1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Curr Biol. Author manuscript; available in PMC 2023 November 21.

-, HHS Public Access
«

Published in final edited form as:
Curr Biol. 2022 November 21; 32(22): 4941-4948.e3. doi:10.1016/j.cub.2022.09.041.

Co-opted genes of algal origin protect C. elegans against
cyanogenic toxins

Bingying Wang?, Taruna Pandey?, Yong Long?, Sofia E. Delgado-Rodriguez2, Matthew D.
Daugherty3>" Dengke K. Mal#46.7.*

1Cardiovascular Research Institute and Department of Physiology, University of California San
Francisco, San Francisco, USA

2State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology,
Chinese Academy of Sciences, Wuhan, China.

SDepartment of Molecular Biology, University of California San Diego, San Diego, United States.
4Innovative Genomics Institute, University of California, Berkeley, USA.

STwitter: @Daugherty_Lab

6Twitter: @DengkeMa

“Lead contact

SUMMARY

Amygdalin is a cyanogenic glycoside enriched in tissues of many edible plants, including seeds of
stone fruits such as cherry (Prunus avium), peach (Prunus persica), and apple (Malus domestica).
These plants biosynthesize amygdalin in defense against herbivore animals as amygdalin generates
poisonous cyanide upon plant tissue destruction.1* Poisonous to many animals, amygdalin-
derived cyanide is detoxified by potent enzymes commonly found in bacteria and plants but

not most animals.> Here we show that the nematode C. efegans can detoxify amygdalin by a
genetic pathway comprising cys/-1, egl-9, hif-1 and cys/-2. Screen of a natural product library

for hypoxia-independent regulators of HIF-1 identifies amygdalin as a potent activator of cys/-2,

a HIF-1 transcriptional target that encodes a cyanide detoxification enzyme in C. elegans. As a
cysl-2 paralog similarly essential for amygdalin resistance, cys/-1 encodes a protein homologous
to cysteine biosynthetic enzymes in bacteria and plants, but functionally co-opted in C. elegans.
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We identify exclusively HIF-activating eg/-9 mutations in a cys/-1 suppressor screen and show
that cys/-1 confers amygdalin resistance by regulating HIF-1-dependent cys/-2transcription to
protect against amygdalin toxicity. Phylogenetic analysis indicates that cys/-1 and cys/-2were
likely acquired from green algae through horizontal gene transfer (HGT) and functionally co-opted
in protection against amygdalin. Since acquisition, these two genes evolved division of labor in

a cellular circuit to detect and detoxify cyanide. Thus, algae-to-nematode HGT and subsequent
gene function co-option events may facilitate host survival and adaptation to adverse environment
stresses and biogenic toxins.

eTOC blurb

Wang et al. show how plant-derived amygdalin, a cyanogenic glycoside, is detoxified by the
nematode C. elegans through two paralogous genes cys/-1 and cys/-2. Functional and phylogenetic
analyses suggest both genes originated from green algae likely by horizontal gene transfer and
evolved separate roles by gene co-option for cyanide detoxification.
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RESULTS AND DISCUSSION

A chemical screen identifies amygdalin as a cysl-2p::GFP activator

We previously discovered several components of the HIF-1 pathway acting upstream of the
oxygen-sensing HIF hydroxylase EGL-9 in C. elegans.® To identify small-molecule natural
products that may modulate HIF-1 activity independently of oxygen-sensing in C. elegans,
we conducted a natural product library screen for compounds that can activate a HIF-1-
dependent transgenic reporter strain cys/-2p::GFP in liquid cultures under normoxia (Figure
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1A). Among the identified compounds, a glycoside named amygdalin emerged as a potent
activator of cys/-2p::GFP. We validated the finding using amygdalin from new preparations
of different sources (from vendor VWR or Sigma-Aldrich) to treat C. elegans on solid NGM
media and confirmed that amygdalin can robustly activate cys/-2p::GFP under normoxic
conditions, without affecting the transgenic co-injection marker myo-2p::mCherry (Figure
1B). Activation of cys/-2p::GFP by amygdalin was also dose-dependent and reached peak
levels at approximately 48 h post amygdalin treatment (Figures 1C and 1D).

