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Physiological stress profoundly alters the internal states of the animals and could drive
aversive learning, but signaling and circuit mechanisms underlying such behavioral plas-
ticity remain incompletely understood. Here, we show that mitochondrial disruption in
nonneural tissues of Caenorbabditis elegans induces learned aversion for nutritious bac-
terial food that displays features of long-term associative memory. Serotonin secreted
from the modulatory NSM neuron acts through the SER-4 receptor in the RIB inter-
neuron to drive bacterial avoidance, with NSM and RIB required for the establishment
and retrieval for learned aversion, respectively. NSM serotonin synthesis increases early
in the induction of systemic mitochondrial stress. Calcium imaging reveals altered RIB
responses to bacterial cues in a fraction of stress-primed but not naive animals. These
findings uncover cellular circuits and neuromodulation that enable aversive learning
under stress, and lay the foundation for future exploration of behavioral plasticity gov-
erned by internal state changes.
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Internal states include core physiological functions, such as feeding, metabolic balance,
and tissue integrity, which animals constantly monitor to achieve homeostasis. Internal
states are critical influences on animal behavior, enabling adaptation and learning that
optimize organismal fitness and chance of survival under environmental fluctuations
(1). For example, starved nematodes are motivated to cross highly aversive osmotic bar-
riers in search of food, whereas fed worms avoid such repulsive barriers (2). Disruption
of cellular functions by infection or toxin ingestion is another powerful influence on
animal behavior, inducing avoidance to sensory cues associated with the pathogens or
toxins (3). Such aversive learning is pervasive in nature, consistent with its ecological
importance. However, the molecular correlates of distinct internal states are largely
obscure, and how neural circuits integrate information on internal states to drive
appropriate behaviors remain incompletely understood.

Mammalian serotonergic neurons are highly diversified and project broadly to
various brain regions (4). Serotonin is an important neuromodulator involved in
behavioral and cognitive processes associated with reward and changes of the inter-
nal states (4, 5). In the nematode Caenorbhabditis elegans, serotonin is implicated in
behaviors that are heavily dependent on internal states, such as egg laying, pharyn-
geal pumping, locomotion, and foraging behaviors (6-11). Serotonin promotes a
persistent foraging state known as dwelling/exploitation, during which the animals
restrict their movements within a smaller area, in contrast to the roaming/explora-
tion state governed by pigment dispersal factor (PDF) neuropeptide signaling (11).
The switch between dwelling and roaming is critically dependent on the feeding
status, suggesting that serotonergic signaling connects internal states to foraging
behaviors. The C. elegans hermaphrodite has a much simpler serotonergic system
than that of the mammals, with three pairs of sensory, modulatory, or motor neu-
rons (9), making it an ideal system to model how serotonin functions in internal
states-driven behavioral plasticity.

Widespread mitochondrial injury in nonneural tissues represents a profound change in
the internal state. In C. elegans, mitochondrial injury and other forms of physiological dis-
ruption induce acquired aversion to bacteria for which the worms show innate preference
(12). We therefore employ mitochondrial disruption as a way to alter the internal state.
Here, we identify a serotonergic circuit that regulates stress-induced aversive learning,
which is distinct from the one previously reported to control aversive learning for patho-
genic bacteria (13). We map neurons required for the formation and expression of such
learned aversive behavior, and document changes in neuronal response property induced
by mitochondrial stress. These findings reveal a modulatory serotonergic circuit that con-
nects organismal mitochondrial dysfunction to acquired aversive behavior.
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Significance

Physiological stress triggers
avoidance behavior, allowing the
animals to stay away from

potential threats and optimize their
chance of survival. Mitochondrial
disruption, a common physiological
stress in diverse species, induces
the nematode Caenorhabditis
elegans to avoid non-pathogenic
bacteria through a serotonergic
neuronal circuit. We find that
distinct neurons, communicated
through serotonin and a specific
serotonin receptor, are required for
the formation and retrieval of this
learned aversive behavior. This
learned avoidance behavior is
associated with increased
serotonin synthesis, altered
neuronal response property, and
reprogramming of locomotion
patterns. The circuit and
neuromodulatory mechanisms
described here offer important
insights for stress-induced
avoidance behavior.
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Results

Mitochondrial Disruption Triggers Learned Bacterial Avoidance.
Serotonin is involved in learned avoidance of innocuous bacte-
ria in the presence of concomitant disruption of core physiolog-
ical functions, including mitochondrial respiration (12). We
first confirmed that C. elegans fed on the OP50 Escherichia coli
strain for 6 h with Antimycin A, which blocks mitochondrial
cytochrome ¢ reductase, displayed robust bacterial avoidance,
whereas worms grown on control, ethanol-containing OP50
plates rarely left the bacterial lawn (Fig. 1 A and B). Similar
avoidance was observed in C. elegans fed on the HT115 E. coli
strain with RNA interference (RNAi) against genes for mito-
chondrial functions, such as azp-2/ATP synthase and spg-7/
mitochondrial matrix protease, for 48-56 h until reaching 14
or young D1 (87 Appendix, Fig. S1 A and B). Antimycin A
treatment resulted in the fragmentation of mitochondria in the
intestine and muscles, while neuronal mitochondria remained

morphologically intact (ST Appendix, Fig. S1 C-E). This

0O EtOH
@ Antimycin A (4.5 M)

A B

0.007

OP50 E. coli 1.0
= 0.001
® 0.8
e
£
© 0.6 é
o
=
S04 é
EtOH 4.5 uM °
Antimycin A & 0.2
- - - 0.0
Avoidance index: © (100 1) 6 6 0
N(out)/N(total)
wWT toh-1 tph-1
(mg280)  (n4622)
Training Rest Choice test .y 10
(OP50) (HT115) OP50 3
=
)
- -»> 3
=}
£
[}
EtOH LB S5
or
1.125 pM Antimycin A
Rest for:
O EtOH

G

8 Antimycin A (1.125 pM)

ox10" >0.999 >0.999 >0.999 3x10° >0.999
[ [ [ [ [

Chemotaxis index
Chemotaxis index

0
(13) (13) (11) (13) (9) (12) (6) (9) (6) (9) (9) (12)
Test: OP50 HT115 HB101 OP50 HT115 HB101
(v.s.LB)
Training: OP50 HT115

Fig. 1.

indicates that bacterial avoidance is largely the consequence of
mitochondrial disruption in nonneural tissues. Consistent with
this idea, we found that a transgene that knocks down fzo-1,
which controls mitochondrial fusion, in neurons did not trigger
bacterial avoidance (87 Appendix, Fig. S1F) (14).

