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SUMMARY

Animal experiences, including learned behaviors, can be passed down to several
generations of progeny in a phenomenon known as transgenerational epigenetic
inheritance. Yet, little is known regarding the molecular mechanisms regulating
physiologically relevant transgenerational memories. Here, we present a method
for Caenorhabditis elegans in which worms learn to avoid the pathogen Pseudo-
monas aeruginosa (PA14). Unlike previous protocols, this training paradigm,
either using PA14 lawns or through exposure to a PA14 small RNA (P11), induces
memory in four generations of progeny.

For complete details on the use and execution of this protocol, please refer to
Moore et al. (2019) and Kaletsky et al. (2020).

BEFORE YOU BEGIN

This protocol describes the steps for performing a transgenerational aversive learning assay using
C. elegans. We have used this protocol to train young adult C. elegans on several bacterial species,
including P. aeruginosa (PA14), which induces transgenerational memory, and S. marcescens, which
does not. For PA14, the bacterial P11 small RNA induces transgenerational learned avoidance
(Kaletsky et al., 2020), and this effect is recapitulated in this assay using transgenic E. coli that ex-
press PA14 P11. For this type of training, E. coli carrying an empty vector is used as a control. The
desired type of training (PA14 lawns vs. E. coli + P11) should be considered before starting. Regard-
less of the type of training, the behavior test (choice assay) is performed using OP50 and PA14 lawns.

1. Prepare stocks of unseeded C. elegans maintenance, training, and choice assay plates at least
2 days before beginning the protocol. Nematode Growth Media (NGM) (both 10 cm and 6 cm)
and High Growth (HG) (10 cm) plates may be kept at 4°C for up to 2 months before use. Plates
that contain antibiotics may be kept for 1 month at 4°C before use.

Note: Plates must be dry and at room temperature (20°C-23°C) in order for bacteria to grow
and for consistent worm behavior.

2. Inoculate an overnight culture of E. coli OP50 in Luria Broth (LB), as per standard worm mainte-
nance protocols. This stock can be stored at room temperature for several days, or at 4°C for up to
1 week.

3. Obtain stocks of the remaining bacteria and pathogen strains needed for training and/or choice
assays. Bacteria are maintained as glycerol stocks at —80°C. Fresh stocks of bacteria are streaked
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out on plates and grown overnight (16-22 h) at 37°C. Plates containing single colonies are wrap-
ped with parafilm and kept at 4°C for up to 2 weeks before use (If plates begin to crack, discard
earlier). Single colonies are picked from plates to inoculate overnight liquid bacterial cultures
(in LB) used throughout the protocol.

Note: This protocol is suitable for studying C. elegans learned avoidance and transgenera-
tional inheritance using bacteria other than PA14 (Kaletsky et al., 2019). Adjust bacteria
growth conditions as necessary for the strain used.

Note: Healthy stocks of bacteria are critical for optimal worm behavior. The bacteria growth
conditions at every step, particularly temperature, can greatly affect the efficacy of worm
training.

. Worms must be properly maintained for several generations before starting this protocol, and
throughout the transgenerational experiment. Stressful conditions, including starvation or over-
crowding, may affect naive worm bacteria preference, learned behavior (Kauffman et al., 2011),
and transgenerational memory (Houri-Ze'evi et al., 2019). If worms experience stress, thaw fresh
stocks and/or maintain worms under standard conditions before resuming this protocol.

. Approximately 3 HG maintenance plates containing gravid worms are used on day 2 of this pro-
tocol. Plan accordingly using general C. elegans maintenance protocols so that gravid worms are
healthy and available at this time. The starting population of synchronized progeny (approxi-
mately 3,000 embryos, at minimum) is sufficient for training on both control and experimental
bacteria, testing of PO animals for behavior, and propagation of progeny for testing subsequent
generations. Adjust the number starting animals as needed for testing additional training condi-
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tions, or when using worm genotypes with reduced fertility.