We performed RNAseq to identify genome-wide transcriptomic changes induced by
amygdalin. We treated wild-type mixed-stage C. elegans hermaphrodites cultivated at 20

°C with 2 mg/mL amygdalin for 48 h. After differential expression analyses of triplicate
samples, we identified 16 genes that are significantly (adjusted p value < 0.05) up- or
down-regulated by amygdalin treatment (Figure 1E; Data S1). As expected, cys/-2is

among the most highly up-regulated genes (log,fold change = 2.62, adjusted p value

= 3.11E-06), while expression of its upstream regulators including Aif-1, vhl-1 or egl-9
remains largely unchanged (Figure S1; Data S1). Gene Ontology analysis (Wormbase)
indicates that amygdalin also up-regulated several genes encoding glutathione S-transferases
involved in xenobiotic detoxification (Figure S1).

The CYSL-1/EGL-9/HIF-1/CYSL-2 pathway mediates transcriptional response and
organismic tolerance to amygdalin

We next examined how amygdalin activates cys/-2p::GFP. HIF-1 and CYSL-1 are two
previously established positive regulators of cys/-2p::GFP.5-9 We found that loss-of-function
mutations of //f-1 or cys/-1 abolished cys/-2p::GFP induction by low-dose amygdalin
(Figure 2A) (high dose is lethal to these mutants, see below). Amygdalin is a glycoside that
can be metabolized sequentially to prunasin, glucose, benzaldehyde and hydrogen cyanide
(Figure 2B).1:310 We treated cys/-2p::GFP animals with each of these amygdalin-derived
molecules and found prunasin and cyanide (as in potassium cyanide) activated cys/-2p::GFP
as amygdalin did, but others had no detectable effect (Figure 2C). CYSL-1 and CYSL-2 are
cysteine synthase-like proteins and have been implicated in hydrogen sulfide and cyanide
detoxification.8:8:11-13 While CYSL-2 can enzymatically convert cyanide to nontoxic p-
cyanoalanine,!! the essential role of CYSL-1 in cys/-20::GFP activation by amygdalin
suggests CYSL-1 acts as a transcriptional regulator rather than a cysteine synthase or

an enzyme to detoxify cyanide.® Taking advantage of the cys/-2p::GFP phenotype and

lethal effects of high-dose amygdalin in cys/-1 mutants, we performed a cys/-1 suppressor
screen and identified exclusively three loss-of-function mutations in eg/-9that led to
constitutive cys/-2p::GFP expression without amygdalin treatment (Figure 2D). In further
genetic epistasis analysis, loss of Aif-1 suppressed not only cys/-2p::GFP induction by
amygdalin but also constitutive cys/-2p::GFP expression in egl-9, cys/-1 mutants (Figure
2E). These data indicate that amygdalin activates cys/-2p::GFP through a dis-inhibitory
regulatory pathway from cyanide, CYSL-1, EGL-9 to HIF-1 (Figure 2F).

To assess the functional importance of the CYSL-1/EGL-9/HIF-1/CYSL-2 pathway, we
examined the time-dependent survival response to high-dose amygdalin (10 mg/mL on
NGM,; effective concentrations /n vivo are likely much lower owing to cuticle and

Curr Biol. Author manuscript; available in PMC 2023 November 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 4

intestinal absorption barriers) in animals with individual or combinatorial pathway gene
mutations. Wild-type animals exhibited no apparent decrease in survival upon amygdalin
over three days of treatment (Figure 3A). By contrast, loss-of-function cys/-1 mutants
displayed striking sensitivity to amygdalin, with nearly complete population death at day
3 of amygdalin treatment (Figure 3B). Loss-of-function of cys/-2also caused similar
time-dependent sensitivity to amygdalin (Figure 3C). While loss of eg/-9fully suppressed
vulnerability of cys/-1 mutants to amygdalin (Figure 3D), loss of either Aif-1 or cys/-2
rendered eg/-9 mutants sensitive to amygdalin (Figures 3E and 3F). While cys/-2; cys/-1
or hif-1, cysl-1 double mutants exhibited strikingly similar amygdalin sensitivity profiles
to cysl-1, cysl-2, or hif-1single mutants, loss of rAy-1, which leads to constitutive
cysl-2p::GFP activation, showed similar amygdalin sensitivity to loss of eg/-9. These data
indicate that amygdalin activation of cys/-2through the CYSL-1/EGL-9/HIF-1 pathway
confers tolerance to amygdalin toxicity in C. elegans.