Animals treated with 2.25 M Antimycin A on OP50 for 3
h displayed significantly stronger avoidance behavior when
transferred to a plate seeded with the same bacteria in the
absence of Antimycin A, compared to a control bacterial spe-
cies, HT115 (Fig. 1 C and D). This confirms that stressed
worms avoid the bacteria instead of Antimycin. Using a bacte-
rial chemotaxis assay (Fig. 1E), we showed that C. elegans
retained the acquired bacterial aversion at least for 15 h but not
24 h (Fig. 1F), a duration comparable to other forms of long-
term memory in this nematode (15, 16). Mitochondria were
restored to a largely tubular morphology in the muscles and the
intestine 15 h off Antimycin A treatment, suggesting that bac-
terial aversion is not simply a consequence of persistent
mitochondrial injury (S7 Appendix, Fig. S1 Cand D). Moreover,
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Serotonin is required for learned bacterial avoidance triggered by mitochondrial disruption. (A) Schematic diagram of the avoidance assay using a

small bacterial lawn with Antimycin A. (B) Quantification of learned bacterial avoidance of the wild type and the two tph-7 mutant alleles. (C) Schematic dia-
gram of the avoidance assay using Antimycin-free bacterial plates. Animals were first trained on OP50 plates with 2.25 pM Antimycin A for 3 h, and were

then transferred to OP50 plates without Antimycin A for evaluation of bacterial
wild-type animals were transferred to Antimycin-free bacterial plates. (E) Schem

avoidance six hours later. (D) Quantification of bacterial avoidance 6 h after
atic diagram of the bacterial chemotaxis assay. (F) Quantification of bacterial

chemotaxis of the wild type with different rest periods. The length of the rest period on HT115 E. coli after Antimycin training ranged from 0 to 24 h as indi-
cated. (G) Quantification of bacterial chemotaxis of the wild type with matched or mismatched bacterial strains. (H) Quantification of bacterial chemotaxis of
the tph-1(mg280) mutant previously trained on a small bacterial lawn with Antimycin A. (/) Quantification of learned bacterial avoidance of two tph-7 mutant
alleles, mg280 and n4622 pretreated with 0.5 mM serotonin. Results of individual assays are shown; n = numbers of assays, with 50-200 animals per assay.

Individual data points with median = quartiles and 10%/90% whiskers and P val
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ues are indicated. Two-way ANOVA followed by Bonferroni's correction.
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C. elegans showed aversion to the E. coli strain on which it was
cultured with Antimycin A, while its innate attraction to other
E. coli strains was unaffected (Fig. 1G). These data confirm that
bacterial avoidance induced by mitochondrial disruption displays
features of long-term associative memory.

Serotonin Regulates Learned Bacterial Avoidance. Consistent
with a previous study (12), we found that two null mutations
of #ph-1, which encodes tryptophan hydroxylase for serotonin
synthesis (9), impaired learned bacterial avoidance under mito-
chondrial insults (Fig. 1B and SI Appendix, Figs. S1 B and S2A).
Unlike the wild type, whose innate preference for the OP50 E.
coli strain was reduced or switched to aversion after Antimycin
A treatment, the trained #ph-1 mutants showed defects of aver-
sive learning in the bacterial chemotaxis assay (Fig. 1H).
Because #ph-1 mutant animals had been reported to display
abnormal roaming behavior that could reduce their stay on the
bacterial lawn and thus result in less efficient associative learn-
ing, we treated #ph-I mutant animals on a bacterial lawn that
covered the entire agar plate, and confirmed that the #ph-I
mutant displayed defective aversive learning (SI Appendix, Fig.
S2B). Innate aversion to nonassociative repulsive odors and
locomotion parameters, including speed and reversal, were not
significantly different between the wild-type and the #ph-1
mutants (SI Appendix, Fig. S2 C-G), suggesting that reduced
learned bacterial avoidance of the #ph-I mutant is not a conse-
quence of impaired sensation or locomotion and supporting a
specific role of #ph-1 in learned bacterial aversion.

To further confirm the importance of serotonin, we pre-
treated the #ph-1 mutants with 0.5 mM serotonin for 3 h before
testing them for Antimycin A-induced bacterial aversion on
serotonin-free plates, which minimizes the effects of serotonin
on C. elegans locomotion (6, 10). Pretreatment with 0.5 mM
serotonin was sufficient to rescue the avoidance defect of the
tph-1 mutants, confirming that serotonin is essential for learned
bacterial aversion (Fig. 11). To test whether serotonin enhances
learned avoidance under mitochondrial insults, we tested the
animals at a much lower concentration, 1.125 pM, of Antimy-
cin A, at which the worms displayed less bacterial avoidance
than that under the standard 4.5 pM Antimycin A (87
Appendix, Fig. S2H). Serotonin significantly enhanced bacterial
avoidance at 1.125 pM concentration of Antimycin A but
showed no effects in the absence of mitochondrial insults (S7
Appendix, Fig. S2H). These results indicate that serotonin is
required for and can enhance learned bacterial avoidance under
mitochondrial disruption.