Note: Pseudomonas aeruginosa is a Biosafety Level 2 (BSL2) pathogen. Follow your institu-

tional guidelines for handling and safety of PA14 and other pathogenic bacteria.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. coli: OP50 Caenorhabditis Genetics Center CGC: OP50

P. aeruginosa: PA14 Z. Gitai N/A

E. coli expressing P11 C.T. Murphy N/A

E. coli expressing empty vector C.T. Murphy N/A

Chemicals, peptides, and recombinant proteins

Sodium azide Bioworld Cat #41920044-3

Potassium hydroxide

Sodium hypochlorite
Peptone

Sodium chloride

Bacto-Agar

L-Arabinose

Potassium phosphate monobasic
Potassium phosphate dibasic
Magnesium sulfate anhydrous
Calcium chloride

Yeast extract

Tryptone

2 STAR Protocols 2, 100384, March 19, 2021

Fisher Scientific
Thermo Fisher Scientific
Fisher Scientific
Sigma-Aldrich
Fisher Scientific
Bioworld

Fisher Scientific
Millipore Sigma
Fisher Scientific
Fisher Scientific
Fisher Scientific
Biosciences

Cat #P258-212
Cat #55290-1

Cat #DF0118-07-2
Cat #59888

Cat #DF0140-07-4
Cat #40100301-3
Cat #7778-77-0
Cat #7758-11-4
Cat #7487-88-9
Cat #AC349615000
Cat# DF0127-17-9
Cat #211705

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Sodium phosphate dibasic anhydrous Fisher Scientific Cat #7558-79-4
Cholesterol Fisher Scientific Cat #C314-500
Carbenicillin Sigma-Aldrich Cat #C4316
Isopropyl B-d-1-thiogalactopyranoside (IPTG) Fisher Scientific Cat #BP1755
Tetracycline Sigma-Aldrich Cat #87128

Experimental models: organisms/strains

C. elegans: strain N2 var. Bristol: wild-type Caenorhabditis Genetics Center CGC: N2

Software and algorithms

Prism 8 GraphPad Prism https://www.graphpad.com/
scientific-software/prism/

MATERIALS AND EQUIPMENT

Equipment: This protocol uses a 37°C temperature-controlled shaker to grow bacteria overnight, as
well as both a 20°C incubator (non-shaking) and 25°C incubator (non-shaking) to maintain C. elegans
and incubate bacteria, respectively. A dissecting light microscope is used to monitor worm growth
and to count worms following the choice assay. Additionally, an electronic repeat pipettor is used for
preparing choice assay plates.

Data Analysis Program: All data is recorded in Microsoft Excel and graphed using GraphPad Prism.

Bleach solution

Reagent Amount
5MKOH pH 6 2.5mL
Sodium hypochlorite 6mL
Milli-Q water 41.5 mL
Total 50 mL

Bleach solution can be keptat 4°C or at room temperature (20°C-23°C), and can be kept indefinitely,
but its potency tends to decrease over time. It is recommended to replace the bleach solution after
1 month.

Nematode growth media plate

Reagent Final concentration Amount
Peptone 0.025% 25g
NaCl 0.03% 39
Bacto-agar 0.17% 1749
Milli-Q water Upto 1L

Add a stir bar prior to autoclaving Nematode Growth Media (NGM). Following sterilization, media is
left until cool enough to touch. Right before pouring plates, 1 mL/L cholesterol (5 mg/mL in ethanol),
1mL/L1 M CaCly, 1 mL/L1TMMgSQOy,, and 25 mL/L 1 M potassium phosphate (pH 6.0) are added to
molten agar. For NGM + Arabinose plates, supplement media with 100 ng/mL carbenicillin, and
0.2% w/v arabinose. Poured and solidified plates are stored at 4°C until use. Plates without
antibiotics can be maintained at 4°C for up to 2 months, while plates containing antibiotics can
be maintained for up to 1 month at 4°C before use.

STAR Protocols 2, 100384, March 19, 2021 3
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High Growth Media/High Growth Media RNAI plates

Reagent Final concentration Amount
Peptone 0.20% 20g
NaCl 0.03% 39
Bacto-agar 0.30% 30g
Milli-Q water Upto 1L

Add a stir bar prior to autoclaving High Growth Media (HG). Following sterilization, media is left until
cool enough to touch. Right before pouring plates, 4 mL/L cholesterol (5 mg/mL in ethanol), 1 mL/L
1M CaCly, 1T mL/L1 M MgSOy,, and 25 mL/L 1 M potassium phosphate (pH 6.0) are added to molten
agar. Poured and solidified plates are stored at 4°C until use. For HG RNAi plates, also supplement
media with 100 pg/mL carbenicillinand 1 mL/L 1 MIPTG. HG plates without antibiotics can be main-
tained at 4°C for up to 2 months before use, while plates containing antibiotics can be maintained for
up to 1 month at 4°C before use.