Phylogenetic analysis reveals the algal origin of cysl-1 and cysl-2

To investigate the evolutionary origin cys/-1/2in C. elegans, we searched for homologs of
CYSL-1 and CYSL-2 proteins across all domains of life. We identified related proteins with
>50% sequence identity in nematodes, green algae, land plants, and bacteria. Outside of
nematode proteins, the most closely related sequences, and the only ones with sequence
identities >60% were from the Chlorophyta clade of green algae (Figures S2A and 4A).

To determine the phylogenetic origin of CYSL proteins in nematodes, we performed
maximum likelihood (ML) based phylogenetic analyses on CYSL homologs from a broad
range of eukaryotic and prokaryotic species (Data S2 and S3; Figure 4A). Consistent

with the high sequence similarity to proteins in green algae, we found strong support for
nematode proteins nesting within the chlorophyte clade of green algae (Figure 4B). Proteins
from streptophytes (Streptophyta), which include some green algae and all land plants,

are found in a distinct region of the phylogenetic tree, as are proteins from single-cell
eukaryotes (e.g. groups including SAR, Excavata, and Rhodophyta) and bacteria. These
inferences were robust to the ML software we used for analysis, as well as the substitution
models we employed (Figure 4B). Importantly, cysteine synthase enzymes found in some
arthropods, such as mites, which are the result of a horizontal gene transfer (HGT)

event from bacteria show less than 40% sequence identity, consistent with their separate
evolutionary origin (Figures S2B and S3).14 Taken together, these data support a single HGT
event from a green algal species in the Chlorophytathat gave rise to nematode CYSL.

We further wished to analyze the distribution of CYSL proteins in nematodes to determine
at what point CYSL was acquired by nematodes and at what point gene duplication
occurred. We found CYSL proteins only in the Chromadoria clade of nematodes and not
in the well sampled organisms in the 7richinellida (e.g. Trichinella species) or in genomes
or transcriptomes from other non- Chromadoria nematodes (Figure 4C and Data S4).1°
Although we cannot rule out that it was lost in other nematodes, the most parsimonious
explanation for this distribution is that CYSL was acquired by an ancestral Chromodoria
nematode after the divergence from other clades of nematodes. Within Chromodoria, we
observed two or more copies of CYSL homologs in 7ylenchina (e.g. Bursaphelenchus
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species) and Rhabditina (e.g. Caenorhabditis species) lineages of nematodes. Although we
only detect a single CYSL homolog in the Spirurina nematodes (e.g. Toxocara canis),

these homologs group with CYSL-1 proteins from other nematodes (Figure 4C). These data
suggest that CYSL duplicated soon after acquisition in nematodes to CYSL-like proteins,
possibly followed by loss of one paralog or other in certain lineages. Based on our findings
of the non-overlapping functional importance of CYSL-1 and CYSL-2 in C. elegans for
cyanide detoxification, these phylogenetic findings suggest that this network of CYSL-1 and
CYSL-2 evolved soon after the acquisition of these enzymes by nematodes.

Physiological and evolutionary implications of cysl genes

In summary, our work establishes novel physiological roles of the CYSL-1/EGL-9/HIF-1/
CYSL-2 pathway in the detoxification of amygdalin in C. elegans. Our data indicate that
CYSL-1 acts upstream of the evolutionarily conserved HIF-1 pathway as a key regulator
of cys/-2induction upon amygdalin exposure, resulting in detoxification of cyanide. The
intriguing acquisition of amygdalin resistance in C. elegans through two genes (¢ys/-1 and
cysl-2) not commonly found in other animals into the conserved EGL-9/HIF-1 genetic
pathway led us to further explore the evolutionary origin and path of cys/-1 and cys/-2
based on phylogenetic analysis. Our combined functional and phylogenetic studies indicate
that cys/-1and cys/-2likely originated from green algae by a HGT event in ancient
nematodes and evolved separate roles since. In C. elegans, CYSL-1 transcriptionally
regulates expression of cys/-2through HIF-1. As a transcriptional target of HIF-1,
CYSL-2 can detoxify cyanides /7 vitro as a cyanoalanine synthase.1l Mechanistically,
CYSL-1 may regulate cys/-2by binding to EGL-9 and thereby promote HIF-1 activity.
How amygdalin or cyanide is sensed by C. elegans and regulates CYSL-1 and EGL-9
awaits further studies. Plausible mechanisms include mitochondrial inhibition by cyanide,
posttranslational modification by S-cyanylation, and allosteric modulation of CYSL-1 and
EGL-9 interaction.6:16.17