Identification of the Serotonergic Neurons for Learned
Avoidance Behavior. We next mapped the serotonergic circuit
for learned bacterial aversion under mitochondrial insults. In
the C. elegans hermaphrodite, there are three pairs of serotoner-
gic neurons: the ADF chemosensory neurons, the NSM modu-
latory neurons, and the HSN motor neurons that control egg-
laying (9, 17, 18). Expression of the #ph-1 genomic DNA in
NSM, but not in ADF or HSN, fully restored learned bacterial
avoidance under Antimycin A- or RNAi-induced mitochondrial
damage (Fig. 2 A and B SI Appendix, Fig. S3 A-C). Moreover,
NSM-specific overexpression of ph-1 in the wild type signifi-
cantly enhanced learned bacterial avoidance at low concentra-
tion of Antimycin A (Fig. 2C). We conclude that NSMs are
the source of serotonin for learned bacterial avoidance under
mitochondrial insults.

To investigate whether NSM activation is essential for
learned bacterial avoidance, we silenced these neurons by
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Fig. 2. The serotonergic NSM neurons promote learned bacterial avoid-
ance under mitochondrial stress. (A and B) Quantification of learned bacte-
rial avoidance of the two tph-1 mutants expressing genomic tph-7 in all
serotonergic neurons (A) or the NSM neurons (B). (C) Quantification of
learned bacterial avoidance of the wild type overexpressing genomic tph-1
in all serotonergic neurons or the NSM neurons. (D) Quantification of
learned bacterial avoidance of animals expressing the HisCl1 histamine-
gated chloride channel specifically in NSM under the treatment of 20 mM
histamine. (E) Quantification of learned bacterial avoidance of wild-type ani-
mals expressing the gain-of-function PKC-1(A160E) specifically in NSM. Non-
transgenic siblings of the tph-7 mutants (A-C) or wild-type animals (D and E)
with the transgenes served as the control genetic background. Worms
were treated with indicated concentrations of Antimycin A for 6 h in all the
experiments. The results of individual assays are shown; n = numbers of
assays, with 50-200 animals per assay. Individual data points with median
+ quartiles and 10%/90% whiskers and P values are indicated. Two-way
ANOVA followed by Bonferroni's correction.

histamine-induced  hyperpolarization via the Drosophila
histamine-gated chloride channel 1 (HisCl1) (19). Histamine
significantly reduced the learned avoidance behavior of worms
that expressed HisCl1 in NSM but not in ADF (Fig. 2D and
SI Appendix, Fig. S3D). Therefore, activation of the NSM neu-
rons is required for learned bacterial aversion. We further asked
whether NSM synaptic output is sufficient to drive bacterial
avoidance under mitochondrial damage. To this end, we
expressed PKC-1(A160E) (20), a gain-of-function synaptic pro-
tein kinase C that stimulates the release of neurotransmitters
and neuromodulators (21), in the NSM neurons. Increased
synaptic output from NSM via PKC-1(A160E) expression
enhanced learned bacterial avoidance in animals subjected to
mild mitochondrial insults without affecting the behavior in
naive animals (Fig. 2E). Together, these results indicate that
NSM activity is important, and increased NSM synaptic output
can enhance learned bacterial avoidance under mitochondrial
insults.

Learned Bacterial Avoidance Requires the SER-4 Serotonin
Receptor in the RIB Interneurons. To identify neurons that
serotonin targets in learned bacterial avoidance, we examined
mutants that lack each of the five putative serotonin receptors.
The mutants of ser-1, ser-5, ser-7, or mod-1 displayed intact
learned avoidance behavior (Fig. 3A4). By contrast, the ser-4
mutant showed reduced learned avoidance (Fig. 34 and S/
Appendix, Fig. S4A4), and exogenous serotonin failed to restore

https://doi.org/10.1073/pnas.2115533119 3 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115533119/-/DCSupplemental

A OEtOH B O EtOH C OEtOH
BAntimycin A (4.5 uM) o AntimK/(I:in A O Antimycin A
0113 0.665 >0.9990.871 (4.5 uM) (1.125 pM)
3 " w0 500 3 10,0 0203)1599
So08| 00030002 I 1.040.0230.99
= £
8 0.6 >0.999 g
ot gl
b=l 9]
goz :
<0.0 <-1.0
(5)(8)(5)(9)(5)(9) O (6) (7) (8) (11)
5-HT: . . S
©5mM) T —— wr Ske5r142
WT ser-4 (0k512)
(0k512)
OEtOH W RIBp::HisCI1 OEtOH
D mAntimycin A (4.5 uM) E [ Non-transgenic F 5] Gn?ZmSyCIIT/I;-\
125
; r . 1.0
5707 0900 ax16">0000 210° 3 10 3 0.013
co08] — , o - 208 T08 —
£ 2x10 0.002 < £
006 ©0.6 806
04 @ i & 3 & Sos 504
@ 0. o 0.
kel kel 8 T
502 502 502
> 'Li > Z
Lo olm, & e B < 0.0 0.0
a7 (@ (@) (10 (10 (10) (10)
ser-4in:  NSM - RIB - His: - + - + - +
RIB (20mM)
i:g EtOH Antimycin A RIBp::PKC-1
(.5 uM) (A160E)

WT ser-4(ok512)

Fig. 3. Learned avoidance behavior requires the SER-4 serotonin receptor
in the RIB interneurons. (A) Quantification of learned bacterial avoidance in
the single mutants for the five putative serotonin receptor genes. (B) Quan-
tification of learned bacterial avoidance of ser-4 pretreated with 0.5 mM
serotonin. (C) Quantification of bacterial chemotaxis of the ser-4 mutant.
(D) Quantification of learned bacterial avoidance of the ser-4 mutants
expressing ser-4 cDNA in all ser-4-expressing neurons or RIB. (E) Quantifica-
tion of learned bacterial avoidance of animals expressing the HisCl1
histamine-gated chloride channel specifically in RIB under treatment of 20
mM histamine. (F) Quantification of learned bacterial avoidance in animals
expressing gain of function PKC-1(A160E) specifically in RIB. For D-F, non-
transgenic siblings of the ser-4 mutant (D) or wild-type animals (E and F)
with the transgenes served as the control genetic background. Worms
were treated with indicated concentrations of Antimycin A for 6 h (A, B, and
D-F) or 3 h (C) in the experiments. The results of individual assays are
shown; n = numbers of assays, with 50-200 animals per assay. Individual
data points with median + quartiles and 10%/90% whiskers and P values
are indicated. Two-way ANOVA followed by Bonferroni's correction.

avoidance of the ser-4 mutant to the wild-type level, suggesting
that SER-4 is the receptor that transduces serotonin signal (Fig.
3B). Furthermore, we found that the preference of the ser-4
mutant for OP50 was not altered by Antimycin A (Fig. 3C and
SI Appendix, Fig. S4B). Avoidance to the nonassociative repul-
sive odors and locomotion of the ser-4 mutant were indistin-
guishable from that of the wild type (SI Appendix, Fig. S4
C-G). These results suggest that NSM-derived serotonin acts
through the SER-4 receptor to promote learned bacterial avoid-
ance under mitochondrial insults.