Other solutions

Name Reagents

Luria Broth (LB) 0.1% w/v tryptone, 0.05% w/v yeast extract, 0.1% w/v NaCl in Milli-Q
water, autoclave, store at room temperature

M9 0.03% w/v KH2POy4, 0.06% w/v NasHPO4, 0.05% w/v NaCl, 1 mL/L1M
MgSOy in Milli-Q water, filter sterilize, store at room temperature

Calcium chloride 1 M in Milli-Q water, filter sterilize, store at room temperature

Magnesium sulfate 1 Min Milli-Q water, filter sterilize, store at room temperature

Cholesterol 5 mg/mL in ethanol, filter sterilize, store at room temperature

Potassium phosphate 1 Min Milli-Q water, filter sterilize, store at room temperature

Carbenicillin 100 pl/mL in Milli-Q water, filter sterilize, store in —20°C

Arabinose 15% w/v in Milli-Q water, filter sterilize, store at room temperature

Sodium azide 400 mM in water, store at room temperature. (TOXIC)

Isopropyl B-d-1-thiogalactopyranoside (IPTG) 1 M in Milli-Q water, filter sterilize, store in —20°C
0.1 M in Milli-Q water, filter sterilize, store in —20°C

Tetracycline 12.5 pg/mL in Milli-Q water, filter sterilize, store in —20°C

A CRITICAL: Sodium azide is toxic both as a powder and in solution. Sodium azide exists as
an odorless white solid. Once mixed with water, sodium azide changes to a toxic gas. Be
careful when preparing this solution, and always prepare sodium azide solutions in a
fume food.

Alternatives: Bacteria can be spotted onto choice assay plates using a non-repeating pipette.

STEP-BY-STEP METHOD DETAILS

Inoculate bacteria in liquid culture for training plates and seed worm maintenance plates:
day 1

O Timing: 15 min

Bacterial colonies from freshly streaked plates are used to inoculate liquid culture. These overnight
cultures will be used in the next step to seed plates used to train worms. Additionally, worm growth
plates will be seeded using a healthy stock of liquid OP50.

1. Inoculate 6 mL of LB media with bacteria from single colonies using a sterile inoculating loop.
a. Adjust the amount of LB inoculated based on the number of training plates required. 1 mL will
be used for each training plate. To test PO worms and subsequent generations, prepare
enough bacteria for 6 training plates per bacteria and condition (i.e., worm genotype) tested.

4 STAR Protocols 2, 100384, March 19, 2021
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b. LB is suitable for growth of most bacteria. Use appropriate growth media for strains, as
needed.

c. E. coli expressing P11/empty vector are grown in LB + 100 ug/mL carbenicillin + 0.2% (w/v)
arabinose.

d. Use an appropriately sized tube to ensure proper aeration during growth. A 14 mL round bot-
tom conical is suitable for 6 mL of LB.

Optional: Worms can be raised on RNA interference (RNAI) to knock down individual gene
expression. To adapt this protocol for RNAi use, inoculate LB + 100 ug/mL carbenicillin +
12.5 ug/mL tetracycline with a colony or glycerol stock from a sequence-verified RNAi clone.
This step is performed on day 0 (1 day prior to the start of the experiment).

2. Grow bacteria at 37°C overnight (16-22 h), shaking at 250 rpm.

a. Bacteria should be grown for a minimum of 8 h, but not to exceed more than 16 h. If a biofilm
forms (PA14), do not use the culture.

3. Seed HG 10 cm plates with 1 mL of OP50 grown from “before you begin” (or RNAIi bacteria on
HG RNAI plates, if using) per plate. These will be used to bleach worms onto for day 2 of the
experiment.

a. Seed three 10 cm HG plates per genotype.
b. OP50 plates need to be seeded with sufficient time to ensure they are completely dry, but not
so old that these plates crack (at minimum one day before use).

Optional: For RNAi use, seed HG RNAI plates with RNAI cultures prepared on day 0.

Note: A stock of pre-prepared LB + 100 ug/mL carbenicillin + 0.2% (w/v) arabinose can be
maintained at 4°C for up to 1 week, or prepared fresh each time.

Synchronize worms, prepare training plates, and inoculate bacteria for choice assay plates:
day 2

O Timing: 1-2 h

In this step, healthy adult worms are bleached to obtain a synchronized population of eggs. These
animals will be used on day 4 for training. The plates required for training will also be prepared.
Finally, liquid cultures of bacteria will be inoculated (separate from the cultures on day 1) that will
used to seed choice assays plates on day 3.

4. Synchronize worm population: Bleach worms to be used for experiments onto HG OP50-seeded
plates (or HG RNAi-seeded plates, if using) (~250-350 eggs per plate).
a. Wash gravid worms off 3 HG plates with M9 and pour (or use wide-orifice pipette to collect)
M9 + worms into a 15 mL conical.
b. Allow worms to settle (do not centrifuge). To obtain enough eggs for the experiment, the re-
sulting worm pellet should be roughly 300 pL.
Remove supernatant using a vacuum, making sure not to disturb the worm pellet.
Add 5 mL of bleach solution.
Place tube onto nutator to shake.

