a 96-well disruption protocol to allow the rapid and consistent acquisition of
large data sets of this type. As compared with existing methods®, these protocols allow higher-
throughput measurement of intestinal microbial communities in the worm.

This approach has plating as a rate-limiting step and is not truly “high-throughput”. Large-object
flow cytometry (Figure 3B,C) is a useful high-throughput method for quantifying fluorescently
labeled bacteria in individual worms*®, although the number of simultaneous fluorophores is a
limitation in multi-species communities. Linking multi-well plate disruption with community
sequencing is another way to increase throughput; however, the 96-well disruption procedure
described here was optimized specifically to leave bacterial cells intact. Sequencing-based
analysis, where thorough lysis of cells is desirable, will require addition of a nucleic acid
extraction step or modification of the beating protocol (Protocol 3.10-3.11) to extract cell
contents instead of live bacteria. Protocols for single-worm disruption and extraction of nucleic
acids have been published elsewhere®?,

Bacterial total abundance in the worm intestine is heterogeneous, and the data shown here
suggest that batch-based measurement can produce erroneous results in comparisons between
groups. However, other measures of bacterial communities in the worm may be less sensitive to
the effects of batching. Of note, relative abundances in worm-associated communities seem to
vary very little if at all with total intestinal population size, regardless of whether interactions
among microbes are neutral® or not™. It is plausible that, compared to count data, relative
abundance measures will be less susceptible to the false-positive rate issue described.
Sequencing-based community analysis, which generates relative abundance data for community
composition, may therefore not require measurement of single worms. Further investigation is
needed on this point.

Here, we use cold treatment to paralyze worms for surface bleaching. Other work has found
that worms resume normal activity rapidly (<15 min) if time on ice is kept under 30 min,
allowing immediate use in further assays, in contrast with chemical paralysis agents which can
require extended periods before full recovery®. If worms are to be disrupted immediately for
bacterial quantification, this feature is dispensable, and the main advantage of chilling vs.
chemical paralysis is avoiding the need for a controlled waste stream. Extended cold treatment
should be used with caution when investigating stress responses, particularly if there is a known
connection to temperature. The cold paralysis protocols described here entail shorter acute cold
exposure than used in experiments for cold stress (20-30 min vs 2+ h at 2-4°C)*™, and a1 h
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cold shock produces no apparent phenotype in wild-type worms®. Short-term (90 min)
incubation at 4 °C induces changes in cold-stress gene expression (measured by expression of a
TMEM-135::GFP reporter), but expression returns to unstressed levels within minutes once
worms are returned to room temperature®. However, the effects on stress-sensitive worm
genotypes may be more severe than in wild-type. This procedure should be validated under the
experimental conditions to be used.

The surface bleaching protocol described here can be used as a way to limit or eliminate
passaging of external microbes in experiments. This method has additionally been used to clear
fungal contaminants by surface bleaching and transferring only L1/L2 larvae to fresh plates
(transfer of surface-bleached adults resulted in failure to clear the contaminant, presumably
due to carriage in the intestines of the larger animals). It is critically important to ensure that
bleach concentration does not exceed 1:1000 v/v, as damage to the worms and mortality will
result. This procedure may be useful in experimental host-microbe evolution and host-pathogen
interactions. For example, the low excretion rate of live bacteria observed here can help to
explain the highly variable rates observed for bacterial transmission from hermaphrodites to
offspring®. The lack of correlation between intestinal bacterial load and excretion rate observed
here is interesting, but requires further investigation; a larger number of data points across a
range of conditions will be needed to determine where (or whether) this observation will hold.

It may not always be necessary to clean worms to the extent provided by surface bleaching.
Multiple washes in sterile buffer are likely sufficient when worms are internally colonized with a
single microbe if the minimum expected CFU/worm is much higher (10-100-fold) than the
concentration of bacteria in buffer supernatant, as this carryover will minimally affect counts
(see Figure 1). Additionally, if the microbe(s) of interest primarily colonize(s) the cuticle, surface
bleaching should clearly be avoided. Thorough cleaning is more important to ensure accuracy
when dealing with mixed microbial communities (to ensure that all colonies/reads in a sample
are from worm-associated bacteria and not from the environment), when bacteria adhered to
the cuticle interfere with reading the internalized population, when expected minimum
CFU/worm is low, etc.
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