With a ser-4 promoter-mCherry reporter, we confirmed that
ser-4 was expressed in NSM, as well as in several interneurons,
including RIB, RIS, and AIB, as reported (22). Expression of
ser-4 cDNA in RIB, but not in NSM, RIS, or AIB, completely
restored learned bacterial avoidance of the ser-4 mutant to the
wild-type level (Fig. 3D and SI Appendix, Fig. S4H). These
results indicate that serotonin targets the SER-4 receptor in
RIB to drive learned bacterial avoidance under mitochondrial
insults. To confirm that RIB activation is essential, we silenced
RIB by HisCl1-mediated hyperpolarization. Animals expressing
HisCl1 in RIB displayed reduced learned bacterial avoidance
upon histamine application, while HisCll expression alone
without histamine did not alter this avoidance behavior, indi-
cating the requirement of RIB activity for learned bacterial
aversion (Fig. 3E). Moreover, increasing RIB synaptic output
via PKC-1(A160E) expression significantly enhanced bacterial
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avoidance in animals subjected to mild mitochondrial insults
(Fig. 3F). Together, our results demonstrate that RIB activity is
necessary for learned aversion, and enhanced RIB synaptic
release promotes bacterial avoidance under mitochondrial
stress.

NSM and RIB Regulate the Acquisition and Expression of
Learned Aversive Behavior, Respectively. To distinguish the
contribution of NSM and RIB in the acquisition (formation) and
expression (retrieval) of learned bacterial aversion induced by
mitochondrial insults, we silenced individual neuronal classes, via
histamine-HisCl1, specifically in the training phase with Antimy-
cin A, or in the testing phase of the bacterial choice assay (Fig.
44). Silencing NSM during the training, but not the testing
phase, significantly diminished learned bacterial aversion, suggest-
ing that NSM is important for the acquisition of aversive memory
(Fig. 4B). By contrast, silencing RIB during training did not pre-
vent the animals from developing aversion for OP50, but RIB
inhibition in the testing phase reduced learned bacterial aversion,
implicating a role for RIB in the expression of aversive behavior
(Fig. 40). These results were confirmed by standard avoidance
assays without Antimycin (S/ Appendix, Fig. S5 A-C). Together,
these data suggest the acquisition and expression of learned bacte-
rial aversion under mitochondrial insults require distinct neurons
of the serotonergic circuit.

Mitochondrial Stress Increases NSM Serotonin Synthesis and
Alters RIB Response Property to Bacterial Cues. It is possible
that NSM responds to systemic mitochondrial dysfunction by
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Fig. 4. NSM and RIB differentially regulate the formation and retrieval of
learned aversive behavior. (A) Schematic diagram of temporally specific
inhibition of neurons by 20 mM of histamine during the training phase or
the choice test of the OP50 bacterial chemotaxis assay. Animals were
trained on a small OP50 bacterial lawn with a resting period of 15 h on the
HT115 bacterial strain. (B and C) Quantification of bacterial chemotaxis of
animals expressing the HisCl1 histamine-gated chloride channel specifically
in NSM (B) or RIB (C) under the treatment of 20 mM histamine in either the
training or test phase. Nontransgenic siblings of the wild-type animals with
the HisCl1 transgenes served as the control genetic background. The
results of individual assays are shown; n = numbers of assays, with 50-200
animals per assay. Individual data points with median *+ quartiles and
10%/90% whiskers and P values are indicated. Two-way ANOVA followed by
Bonferroni's correction.
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increasing serotonin synthesis. To test this, we quantified zph-1
gene expression using a #ph-I promoter-GFP reporter. #ph-1
expression began to increase in the NSM cell body 1 h after
Antimycin A treatment, and it plateaued after 3 h of Antimycin
A treatment or longer, compared to that in the control (Fig. 5
A and B). By contrast, the expression level of Psph-1::GFP in
ADF neurons remained comparable between the naive and
Antimycin A-treated animals (Fig. 5 C and D). These results
suggest that serotonin synthesis in NSM is increased by mito-
chondrial insults via enhanced #ph-I transcription. Increased
NSM serotonin synthesis early after stress induction is consis-
tent with the role of NSM in the formation of aver-
sive memory.

The minor NSM process was likely a dendrite, with the
other two major branches expressing axonal markers (23).
Using the synaptic vesicle marker mCherry::RAB-3, which
localizes to the cell body and the axonal varicosities that repre-
sent presynaptic structures, we confirmed that the two major
branches were axons (S/ Appendix, Fig. S6A). A recent study
shows that NSM is activated by food ingestion via two acid-
sensing ion channel (ASICs) subunits, DEL-3 and DEL-7, that
localize to the NSM minor process (24). Learned bacterial

B GFPin NSM
>0.999

4 4

9x10" 2x10

12 13

0.003 3x10 2x10

— T

.
é’.