-0 00

Check on worms every 5 min for the first 15 min. Once worms start to dissolve, check every

2 min until the majority of worm bodies have dissolved (about 99% of the worms should be

dissolved).

g. Using atable top centrifuge, spin bleached worms for 1 min at 160 x g (1,000 rpm in a clinical
centrifuge). There will be a small white pellet at the bottom of the tube containing embryos.

h. Use a vacuum to remove all of the bleach solution.

i. Add 2 mL of M9 and spin embryos again for 1 min at 1,000 rpm.

STAR Protocols 2, 100384, March 19, 2021 5
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Remove supernatant and repeat wash 2 times.

Plate eggs (250-350 eggs) onto each of the 3 OP50-seeded HG plates prepared on day 1.
This is performed by estimating the density of eggs in M9 by counting 2 pL of the egg suspen-
sion on a slide using a dissecting microscope.

Place synchronized embryos on HG plates into a slightly opened container and in a 20°C
incubator.

m. Incubate worms for 2 days at 20°C for use on day 4.

Optional: For RNAi use, HG RNAI plates seeded on day 1 are induced with IPTG before use.
Using sterile conditions, place a total of 200 pL of 0.1 M IPTG in small spots all over the HG
RNAi lawn. Allow IPTG to dry before plating bleached eggs as in step 4 (~1 h).

A CRITICAL: Bleaching is usually performed on the morning of day 2 (48-52 h before

training) to allow sufficient time for worm development. Worms that are too young during
training (pre-L4 stage) on PA14 will arrest and are not suitable for the standard assay

described here. Additionally, arrested animals will not make progeny, interfering with
the transgenerational portion of this assay. Bleaching in the morning is recommended
so that worms are the appropriate age on the morning of day 4 of the experiment, and
allows the steps on day 5 to be performed during convenient daytime hours.

A CRITICAL: Worms should never be centrifuged prior to the addition of bleach. Allow

5. P

a.
b.

C.

g

worms to pellet by gravity on the bench. Centrifugation can cause physical damage/
induce stress.

repare training plates: For each genotype, obtain the following numbers of plates.
OP50 = at least four 10 cm NGM plates per genotype of worms being tested.
PA14 = at least four 10 cm NGM plates per genotype of worms being tested.
E. coli expressing P11 or empty vector = at least four 10 cm plates (10 cm NGM + 100 ug/mL
carbenicillin + 0.2% w/v arabinose) per genotype of worms being tested.
. Seed OP50 plates with 1 mL of liquid OP50 culture (prepared from “before you begin” section)
per plate.
. Seed E. coli expressing P11 or empty vector plates with 1 mL of overnight culture (prepared
from step 1) per plate.
Seed PA14 plates with 1 mL of diluted overnight culture PA14 per plate (prepared from step 1),
as follows.
i. Use a nanodrop or other spectrophotometer to determine OD of PA14 liquid culture.
ii. Dilute the overnight culture of PA14 to an ODggp nm = 1 using LB.
iii. Forahealthy liquid PA14 culture (Figure 1), this dilution corresponds to about 1 mL of PA14
overnight culture into 3 mL of LB.

Note: If the PA14 bacteria are too concentrated, motile spots and biofilms will form. These

conditions will kill worms very rapidly.

A CRITICAL: Training plates need to be fully seeded with bacteria so that there are no un-

seeded areas of the plate. Worms on pathogenic bacteria may move to areas without bac-

teria if there are empty spots, which could affect training.

. Put all plates right side up into a large plastic container and into a 25°C incubator for 2 days.
Do not seal the box containing the plates. These plates must fully dry, otherwise worms will
swim and/or arrest. Allowing the plates to come to room temperature (20°C-23°C) before
seeding with bacteria helps ensure drying.

6. To prepare bacteria for choice assay plates, inoculate bacteria in liquid culture as in step 1.

6
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Figure 1. Appearance of liquid bacteria cultures
Overnight cultures of OP50 (left) and PA14 (undiluted, right). PA14 grown in the proper condition appears blue when
aerated.

a. Calculate the amount of liquid culture needed to seed choice assay plates. 25 pL of each bac-
teria (OP50 and diluted PA14) is used for each spot per plate.

b. Maintain stock of OP50 as needed.

c. Inoculate pathogenic bacteria (from single colonies on streaked out plates) in LB or appro-
priate growth media (i.e., for E. coli expressing P11/Empty vector).