In nature, C. elegans lives with rotten fruits and bacteria,18-21 thus may frequently encounter
cyanogenic chemicals derived from its natural diets (e.g. cyanogenic plant tissues and
Pseudomonas bacteria). After consumption, amygdalin is hydrolyzed by p-glucosidases and
a-hydroxynitrilases, releasing hydrogen cyanide or cyanogenic intermediates that can inhibit
mitochondrial respiration by binding to cytochrome C oxidases, thus be highly toxic and
even lethal to herbivore animals.1917 To tolerate amygdalin, plants also evolved a family of
cysteine synthase-like enzyme, B-cyanoalanine synthases, to directly detoxify cyanide.3:522
Although C. elegans rarely encounters amygdalin under laboratory conditions, loss-of-
function mutations in the gene eg/-9 have been shown to confer resistance to hydrogen
cyanide generated by a pathogenic bacterial strain of Pseudomonas aeruginosa.?® EGL-9 is

a prolyl hydroxylase of HIF-1 (hypoxia inducible factor), a transcription factor that directly
activates expression of many genes involved in hypoxic adaptation and stress responses.24-26
While EGL-9 and HIF-1 are evolutionarily conserved in metazoans, most animals do not
have proteins homologous to CYSL-1 and CYSL-2, except certain herbivorous arthropods.14
Maximum likelihood estimation based on protein sequence similarity supports a single

HGT event from a green algal species in the Chlorophytathat gave rise to nematode

cys/ genes. Our analysis further suggests that a cys/gene ortholog was acquired by
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ancestral Chromodoria nematodes after the divergence from other clades of nematodes,
and duplicated soon after their acquisition to generate cys/gene paralogs. While CYSL-2
retains cyanoalanine synthase activity to detoxify cyanide, CYSL-1 is co-opted to regulate
cysl-2upon amygdalin/cyanide exposure, in an elegant cellular circuit that detects and
subsequently defends against toxicity associated with amygdalin/cyanide derived from
natural diets of C. elegans.

Chromodoria nematodes diverged from other clades of hematodes more than 250 million
year ago, around which drastic geological and ecological changes may have exerted
selection pressures on nematodes surviving in environments rife with sulfide/cyanide
toxicity and ancient algal species.2’-31 Following acquisition of cys/genes, nematodes

may have retained and co-opted cys/ gene functions in adaptation to new environments,
including living as plant parasites or in rotten fruits associated with cyanide presence.

While precise mechanisms of these evolutionary changes particularly HGT remain unclear,
the evolutionary pathway leading to distinct cellular roles of cys/-1and cys/-2in C.

elegans today exemplifies how organisms can acquire novel biological traits to survive and
reproduce by HGT and gene co-option.31-36 Functional HGTs within prokaryotic organisms
and from bacteria to eukaryotes have been widely observed and characterized.3”-40 Our
functional and phylogenetic analyses reveal a previously unknown HGT from algae to
nematodes, supporting the emerging theme that such events of HGT can lead to evolutionary
changes and novel traits to facilitate host protection and adaptation to abiotic stress,
chemical toxins and extreme environments.

STARXxMethods
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Dengke Ma (dengke.ma@ucsf.edu).

Materials availability—Strains used in this study are deposited to CGC.