(34) (32) (31) (33)

£

W

Antimycin A
6 hrs

Ptph-1::gfp

Pixel intensity (a.u.)
N

o

avoidance was intact in the de/-3 and del-7 single mutants as
well as in the del-3; del-7 double mutants, suggesting that these
ASIC proteins are not involved in learned bacterial aversion
induced by mitochondrial disruption (S7 Appendix, Fig. S6B).
To further explore how mitochondrial stress alters nervous
system functions to promote avoidance behavior, we character-
ized calcium transients of NSM and RIB evoked by OP50
supernatant, using the genetically encoded calcium indicator
GCaMP6s (25). NSM in naive animals did not respond to the
OP50 cues. In roughly half of the Antimycin A-treated ani-
mals, we documented increased calcium responses in the NSM
axon upon removal of the OP50 cues (SI Appendix, Fig. S6 C
and D). However, because our data suggest that the activity of
NSM is dispensable during the retrieval of aversive memory
(Fig. 4B), the implication of this change in NSM response
property is unclear. RIB in the majority of animals was insensi-
tive to bacterial cues irrespective of the mitochondrial state
(Fig. 5 E and F). However, in ~30% of the control animals,
RIB showed increase in axonal calcium transients upon stimula-
tion by the OP50 cues (Fig. 5 F and F). In a fraction (~25%)
of the Antimycin A-treated animals, we recorded robust cal-
cium transients in the RIB axon upon removal of the OP50
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Fig. 5. Mitochondrial stress increases NSM serotonin synthesis and alters RIB response property. (A and B) Epifluorescent images (4) and quantification of
GFP level (B) in NSM at different time points after 4.5 uM Antimycin A treatment. (C and D) Epifluorescent images (C) and quantification of GFP level (D) in
ADF at different time points after Antimycin A treatment. In (A-D), GFP was from the integrated transgene mgis42(Ptph-1::GFP). Worms were treated with 4.5
uM Antimycin A for indicated time (B and D). The results of measurement of individual cells are shown; n = numbers of cells. Individual data points with
median *+ quartiles and 10%/90% whiskers and P values are indicated. One-way ANOVA with Bonferroni corrections (B and D). Scale bar = 5 pm. (€ and F)
Average GCaMP6s signal intensity (F) and heat map presentation of GCaMP6s signal (F) in the RIB axon of the naive and trained wild-type animals. (G and H)
Average (G) and heat map presentation (H) of axonal GCaMP6s signals in the RIB axon of naive and Antimycin A-treated ser-4 mutants. In (F) and (H), the
black bars indicate stimulation with the OP50 supernatant, with the x-axis for individual neurons and y axis for time scale. Animals were treated with 4.5 M
Antimycin A for 6 h. Data are mean = standard error of mean (SEM). P values are indicated. Multiple t tests.
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cues, which was absent in the control animals (Fig. 5 £ and F).
To test whether these changes in RIB response property
requires serotonin signaling, we examined RIB activity in the
ser-4 mutant. Neither ON- nor OFF-responses of the RIB
axon to the OP50 supernatant were discernibly altered in the
ser-4 mutant treated with Antimycin A (Fig. 5 G and H). These
findings raise the possibility that serotonin signaling modulates
RIB downstream of membrane excitation, such as signal trans-
duction or presynaptic functions, which could not be evaluated
by calcium imaging.

Serotonergic Signaling Shapes C. elegans Behavioral Strategies
to Promote Learned Bacterial Avoidance. We have mapped a
serotonergic circuit with defined neurons, signals and receptors
essential for learned bacterial aversion under mitochondrial insults.
To understand how these genetic and cellular factors regulate
avoidance behavior, we sought to determine elementary behavioral
components that collectively reprogram worm locomotion to drive
bacterial avoidance. High-angle turn (pirouette) is a key locomo-
tion strategy that modulates chemotaxis behavior in C. elegans
(26). Worms decrease the frequency of pirouettes when moving
up the gradient of attractive cues, and increase pirouette frequency
when moving down the attractant gradient (26). The relationship
between sensory cue concentration and pirouette frequency is
reversed in aversive chemotaxis (21).

We first analyzed the correlation between pirouette fre-
quency and the alignment of worm movement with the bacte-
rial sensory cues defined by the bearing angle (Fig. 6A4). Bearing
angles less than 90° suggest that worms are moving toward the
bacteria, whereas bearing angles between 90° and 180° suggest
that worms are moving away from the bacteria. In control
wild-type animals, the pirouette frequency as a function of
bearing angles was consistent with a typical attractive response
(Fig. 6B). Antimycin A treatment altered the bearing angle-
pirouette function to become a typical avoidance response (Fig.
6B). These data suggest that pirouette frequency in response to
sensory signals is a key regulatory target of mitochondrial stress
in learned avoidance behavior. The k-1 and ser-4 mutations
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Fig. 6. Serotonin promotes bacterial avoidance by modulating the bias of
turning frequency to bacterial cues. (A) Schematic diagram of pirouette and
bearing angles (0), which measures the alignment between the moving
direction of the animal with that toward the OP50 cue. Pirouettes are
reversals followed immediately by an omega turn. (B-D) Quantification of
pirouette frequency as a function of bearing angles of the wild-type (B),
tph-1 (C), and ser-4 mutants (D) over a 10-min and 20-min duration for the
control (EtOH) and Antimycin A-treated strains. The bearing angles are
binned at 30°. The turning frequencies are normalized against the total
numbers of turns in each genotype-condition group. Animals were treated
with 1.125 pM Antimycin A for 3 h. N are the numbers of recorded animals.
Bars are mean + SEM. P values are indicated. Multiple ¢ tests.
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abolished the effects of mitochondrial stress on pirouette fre-
quency (Fig. 6 Cand D). These data suggest that serotonin sig-
naling modulates pirouette as a critical locomotion strategy to
promote learned bacterial avoidance under mitochondrial
insults.

Discussion

In this study, we find that a C. elegans neural circuit translates
organismal-wide mitochondrial stress to serotonergic signals,
which may alter behavioral strategies and enable associative
aversive behavior. This circuit is composed of the NSM neu-
ron, which secrets serotonin and acts in memory formation,
and the RIB interneuron, which receives the serotonin signal
and retrieves aversive memory. In a fraction of animals, the
RIB develops distinct sensory-evoked responses after the animal
is primed by mitochondrial stress, suggesting that in these cases,
RIB may act as a hub that connects internal states and behav-
ioral outputs. These findings offer mechanistic insights into
stress-induced behavioral plasticity.