Prepare choice assay plates: day 3
O Timing: 2-3 h

7. Take the appropriate number of 60 mm NGM plates out of fridge and let warm to room temper-
ature (20°C-23°C) before use.
a. Use at least 10 choice assay plates per condition tested.

STAR Protocols 2, 100384, March 19, 2021 7
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Figure 2. Choice assay plate setup

Left, illustration of choice assay plate. X = origin, yellow = OP50 spot, Blue = pathogen spot (PA14). Right, plate
seeded with PA14 and OP50 and incubated for 2 days at 25°C. PA14 spot appears darker than OP50, but may not
appear blue.

b. Prepare several extra choice assay plates to replace any that need to be discarded due to
contamination or irregular spread of bacterial spots.

8. Arrange the 60 mm plates in stacks of 5 upside down (bottoms up).

9. Using a black permanent marker, dot the bottom center of each plate (for OP50), and dot the top
center of the plate with another color (for PA14/pathogen).
a. Dots should be as far apart as possible on the plates. See Figure 2.

10. Turn plates right side up.

11. For PA14, dilute bacteria as on day 2 (step 5f).

12. Using a repeating pipette with a sterile tip, carefully pipette 25 uL of OP50 onto the agar where
the black dot is marked.

13. Using a new sterile tip, pipette 25 uL of other bacteria (for PA14, used diluted sample) onto the
other dot.

Note: When preparing choice assay plates, bacteria spots should not be plated so close to the
edge of the plate that worms will be forced onto the vertical walls of the plate.

Note: For experiments in which worms are raised on RNAI bacteria, the choice assay remains
the same (OP50 vs. PA14).

14. Allow plates to dry at room temperature (20°C-23°C) before moving them (~30 min).
Note: Spots of bacteria may shift if the plates are moved before they are dry, causing greater
and/or uneven distribution of bacteria on the choice assay plates. Discard any plates in which
the bacteria are present outside of the designated spot.

15. Move dry plates face up into a plastic container and place in a 25°C incubator for 2 days.
A CRITICAL: Choice assay plates must be moved to an incubator with a constant tempera-

ture of 25°C. It is important that both the training plate and choice assay plates are pre-

pared in this manner.

Optional: If transgenerational inheritance of learned behavior will be tested in the F1 gener-
ation, use 1 mL of OP50 to seed each of two 10 cm HG plates per strain and condition being

8 STAR Protocols 2, 100384, March 19, 2021
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tested. Incubate plates at room temperature for use on day 5 of the protocol. Seed additional
plates if more F1 progeny are required.

Train worms for aversive learning: day 4
O Timing: 1 h

L4 worms from day 2 (48-52 h after bleaching) are washed from the growth plates and transferred to
training plates. If worms were bleached on the morning of day 2, the following steps for day 4 are
performed during the morning or early afternoon. Worms are then incubated for 24 h for training.

16. Take training plates out of 25°C incubator and let come to room temperature (20°C-23°C).

Note: If training worms on E. coliexpressing P11, both empty vector (control) and P11 training
plates need to be induced with 0.1% arabinose prior to use. Place a total of 200 plL of 0.1%
(w/v) arabinose in small spots all over training plates. Allow arabinose to fully dry at room tem-
perature prior to continuing to step 17 (~ 1 h).

17. Observe the worms intended for training—approximately 90% of the population must be at
least at the L4 stage.
18. Wash worms using M9 into a 15 mL conical tube, and let them settle by gravity.

A CRITICAL: NEVER centrifuge worms to pellet them (Kauffman et al., 2010). Centrifugation
can interfere with behavior.

19. Remove supernatant, leaving some M9 behind (about 50 pL of extra M9 per 100 uL of worms).

A CRITICAL: Do not leave worms in M9 for extended periods of times, since this can lead to
starvation/stress. Worms should be washed and plated quickly.

20. Plate worms onto training plates.

a. Use your index finger to lightly tap the worms to resuspend them.

b. Using wide-orifice tips, and making sure not to puncture the agar, pipette 10 uL of worms
onto OP50 or transgenic E. coli plates (any more than this and the worms will starve by the
end of the 24 h training period).

c. Using wide-orifice tips, pipette 10 uL of worms onto pathogenic bacteria plates — (worms will
not run out of PA14 by 24 h. Also, the recovery from PA14 plates is lower since the lawns are
very thick).