Data and code availability—The RNAseq read datasets were deposited in NCBI SRA
(Sequence Read Archive) under the BioProject accession PRINA843348. All other data
reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains were maintained under standard laboratory conditions unless otherwise
specified. The N2 Bristol strain was used as the reference wild type, and the
polymorphic Hawaiian strain CB4856 was used for genetic linkage mapping and SNP
analysis.*142 Forward genetic screens for cys/-20::GFP; cys/-1 suppressing mutants
after ethyl methanesulfonate (EMS)-induced random mutagenesis were performed as
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described previously.®43 Identification of mutations by whole-genome sequencing and
complementation tests by crossing EMS mutants with eg/-9(sa307) heterozygous males
were used to determine dma430, dma432 and dma437 as new loss-of-function alleles of
egl-9. Genotypes of strains used are as follows: Chr. Il cys/-20k3516), rhy-1(n5500),

Chr. \V: nls470 [cysl-2p..GFP; myo-2p..mCherry], Chr. V: egl-9(dma430, 432, 437, sa307),
hif-1(ia4), Chr. X: cysl-1(0k762).

METHOD DETAILS

Sample preparation for RNA sequencing and data analysis—Nz2 control (M9
treated) and amygdalin-treated animals (2 mg/mL on NGM for 48 h) were maintained at 20
°C and washed down from NGM plates using M9 solution and subjected to RNA extraction
using the RNeasy Mini Kit from Qiagen. RNA-seq library preparation and data analysis
were performed as previously described.** Three biological replicates were included for
each treatment. The cleaned RNAseq reads were mapped to the genome sequence of C.
elegans using the hisat2 tool.*> Abundance of genes was expressed as FPKM (Reads per
kilobase per million mapped reads). Identification of differentially expressed genes was
performed using the DESeq2 package.*®

Compound screen, amygdalin sensitivity and survival assays—C. éelegans
animals carrying the integrated cys/-2p::GFP reporter were cultured under non-starved
conditions for at least 4 generations before natural product screens using the DiscoveryProbe
Bioactive Compound Library (Catalog No. L1022P, APEXBIO). Synchronized L1-stage
animals were grown to the L4 stage and transferred to deep 96-well plates in liquid cultures
containing each compound (0.5 mM in 100 pL volume, approximately 100 animals per well)
in S medium with concentrated £. coli OP50 as a food source. The cultures were incubated
at 20 °C for 48 h before observation under an epifluorescence microscope (SMZ18).
Candidate hits were subject to multiple trials and repeated with the same compounds

from different providers and to determine phenotypic penetrance, fluorescence intensity and
compound dose-dependency.

C. elegans animals were cultured under non-starved conditions for at least 4 generations
before amygdalin sensitivity assays. NGM plates spread with equal agar thickness seeded
with equal amounts of freshly seeded OP50 (within 24 h of seeding) were used for M9 or
amygdalin (dissolved in M9, TCA0443-010G, VWR or equivalent A6005, Sigma-Aldrich)
supplementation. Fresh preparations of fully dissolved amygdalin in M9 were added (250
ul/ 60 cm plate) and spread evenly on NGM plates with pre-seeded OP50. Once the plates
with amygdalin were briefly air dried, synchronized-stage (L4) animals were placed and
monitored for survival over 24, 48 and 72 h post treatment. Animals were scored as

dead if they showed no pumping and movement upon light touch with the body necrosis
subsequently confirmed.

Phylogenetic analysis—C. elegans CYSL-1 (accession NP_001369978.1) was used as a
BLASTp*’ search query against the nonredundant (NR) and Reference Sequence (RefSeq)
protein databases. Resulting sequences were aligned using Clustal Omega“® using two
iterations of refinement and duplicate sequences were removed. Non-aligning termini and
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alignment positions in which >95% of all sequences had a gap were manually removed
from subsequent analyses. To generate phylogenetic trees encompassing a broad range of
CYSL homologs, sequences with >80% sequence identity were reduced to a single unique
sequence using CD-HIT49 with a 0.8 sequence identity cutoff. The resulting 253 protein
sequences (accession numbers and species names found in Data S2) were realigned as above
and used as input for maximum likelihood phylogenetic programs. 1Q-TREE®? phylogenies
were generated using the “-bb 1000 -alrt 1000” commands for generation of 1000 ultrafast
bootstrap®! and SH-aLRT support values. The best substitution model was determined by
ModelFinder®2 using the “-m AUTO” command or the substitution model was specified

as shown in Figure 4B using the “-m” command. RAXML phylogenies were generated
using “-f a” with 500 bootstrap replicates and “-m PROTGAMMAAUTO” to determine

the best substitution model with gamma distribution. All phylogenetic trees generated from
IQ-TREE and RAXML, with support values, can be found in Data S3.