Aversive Learning and Behavior Induced by Physiological
Stress. Physiological stress can profoundly influence animal
behavior. It is important that animals learn to recognize sensory
cues associated with increased physiological stress and develop
behavioral adaptation to minimize future encounter with these
cues. C. elegans learns to avoid the pathogenic bacteria Pseudo-
monas aeruginosa, as infection by Pseudomonas drives aversive
associative learning to avoid this pathogen (13, 27-30). Micro-
bial toxins and metabolites often target mitochondria in the
host (31). In the current study, we adapt mitochondrial dys-
function as a trigger for aversive learning of bacterial cues that
are otherwise attractive for C. elegans in the absence of mito-
chondrial disruption. This paradigm is conceptually similar to
conditioning in mammals. However, in contrast to classical
Pavlovian conditioning, in which the conditioned stimulus is
usually neutral, our model shows that the positive valence of an
innate attractive cue (E. coli) can be altered by pairing it with
mitochondrial stress to become negative. The relative simplicity
of the nervous system and the ease to manipulate internal states
make invertebrates such as C. elegans a powerful model to study
stress-induced behavioral plasticity. It will be important to con-
duct similar studies in mammals to understand to which extent
the mechanisms for stress-induced aversive learning are con-
served in both invertebrates and vertebrates.

Serotonergic Modulation and Stress-Induced Aversive Learn-
ing. Serotonin regulates various aspects of aversive learning,
including the formation and retrieval of aversive memory (32),
adaptive olfactory aversion associated with starvation (33) and
anticipation of aversive signals (34). In C. elegans, serotonin is
involved in regulating the sensitivity to the repulsive odor,
1-octanol, depending on the feeding status of the animal (34).
Melo and Ruvkun had shown that serotonin is required for
learned bacterial avoidance under mitochondrial stress (12).
We confirm this finding and show that the NSM modulatory
neuron responds to systemic mitochondrial dysfunction by pro-
ducing serotonin, and it acts in the establishment of learned
bacterial aversion. By contrast, the RIB interneuron receives
NSM-derived serotonin through the SER-4 receptor and acts
to express the aversive behavior. This two-tier circuit for aver-
sive learning is reminiscent of a recently identified C. elegans
circuit for olfactory imprinting, in which tyramine connects
neurons for the formation and retrieval of aversive imprinted
memory, respectively (35). Because NSM and RIB do not form
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direct synaptic contact, serotonin likely acts extrasynaptically as
a neuromodulator, and could target neurons other than RIB.

Early increase of #ph-1 transcription in NSM after the induc-
tion of mitochondrial stress suggests that the NSM neuron may
monitor and encode the internal states of mitochondrial dys-
function through serotonin synthesis. NSM is known to medi-
ate the effects of feeding status on C. elegans foraging behaviors
(11, 24). These observations, together with those in the current
study, raise the intriguing possibility that NSM functions as an
interoceptive neuron akin to those in the mammalian hypothal-
amus (36). The minor process of NSM has molecular markers
of a dendrite and expresses two ASIC (acid-sensing ion chan-
nel) subunits, DEL-3 and DEL-7, that are required for detect-
ing food cues during foraging behavior (24). However, we find
that del-3 and del-7 are not required for bacterial aversion
induced by mitochondrial stress. This suggests that unknown
sensory molecules other than ASICs in the NSM dendrite are
responsible for detecting internal state changes and promote
serotonin  synthesis in NSM. Alternatively, in stress-
conditioned animals, NSM may respond to external cues indi-
rectly via other sensory neurons. This view is supported by our
finding that bacterial cues evoke OFF-responses in the NSM
axons of many Antimycin-treated, but not the naive animals.

Rhoades et al. reported NSM ON-responses in freely moving,
starved worms shortly after their entry into the bacterial lawn,
although it is not clear whether the NSM responses were recorded
from the soma or the processes (24). In fed animals, NSM showed
little responses to food encounter within the same time window.
Similarly, we detected no such ON-responses to bacterial cues in
well-fed wild-type animals without mitochondrial stress. In our
study, NSM responses were evoked by bacterial chemosensory
cues in stressed animals. In Rhoades et al., it was hypothesized
that NSM responded to food ingestion as well as the mechanical
stimulation that accompanies food ingestion (24). NSM responses
were obtained in freely moving animals in the prior study, while
in the current study, we recorded NSM calcium dynamics from
animals immobilized in a microfluidic chip. These differences sug-
gest that NSM responses depend on the states of the animal as
well as the sensory stimuli applied to this neuron. Nevertheless, as
inhibition of NSM activity during memory retrieval does not dis-
rupt the avoidance behavior, the significance and implication of
this stress-induced NSM OFF-response remain elusive.

Serotonergic Signaling Reprograms Behavioral Strategy to
Induce Learned Aversion. In contrast to NSM, the RIB inter-
neuron functions in expressing the learned bacterial avoidance.
RIB regulates olfactory sensory behaviors (37), but it remains
unknown how RIB responds to sensory cues, or which specific
locomotion elements it regulates in diverse behavioral contexts.
Naive C. elegans decreases the pirouette frequency as it approaches
the attractive odors (26). By contrast, Antimycin A induces high
frequency of pirouette when the animal approaches OP50, which
requires ser-4. These data imply that serotonin signaling facilitates
bacterial avoidance by altering the odor-pirouette frequency func-
tion, likely through RIB. In a fraction of naive animals, the RIB
axon responds to the OP50 cues, which could be explained by
direct synaptic connection of RIB to several sensory neurons (38).
Similar to the case of NSM, Antimycin induces OFF-responses
upon the removal of OP50 cues in some animals. The ser-4 muta-
tion does not alter RIB OFF-responses. This suggests that seroto-
nin signaling may act downstream of RIB membrane excitability,
such as in the signal transduction process or presynaptic functions.
OFF-responses are widely employed in diverse neuronal types for
information encoding or processing, such as the photoreceptors
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and certain bipolar cells in the mammalian retina, the L2 pathway
neurons for motion detection in the Drosophila optic lobe (39),
and the C. elegans AWC olfactory neurons (40). The molecular
basis of stress-induced OFF-responses in NSM and RIB remains
unknown. It should be noted that in a significant fraction of ani-
mals, both NSM and RIB remain insensitive to bacterial cues irre-
spective of the mitochondrial state, suggesting that they may
respond to other unidentified sensory stimuli. Further studies are

necessary to uncover genes that shape response properties under
mitochondrial stress in NSM and RIB.