Note: Results do not differ when more worms are trained on each PA14 training plate. Up to
40 plL of worms can be used per PA14 plate, without affecting the results compared to training
equal numbers of worms on OP50 and PA14 plates. Increasing the number of worms per PA14
plate improves worm recovery for choice assays and bleaching following training.

Note: When pipetting worms onto training plates, pipette from the middle of the worm sus-
pension. This will help ensure an equal number of worms on each plate. Worms settle rapidly.
Tap tube as needed to keep worms resuspended.

21. Allow the M9 spot of worms to dry, and put plates into a 20°C incubator with the lid of the
container cracked.

22. Do not put PA14 plates in the same box as OP50, since volatile odorants from PA14 may inter-
fere with worm training.

23. Incubate plates at 20°C for 24 h. The training time must be precise.

STAR Protocols 2, 100384, March 19, 2021 9
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Aversive learning behavior assay: day 5
® Timing: 3-6 h

In this step, a subset of the trained worms is washed from the training plates and used to test the
behavior of the population using the prepared choice assays. The remaining trained worms are
used to collect the next generation of progeny.

24. Take choice assay plates out of the 25°C incubator at least 1 h before use.

25. Set aside a subset of worms on training plates to be used for collection of the next generation
(F1). Half of the worms (2 of the 4 training plates) are used during step 37 to obtain F1 synchro-
nized embryos via bleaching. These plates are left at 20°C until step 37, which should be per-
formed as close to the end of the 24 h training period as possible.

a. The worms used for behavior testing on choice assay plates are not the same worms used to
bleach for F1 collection, but they do derive from the same batch of trained animals.

26. Forthe choice assay, use M9 to wash worms off of the remaining training plates and into a 15 mL
conical, being careful not to carry over large chunks of bacteria. Wash worms 2 more times to
ensure no food from the training plates is carried over. If there is food in the washed worm pellet,
worms will not move from the origin.

27. Allow worms to pellet by gravity, do not disrupt worm pellet.

28. Lay out choice assay plates and remove lids.

29. While worms are settling, place 1 pL of sodium azide (used at 400 mM, diluted in water) onto the
center of each bacterial spot.

A CRITICAL: Do not spot choice assay plates with sodium azide untilimmediately before use.
Sodium azide should be put onto the bacteria spots right before trained worms are washed
off the plate in preparation for the assay. Sodium azide is used to paralyze worms so that
the worm'’s first choice is recorded. Left too long on plates, sodium azide will diffuse
broadly, and this will cause worms to be paralyzed far away from the bacterial spots.
Worms are counted if they are within a few millimeters of the bacterial spot. The remaining
worms are censored. If the majority of the worms are paralyzed outside of a few millimeters
of the bacterial spots, the entire plate is censored. (If the experiment is performed as
described, censoring occurs in <1% of all choice assay plates, and <1% of the worms on
those rare plates are censored. The number of censored animals should be recorded dur-
ing data collection.)

30. Label bottoms of plates or place a piece of tape by the plates to label the genotype and condi-
tion being testing.
31. Carefully remove supernatant from washed worms.
a. Leave some M9 on top of pellet (~50 pL of M? per 100 pL of worms).
32. Using your index finger, gently tap the worm pellet into suspension immediate before pipetting
worms.
33. Using a wide-orifice pipette tip, place 5 pL of the resuspended worm pellet on the bottom of the
plate (origin), midway between the two bacteria spots (Figure 3).
a. When sticking your pipette tip into the worm pellet, take worms from the top of the resuspen-
sion. This will help ensure that a reasonable number of worms are being measured in the
choice assay.

Note: For the choice assay plates, aim for 75-200 worms per plate. Overcrowding on choice
assay plates may affect behavior, and makes counting more challenging.

34. Close lids and wait 1 h.
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Figure 3. Initial appearance of the choice assay plate
Choice assay plate shortly after worms are placed at origin.

35.

36.
37.

38.

39.

40.

Note: The 1 h incubation for the choice assay is the preferred time to proceed to step 37,
where worms on the remaining training plates are bleached to obtain the F1 progeny.

Count number of worms on each spot (Figure 4).

a. Remove lid and place plate upside down (with bottom of plate facing up) on a dissecting mi-
croscope. Manually count each worm, marking off each worm that is already counted using a
fine-tip marker.

. Record the number of worms at each spot.

Do not count worms that are burrowed into the agar.

. Do not count worms that remain at the origin.

I the bacterial spots are too close to the sides of the plate, plates may need to be tilted to

observe worms that are paralyzed near the wall.

o Qo0 o

Note: Plates should be counted at the end of the 1 h behavior assay. Worms left too long on
plates in the presence of azide will explode, which will interfere with counting.