To generate a phylogeny of nematode CYSLs, the relevant subtree containing nematodes and
the nearest green algae was extracted for the larger phylogeny generated above. Additional
nematode sequences that had been removed using the CD-HIT filtering described above
were added back in. Sequences were realigned and degapped as described above with a
CDHIT similarity cutoff of 98% followed by additional manual removal of poorly aligning
sequences. An 1Q-TREE phylogenetic tree using ModelFinder (LG+I+G) was determined as
described above. Accession numbers and species names are found in Data S2, and complete
IQ-TREE with support values is found in Data S3.

To generate a phylogeny that contains nematode CYSL proteins and arthropod cysteine
synthases that had previously been described as an HGT event from bacteria,14 we
performed a BLASTp search against the RefSeq database using the cysteine synthase
enzyme from the two spotted spider mite ( 7etranychus urticae, accession XP_015786551.1).
The top 5000 homologs from that search were reduced in number using CD-HIT with a 0.8
sequence identity cutoff. Sequences were combined with homologs from nematode CYSL
described above and any redundant sequences were removed. The resulting 1040 protein
sequences (accession numbers and species hames found in Data S2) were realigned as
above and used as input for maximum likelihood phylogenetic programs. An 1Q-TREE
phylogenetic tree using ModelFinder (LG+I+G4) was determined as described above.
Accession numbers and species names are found in Data S2, and complete 1Q-TREE with
support values is found in Data S3.

To search for CYSL homologs in nematode species not found in the NR database, we used
the C. elegans CYSL-1 protein sequence as a search query against the WGS (sequences
from all genome sequencing projects) and TSA (sequences from transcriptome sequencing
projects) databases using tBLASTN. Sequences with greater than 20% coverage and 40%
sequence identity were retained for further analysis. Sequences from nematode clades shown
in Figure 4C were removed. The remaining sequences are shown in Data S4. To identify the
closest homolog of each sequence shown in Data S2, we used BLASTn from the nucleotide
sequence or BLASTp from the predicted protein sequence as a query for the NR database.
Annotations of resulting hits were used to determine whether the nematode sequence was (a)
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atrue CYSL homolog, (b) a paralogous protein (annotated as cystathionine beta-synthase) or
(c) a likely contaminant in the nematode genome sequencing project.

Confocal and epifluorescence microscopic imaging—SPE epifluorescence
compound microscopes (Leica) were used to capture fluorescence images. Animals of
different genotypes were randomly picked at the same young adult stage (24 h post L4)

and treated with 1 mM Levamisole sodium Azide in M9 solution (31,742-250MG, Sigma-
Aldrich), aligned on an 4% agar pad on slides for imaging. Identical setting and conditions
were used to compare genotypes, treatment experimental groups with control. To quantify
the percentage of animals with cys/-2p::GFP expression, a randomly selected population was
observed under the epifluorescence microscope (SMZ18, Nikon) with animals considered to
be cysl-2p::GFP positive only when hypodermal cys/-2p::GFP fluorescence is intense at a
level comparable to that activated by 2 mg/mL amygdalin that approaches the saturation of
the phenotypic penetrance in the wild-type cys/-20::GFP animals.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism 9.2.0 Software (Graphpad, San Diego, CA) and
presented as means + S.D. unless otherwise specified, with Pvalues calculated by unpaired
two-tailed t-tests (comparisons between two groups), one-way ANOVA (comparisons across
more than two groups) and two-way ANOVA (interaction between genotype and treatment),
with post-hoc Tukey HSD and Bonferroni’s corrections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Chemical screens identify amygdalin as a hypoxia-independent activator of

. Amygdalin up-regulates HIF-1 target gene cysl-2 via CYSL-1 upstream of

. CYSL-1, EGL-9, HIF-1, CYSL-2 act in a cascade to detoxify amygdalin-

. cys/ genes likely originated from green algae and functionally co-opted since
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HIF-1

HIF-1

derived cyanide
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Figure 1. A compound screen of natural product library identifies amygdalin as a potent
activator of cyd-2p::GFP.