Materials and Methods

C. elegans and E. coli Bacterial Strains. C. elegans strains were cultured and
maintained as previously described (41). Briefly, animals are cultured on solid
nematode growth medium (NGM) seeded with E. coli OP50 as food at 20°C
unless specified otherwise. Care is taken to avoid overcrowding or starvation. The
HT115 E. coli strains were used in indicated experiments. A list of mutant alleles
and transgenic strains used in this study is available in S/ Appendix, Table S1.

Molecular Biology and Germline Transformation. Standard molecular
biology techniques were used in this study. Promoter sequences used included
tph-1(2.8 kb), tph-1 short (tph-Ts, 158 bp, for NSM-specific expression), srh-142
(3.4 kb, for ADF-specific expression), unc-86 (5 kb, for HSN expression), ser-4 (5
kb), sto-3 (1 kb, for RIB expression), npr-9 (2 kb, for AIB expression), and flp-11
(2.5 kb, for RIS expression), which were cloned into pPD95.75 or pPD95.77 vec-
tors. The genomic tph-1 sequence (2.4 kb) and the cDNA of ser-4 (1.3 kb) were
used in the rescue experiments. Transgenic animals were generated by
microinjection-based germline transformation as described (42). Briefly, purified
DNA of constructs of interest at defined concentrations was mixed immediately
before loading into a glass micropipette. Young adult hermaphrodites that con-
tain less than five embryos are used for injection.

Avoidance Assay with Antimycin A. Two to four adult gravid hermaphrodites
were allowed to lay eggs overight. The adults were then removed and hatched lar-
vae on the plate were reared to day one young adult (D1). One hundred microliters
of OP50 in LB (optical density [OD] = 0.4-0.6) was seeded at the center of the
NGM plate to make a lawn of defined area the day before the avoidance assay. Anti-
mycin A (Sigma-Aldrich) from the stock (2.5 mg/mL, in 99% EtOH) was diluted by
1:10 ratio with M9 buffer (0.25 mg/mL), and 100 pl of this Antimycin A dilution
was gently and evenly applied onto the bacteria lawn to reach the final concentra-
tion of 4.5 uM (2.5 pg/mL) in plate. Plates with lower concentrations of Antimycin
A were prepared similarly with adjusted amount of Antimycin A. In the control
group, 99% ethanol (EtOH) was used in the place of the Antimycin A stock. After
the bacterial plate was completely dried in air, D1 animals were collected and
cleaned by washing with M9. Worms were then gently transferred to the center of
the assay plates in as little liquid as possible. Bacterial avoidance was scored 6 h later
or as indicated in individual experiments by the avoidance index, which is the frac-
tion of worms staying outside the OP50 lawn: Nou/Niota, Where Noy is the number
of worms off-lawn and Ny is the number of total worms on the plate. In experi-
ments where Antimycin-treated animals were transferred to an Antimycin-free plate
for avoidance assay, animals were first treated with 2.25 uM of Antimycin A for 3
h on a small or full bacterial lawn as indicated in specific experiments and were
transferred by washing with M9 to an NGM plate seeded with 100 pl of OP50 or
HT115 E. coli without Antimycin A. The avoidance index was quantified 6 h after
the transfer.

Avoidance Assay with RNAi. RNAi avoidance assays were performed as
described with some modifications (12). In brief, overnight-grown atp-2, spg-7,
and control (L4440) RNAi bacterial culture was diluted at 1:100 ratio and grown
for 3'h (OD = 0.4-0.6), followed by 1 mM isopropyl B-D-1-thiogalactopyrano-
side (IPTG) induction for 1 h. A total of 100 pl of HT115 was dropped to the cen-
ter of the NGM plate and was kept at room temperature overnight to allow IPTG
to induce double-stranded RNA. On the next day, hatched L1 larvae were trans-
ferred to the center of the assay plates. Lawn leaving was scored 48-56 h later.
Avoidance index was calculated as described.
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Bacterial Chemotaxis Assay. Bacterial chemotaxis assays were performed as
described with some modifications (43). The 5.5-cm chemotaxis (CTX) plate (2%
agar, 5 mM potassium phosphate [pH 6.0], 1 mM CaCl,, T mM MgSO,) was
divided into six equal longitudinal zones similar to that used for repulsive chemo-
taxis assays (44). One microliter of liquid OP50 (OD = 0.4-0.6) and 1 wl of LB
were spotted at the opposite sides of the plate, respectively. When these were
completely dried, 1 pl of 0.5 M sodium azide was applied to both spots to immobi-
lize the worms that were attracted to reach OP50 or LB. D1 animals were treated
with either ethanol or 1.125 uM Antimycin (0.625 pg/mL) on small or full bacterial
lawns as indicated in individual experiments for 3 h. This concentration of Antimycin
A was used because the standard 4.5 puM of Antimycin A seemed to interfere with
worm movements in the bacterial chemotaxis assay. Worms were then collected by
washing with M9 for three times and transferred to NGM plates seeded with 200
uL HT115 E coli for 15 h or as specified in individual experiments. The animals
were then collected and washed, twice with the CTX wash buffer (5 mM potassium
phosphate [pH 6.0], 1 mM CaCly, 1 mM MgS04) and once by water. Animals were
transferred to the center of the chemotaxis plate and excessive liquid carefully
removed by Kimwipes. Two hours later, the chemotaxis index (Cl) was quantified as

Cl =(Ngpso — Nig)/(Nopso+Nig)

where Ngpsg is the number of animals in the two zones close to OP50, and Nz
is the number of animals in the two zones close to LB.