Calculate Choice Index.

To collect the progeny of trained worms, bleach the remaining trained animals (as described for
day 2), and plate eggs onto OP50-seeded HG plates.

Place plates with eggs in a 20°C incubator. Incubate 72 h until worms develop to day 1 of
adulthood.

To test for transgenerational memory in F1 animals, repeat protocol starting at day 2, omitting
the step for training worms.

PO worms trained on PA14 or P11 small RNA pass on the transgenerational memory through the
F4 generation compared to controls (Kaletsky et al., 2020; Moore et al., 2019). The F1 through
F4 generation are each grown on OP50-seeded HG plates until day 1 of adulthood, at which
time a subset of worms is tested for behavior and a separate subset is bleached to obtain the
next generation. Since N2 animals produce more progeny than needed for behavior assays
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Figure 4. Choice assay plate 1 h following the addition of worms
All of the worms are paralyzed on either the PA14 or OP50 spot, which measures the worms’ first choice. This is in
contrast to other pathogen learning assays that allow worms to continually move on the plate (Ooi and Prahlad, 2017).

and worm propagation, the remaining worms are discarded. Repeat protocol for additional
generations, as needed.

EXPECTED OUTCOMES

A successful aversive learning assay will show a significant change in C. elegans food choice
following training on PA14 or E. coli + P11 compared to controls. The actual choice index will
vary between biological and technical replicates. The choice index is dependent on the initial
PA14 attraction of the worm (naive preference), and the number of worms that ultimately change
their preference after training. The naive preference and magnitude of learning depend on the strain
of bacteria used, genotype of the worm used, and the generation being tested.

The naive preference (choice index) of wild-type worms (N2) ranges between (-0.2-0.1), depending
of the health of the worms and environmental/laboratory conditions. The choice index of PO worms
trained on PA14 usually ranges from (0.4 - 1), and transgenerational memory is typically lower (range
of 0.2 - 0.4) from F1 — F4 (Kaletsky et al., 2020; Moore et al., 2019). The magnitude of learning from
P11 training in PO worms is (0.1 - 0.4), and this level is maintained through F4 (Kaletsky et al., 2020).

In the experiment shown below (Figure 5), wild-type (N2) worms were trained on E. coli OP50 (con-
trol) or P. aeruginosa (PA14) for 24 h. Following exposure to PA14, C. elegans exhibit PA14 avoid-
ance compared to control trained worms. Avoidance is maintained in the F1 generation. Similar
results are obtained when worms are trained on E. coli expressing P11 compared to a control
(Figure 5).

QUANTIFICATION AND STATISTICAL ANALYSIS
Formulas:

(Number of worms on OP50 — Number of worms on PA14)

Choice Index = (Total number of worms on OP50 + PA14)

12 STAR Protocols 2, 100384, March 19, 2021
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Figure 5. Pathogen avoidance learning in mothers and F1 progeny

Mothers (PO) exposed to PA14 or P11 learn to avoid PA14 after PA14 (left), or P11 training (right). Progeny (F1) of both
PA14 and P11 trained mothers inherit learned avoidance of PA14. This avoidance persists through the F4 generation.
Box-and-Whiskers Plot. The box extends from the 25" to 75" percentiles, with whiskers from the minimum to the
maximum values. Two-way ANOVA, Tukey's multiple comparison test. *p < 0.05, ****p < 0.0001.

Learning Index = naive choice index — trained choice index

Criteria for plate inclusion/exclusion: Individual aversive learning assay plates were excluded if there
was any contamination on the plate, sodium azide was not placed on bacterial lawn spots, or the to-
tal number of worms on plates is less than 20 worms.

Each experiment is performed at least 3 times. Data from all replicates is pooled together for statis-
tical analysis. Data from 1 replicate is shown in Figure 5.

LIMITATIONS

This protocol is highly effective at measuring transgenerational changes in C. elegans food prefer-
ence following exposure to pathogenic bacteria or bacteria-derived small RNAs. However, food
choice in this assay is determined exclusively in populations of animals, and not on individuals.
The ability of individual animals to learn, and the transgenerational duration of memory as set by
parental experiences are interesting avenues of research (Houri-Zeevi et al., 2020) and may require
alternative assays for measuring individual worm behavior (Ha et al., 2010).