(A), Schematic of compound screens that led to identification of amygdalin. (B),
Representative bright field and epifluorescence images showing dose-dependent up-
regulation of cys/-2p::GFP by amygdalin. Scale bar: 50 um. (C), Quantification of
percentages of animals with cys/-2p::GFP expression after 48 h of amygdalin treatment
with increasing doses. Values are means £ S.D with ***P < 0.001 (one-way ANOVA with
post-hoc Tukey HSD, N = 5 independent experiments, n > 50 animals per experiment).

(D), Quantification of percentages of animals with cys/-2p::GFP expression after increasing
durations of amygdalin treatment at the fixed dose of 2 mg/mL. Values are means + S.D with
***pP < 0.001 (one-way ANOVA with post-hoc Tukey HSD, N =5 independent experiments,
n > 50 animals per experiment). (E), Volcano plot showing significantly (adjusted p value <
0.05) up- (green) or down- (blue) regulated genes in amygdalin-treated animals, with cys/-2
noted (arrow). A list of all genes with expression values and statistics are in Data S1.
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Figure 2. Amygdalin activates cysl-2p::GFP through cyanide, CYSL-1, EGL-9 and HIF-1.
(A), Representative bright field and epifluorescence images showing up-regulation of

cysl-2p::GFP by amygdalin (1 mg/mL) in wild-type but not Aif-1(ia4), cysl-1(ok762) loss-
of-function mutant animals. Scale bar: 50 um. (B), Schematic illustrating the metabolic
pathway of amygdalin, leading to generation of prunasin, glucose, hydrogen cyanide and
benzaldehyde. (C), Quantification of percentages of animals with cys/-Zp::GFP expression
after 48 h of treatment with amygdalin (2 mg/mL), prunacin (2 mg/mL), glucose (2 mg/
mL), potassium cyanide (0.2 mg/mL) and benzaldehyde (1 mg/mL). Values are means

+ S.D. (D), Schematic showing cys/-1 suppressor screens resulting in 3 mutants, all of
which are allelic to eg/-9based on whole-genome sequencing and complementation tests.
(E), Table summary of cys/-2p::GFP activation in animals with indicated genotypes and
treatment conditions. Penetrance and numbers of animals examined are noted. (F), Model
illustrating the dis-inhibitory regulatory pathway that mediates the transcriptional response
to amygdalin.
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Figure 3. Amygdalin resistance requires CYSL-1, HIF-1 and CYSL-2 acting in a regulatory
pathway.

(A), Quantification of percentages of post-L4 stage wild-type animals survived after 24,
48 or 72 h of treatment with amygdalin (10 mg/mL). (B), Quantification of percentages

of post-L4 stage cys/-1(ok762) loss-of-function mutant animals survived after 24, 48 or 72
h of treatment with amygdalin (10 mg/mL). (C), Quantification of percentages of post-L4
stage cysl-A0k3516) loss-of-function mutant animals survived after 24, 48 or 72 h of
treatment with amygdalin (10 mg/mL). (D), Quantification of percentages of post-L4 stage
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cysl-1(ok762), egl-9(sa307) double loss-of-function mutant animals survived after 24, 48 or
72 h of treatment with amygdalin (10 mg/mL). (E), Quantification of percentages of post-L4
stage hif-1(ia04); egl-9(sa307) double loss-of-function mutant animals survived after 24,