Chemotaxis Assays for Repulsive Odors. Chemotaxis assays for 2-nonanone
and T-octanol were performed as described with some modifications (44). The
9-cm chemotaxis (CTX) plate (2% agar, 5 mM potassium phosphate [pH 6.0], 1
mM CaCl, 1 mM MgSQ,4) was divided into six equal longitudinal zones similar to
that used for repulsive chemotaxis assays (44). One microliter each of ethanol con-
trol and undiluted 1-octanol or 2-nonanone at 1:10 dilution (in ethanol) was spot-
ted at the opposite sides of the plate, respectively. When these were completely
dried, 1 L of 0.5 M sodium azide was applied to both spots to immobilize the
worms that moved toward either spot. Young D1 animals were then collected and
washed, twice with the CTX wash buffer (5 mM potassium phosphate [pH 6.0],
1 mM CaCly, 1 mM MgS04) and once by water. Animals were transferred to the
center of the chemotaxis plate and excessive liquid carefully removed by Kim-
wipes. One hour later, the chemotaxis index (Cl) was quantified as

= (Nodor - NEtOH)/(Ntotal)

where Nogor is the number of animals in the two zones close to either repulsive
odor, and Non is the number of animals in the two zones close to the ethanol
control. A negative Cl indicates aversion to the test odor.

Serotonin Treatment. A serotonin (Sigma-Aldrich) stock solution of 0.5 M was
made with distilled water and filtered. Ten microliters of serotonin stock solution
were added to the NGM plate to reach a final concentration of 0.5 mM. For con-
trol, 10 L of distilled water were used in the place of serotonin. D1 animals
were transferred onto serotonin or control plates seeded with OP50 and culti-
vated for 3 h. Animals were then washed and transferred to Antimycin
A-containing OP50 plates, and the avoidance index was quantified 6 h later.

Histamine Treatment. We performed histamine treatment following a pub-
lished method with minor modifications (19). In brief, a stock of 2 M histamine
dihydrochloride (Sigma-Aldrich) was made with distilled water, pH-adjusted to a
final value of 6.3 with 10 N NaOH and filtered. One hundred microliters of the 2
M histamine stock solution were added to the NGM or chemotaxis (CTX) plates
to reach the final concentration of 20 mM. The same amount of water was added
in place of histamine to the NGM or CTX plates as control. The histamine-
containing plates should be stored at 4 °C and used within 1 wk.

Epifluorescent and Confocal Microscopy. To analyze the expression level of
Ptph-1::mCherry in the cell body of serotonergic neurons, D1 hermaphrodites
were immobilized in 1% sodium azide on 5% agar pad and epifluorescent
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images were acquired by the Axiolmager M2 system (Carl Zeiss). The pixel inten-
sity of mCherry was quantified by ImageJ with subtraction of background sig-
nals. To examine the mitochondrial morphology in the intestine and body wall
muscles, D1 animals carrying zclsT4(Pmyo-3::GFP™) and animals carrying
zcls17(Pges-1:: GFP™) were treated with ethanol (control) or 4.5 uM Antimcyin A
for 6 h. To examine mitochondrial morphology in NSM neurons, D1 animals car-
rying twnEx609(Ptph-1s::tomm20::mCherry); twnEx605(Ptph-1s::ds-atp-2) were
immobilized with 1 mM levamisole. Confocal projection images were acquired
using the LSM700 Confocal Imaging System (Carl Zeiss).

Calcium Imaging with Microfluidic Device. Calcium imaging using the
microfluidic chip was performed as previously described with minor modifica-
tions (45). Briefly, young adult worms without or with Antimycin A treatment
(4.5 uM, 6 h) were transferred into an olfactory chip (MicroKosmos, Ann Arbor,
MI). NGM buffer (25 mM potassium phosphate [pH 6.0], T mM CaCly, 1 mM
MgSO,) or OP50 supernatant (OD = 0.5-0.6) was delivered through the VC-8
Valve Control System (Wamer Instruments, Holliston, MA) with journals written
in MetaMorph (Molecular Devices, San Jose, CA). Fluorescent images were
acquired using the ORCA3 sCMOS CCD camera (Hamamatsu Photonics, Japan)
and pE-300 LED (CoolLED, UK) at the speed of 2 frames/s and an exposure time
of 400 ms at 5% illumination intensity.

Locomotion Assessment. To quantify worm locomotion, three to five well-fed
D1 worms were picked to an unseeded plate for crawling for 2 min to shed the
bacteria, and they were transferred again to another unseeded plate, with loco-
motion recorded for three minutes using WormLab (MBF Bioscience, V). Loco-
motion parameters analyzed include movement speed, reversal frequency and
the fraction of time in forward or backward movement.

Analysis of Pirouette Frequency as a Function of Bearing Angle. To
quantify worm pirouette frequency, five to eight D1 worms with or without Anti-
mycin A treatment (1.125 pM, 3 h) were picked to an unseeded plate for crawl-
ing for 2 min to shed the bacteria. The worms were transferred again to a CTX
plate spotted with 1 pL OP50 (OD = 0.4-0.6) and 1 pl of LB at opposite sides of
the plate, respectively. Worm movements were recorded using WormLab for 10
min (control) and 20 min (Antimycin A-treated), respectively. The pirouettes were
identified using WormLab, which defines the pirouette as a reversal followed
immediately by an omega turn. The bearing angle was defined as the deviation
of the movement direction of the worm with respect to the OP50 source.

Statistical Analysis. Statistical analyses, including two-way ANOVA followed by
Bonferroni's correction for multiple comparisons, multiple ¢ test, Mann-Whitney
U test and 5 test, were performed by Prism and described in the figure legends
that apply, with sample sizes indicated.

Data Availability. All study data are included in the article and/or supporting
information.
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