The number of worms that can be analyzed for learned pathogen avoidance is limited by worm
counting on choice assay plates, as this step of the protocol is performed manually. The choice
assays performed here differ from odorant-based chemotaxis assays in C. elegans. Automated
counting of population chemotaxis assays is possible, since worms are paralyzed at spots on plates
containing only odorant and azide, and not thick bacterial lawns (Kauffman et al., 2011). In the food
choice assay presented here, worms are paralyzed upon reaching either the OP50 or PA14 spots.
The PA14 spots are slightly thicker and darker in color than OP50, and the contrast between the
worms and the lawn is reduced. These factors make automated detection of worms on PA14
more challenging.

The protocol is highly amenable to testing different mutant C. elegans strains, either by genetic
lesion or RNAi knockdown of gene expression. However, the ability to measure pathogen avoidance
learning and transgenerational memory in mutant animals depends on the naive food preference of
the mutant (Kaletsky etal., 2020; Moore etal., 2019). Compared to wild-type animals, mutants with a
significantly high naive avoidance for PA14 may not exhibit learning after training, and this may
reflect the role of a particular gene in neuronal development and/or health that is not directly related
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Figure 6. Example of choice assay plate in which sodium azide was added too early before the addition of worms
Worms are paralyzed far from the OP50 and PA14 spots, as shown by the presence of worms between the black and
red outlines.

to acquired pathogen avoidance behavior. Results from mutants with high naive PA14 avoidance
should be interpreted with caution.

TROUBLESHOOTING

Problem 1

Worms are paralyzed too far from the bacterial spot during choice assay (day 5, step 35), as demon-
strated in Figure 6.

Potential solution
Discard choice assay plate. Do not include in data collection. Repeat choice assay by placing azide
directly on bacterial spot immediately before use.

Problem 2
Naive preference for wild-type worms (N2) is high (day 5, step 35).

Potential solution

C. elegans behavior can be sensitive to environmental and laboratory conditions, including heat,
high humidity, and odors. Exposure to any of these conditions during the choice assay can lead
to aberrant results, including high naive PA14 avoidance.

Every 6 months, it is recommended that worm stocks are replaced with a freshly thawed stock. Over
time, the naive preference of worm populations may drift consistently higher, which may interfere
with behavior performance and/or the magnitude of learning.

Worms may be injured during handling and pipetting. Whenever handling worms, use a wide-orifice

pipette tip and do not roughly handle tubes containing worms. In order to resuspend worms, flick
the tube VERY LIGHTLY with your finger. Do not ever pipette up and down to resuspend worms.
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Problem 3
Worms burrow into training plates or choice assay plates (day 5, step 33).

Potential solution
Be careful not to puncture the agar when seeding plates or when placing worms on plates.

Problem 4
Worms remain at the origin during the choice assay (day 5, step 26, 35).

Potential solution

Bacteria was transferred from training plates onto the choice assay plates during worm collection
and plating. Be careful not to transfer chunks of bacteria from training or hold plates as the worms
are washed off. Wash worms thoroughly with M9 to remove bacteria carried over from training
plates.

Problem 5
PA14-exposed worms have few or no eggs when bleached on day 5 following training (day 4,
step 17).

Potential solution

Worms were too young (pre-L4 stage) when placed on PA14 training plates, causing worms to arrest.
Repeat experiment and wait until the majority of worms are at the L4 stage before transferring to
training plates.

Problem 6
Worms are thrashing in liquid on plates at the end of the 24 h training period (day 4, step 21).

Potential solution

Discard training plate. The training plates were too wet when worms were plated, or too much M9
was transferred with the worms during plating. Repeat using training plates that are fully dry, and/or
transfer less liquid during worm plating.

Problem 7
Embryos do not hatch or worms are asynchronous following bleaching (day 2, step 4).

Potential solution

Worms have been over bleached (left in the bleach solution too long). Repeat experiment with a new
starting population of worms and reduce the time that worms spend in the bleach solution before
washing eggs.

Problem 8
Bacterial or fungal contamination is present on worm maintenance plates, training plates, or choice
assay plates.

Potential solution

Any type of contamination can affect bacteria choice preference. If contamination is observed, do
not use worms from these plates for your experiment. Worms can either be bleached to remove
contamination, or a new starting population of worms can be obtained.

Problem 9

Synchronized worms growing on maintenance plates from step 4 have crawled onto the side or lid of
Petri dishes.

STAR Protocols 2, 100384, March 19, 2021 15
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Potential solution
Worms are starved and should not be used for an experiment. Worms can be bleached and main-
tained for several generations before use, or a new population of worms should be obtained.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Coleen T. Murphy (ctmurphy@princeton.edu).

Materials availability
This study did not generate new reagents.

Data and code availability
Original data for figures in the paper is available (https://doi.org/10.1038/s41586-020-2699-5).
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