48 or 72 h of treatment with amygdalin (10 mg/mL). (F), Quantification of percentages of
post-L4 stage cys/-20k3516), egl-9(sa307) double loss-of-function mutant animals survived
after 24, 48 or 72 h of treatment with amygdalin (10 mg/mL). (G), Quantification of
percentages of post-L4 stage cys/-A0k3516); cysl-1(ok762) double loss-of-function mutant
animals survived after 24, 48 or 72 h of treatment with amygdalin (10 mg/mL). (H),
Quantification of percentages of post-L4 stage /if-1(ia04), cysl-1(0k762) double loss-of-
function mutant animals survived after 24, 48 or 72 h of treatment with amygdalin (10
mg/mL). (1), Quantification of percentages of post-L4 stage rhy-1(n5500) loss-of-function
mutant animals survived after 24, 48 or 72 h of treatment with amygdalin (10 mg/mL). All
strains carry nls470 [cysl-2p::GFP + myo-2p.::mCherry]. Values are means + S.D. with ***p
< 0.001 (one-way ANOVA with post-hoc Tukey HSD, N = 5 independent experiments, n >
50 animals per experiment). n.s., non-significant.
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Figure 4. Nematode cysl genes were likely acquired from green algae by horizontal gene transfer.
(A), 1Q-TREE generated maximum likelihood (ML) phylogenetic tree of homologs of

nematode CYSL proteins across a broad range of species. Species groups are shaded.
Clades of similar proteins are collapsed and shown as triangles. Bootstrap support values
for relevant branches are shown. Bolded values indicate the support for a clade that

only contains CYSL-like proteins from nematodes (100% bootstrap support) and a well-
supported clade that contains only CYSL-like proteins from nematodes and a group of
green algae in the Chlorophyta lineage (93% bootstrap support). Within the nematodes, two
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clear, well-supported clades of CYSL proteins exist, one that contains C. elegans CYSL-1
and one that contains C. efegans CYSL-2. (B), ML phylogenetic analyses were performed
with multiple programs and multiple amino acid substitution models as indicated. Support
values (bootstrap and SH-aLRT when available) are shown for a clade containing only
nematode proteins and a clade containing nematode and chlorophyte green algae proteins
as are bolded in part A. Asterisks next to model names indicate that best fitting model as
described in Methods. (C), Expanded phylogenetic tree of CYSL proteins from nematodes
and their nearest homologs in green algae. Font colors denote major groups of nematode
species Bootstrap support values are shown at relevant nodes. For panels A-C, a complete
list of all sequences used is in Data S2 and all trees, including support values, are found

in Data S3. CYSL homologs in nematode species from the WGS (sequences from all
genome sequencing projects) and TSA (sequences from transcriptome sequencing projects)
databases using tBLASTn searches except those shown in Figure 4C are listed in Data S4.

Curr Biol. Author manuscript; available in PMC 2023 November 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wang et al.

KEY RESOURCES TABLE

Page 20

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Amygdalin VWR TCA0443-010G
Amygdalin SIGMA AB005-5G
Prunasin CAYMAN 15959
Benzaldehyde SIGMA 09143
Potassium cyanide FISHER SCIENTIFIC 12136-30

Ethyl methanesulfonate OAKWOOD PRODUCTS 001758-25G
DiscoveryProbe Bioactive Compound APEXBIO L1022P

Library

Critical Commercial Assays

RNeasy Mini Kit | Qiagen | 74004

Deposited Data

RNAseq read datasets

NCBI SRA (Sequence Read Archive)

BioProject accession PRINA843348

Experimental Models: Organisms/Strains

C. elegans strain

CAENORHABDITIS GENETICS
CENTER (CGC)

cysl-2(0k3516) 1l

C. elegans strain

CAENORHABDITIS GENETICS
CENTER (CGC)

nls470 [cysl-2p..GFP + myo-2p::mCherry] IV.

C. elegans strain

CAENORHABDITIS GENETICS
CENTER (CGC) and this work

egl-9(dma430, 432, 437, sa307)

CENTER (CGC)

C. elegans strain CAENORHABDITIS GENETICS hif-1(ia4)
CENTER (CGC)
C. elegans strain CAENORHABDITIS GENETICS cysl-1(0k762)

Software and Algorithms
hisat2 45 http://daehwankimlab.github.io/hisat2/
DESeq2 46 https://bioconductor.org/packages/release/bioc/html/

DESeq2.html

Clustal Omega

48

https://www.ebi.ac.uk/Tools/msa/clustalo/

CD-HIT 49 http://weizhong-cluster.ucsd.edu/cd-hit/

IQ-TREE 50 http://www.iqtree.org/

UFBoot2 51 https://academic.oup.com/mbe/
article/35/2/518/4565479

ModelFinder 52 https://www.nature.com/articles/nmeth.4285
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