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Abstract

Flavin-containing monooxygenases (FMOs) are present in most organisms including plants, fungi, bacteria, invertebrates
and vertebrates, where they catalyse the oxidative metabolism of a range of xenobiotics and endogenous metabolites. FMOs
have been associated with ageing and longevity in the mouse and in C. elegans. As all five FMOs of C. elegans share an
evolutionary root with mouse and human FMOS, it was of interest to discover if effects on ageing and longevity persisted
across the whole group. We therefore investigated the impact of fimmo gene knockout (KO) in C. elegans. We found that fino-
1, fmo-3 and fmo-4 KO significantly extended C. elegans lifespan relative to wild type and, as previously reported, FMO-2
over-expression did likewise. The transcription levels of C. elegans fmo genes were determined throughout the life cycle
(embryo, larva and adult) in wild type and in each mutant to discover if their expression was related to stages in ageing,
and expression levels were compared to those in human and mouse. In wild type worms, fino-1 and fino-4 were the mostly
highly transcribed genes (especially at the larval stage), whereas fmo-2 and fmo-3 were the least transcribed, at all stages.
Notably, the knockout of fimo-4 led to a 17- to 30-fold up-regulation of fimo-2, along with significantly increased levels of
the other fimos. This parallels recent findings in the long-lived C. elegans tald-1 mutant where fino-2 was also significantly
up-regulated and reinforces its importance in lifespan extension.
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Introduction

The nematode C. elegans is one of the most utilised bio-
logical research models in different fields such as genom-
ics, neuroscience, cell biology and ageing, because of its
short life cycle (ca. 3 days under optimal growth conditions),
Communicated by Martine Collart. genetic homology with humans and the ease of its practical
manipulation in the laboratory (Altun and Hall 2009; Corsi
et al. 2015). FMOs are important in the metabolism of drugs,
dietary-derived compounds, pesticides, and of endogenous
substrates containing nucleophilic heteroatoms, mainly sul-
phur, nitrogen and phosphorous. FMOs oxygenate their sub-
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in mice and humans that FMO1 catalyses the conversion of
hypotaurine to taurine, utilising either NADPH or NADH
as co-factor, solving a mystery of greater than 50 years as to
the origin of this important amino acid in mammals (Veer-
avalli et al. 2020). Finally, hepatic FMO3 is the primary
FMO responsible for trimethylamine N-oxide (TMAO)
production from trimethylamine, so that genetic mutations
affecting the production or activity of FMO3 result in the
disorder trimethylaminuria (or fish-odour syndrome) (Dol-
phin et al. 1997; Yamazaki and Shimizu 2007; Shephard
et al. 2012; Phillips and Shephard 2020). It is estimated that
FMOs also play an important role in the global carbon and
nitrogen cycles because of the number of surface ocean bac-
teria containing an FMO that functions as a trimethylamine
monooxygenase (Chen et al. 2011).

The FMO protein family is highly conserved both geneti-
cally and structurally across all organisms from bacteria to
humans, although not present in Archaea (Ziegler 2002;
Krueger and Williams 2005; Chen et al. 2011). The human
genome possesses 11 FMO genes, five of which are func-
tional, FMOI-5, with FMO6P-FMO1 1P being predicted
pseudogenes (Hernandez et al. 2004; Phillips and Shephard
2017). In humans, FMOI-4 and FMOGP are located on
chromosome 1, in the region q24.3, whereas FMO5 is
located ~ 26 Mb closer to the centromere, at 1q21.1. Moreo-
ver, there is another cluster containing pseudogenes FMO7P
to FMO11P located in the region 1q24.2 (Hernandez et al.
2004; Phillips and Shephard 2017). The mouse genome pos-
sesses five functional Fmo genes: Fmol-5, which are the
orthologues of the corresponding human genes. Four addi-
tional genes: Fmo6, Fmo9, Fmol2 and Fmol3 are predicted
to be functional but the capabilities of their protein products
are unknown (Phillips and Shephard 2017). Mouse Fmo5 is
located separately from the rest of Fmos (Fmol-4), as seen
in the human genome, but on chromosome 3.

The C. elegans genome also contains five functional fmo
genes: fmo-1 and fmo-2 are clustered together on chromo-
some 4, but fmo-4 and fmo-5 are located on chromosome
5 and fmo-3 is located on chromosome 3 (Petalcorin et al.
2005) (Figure S1). C. elegans lacking fmo-1, -4, and -5 have
neurodevelopmental defects including growth cones with
excessive (longer) filopodial protrusions compared with
wild type, whereas FMO-5 transgenic expression inhibits
growth cone protrusion (Gujar et al. 2017). FMOs have a
role in inhibition of growth cone protrusion downstream of
UNC-6/ Netrin signalling by possibly promoting phospho-
rylation of UNC-33/CRMP or by directly oxidising F-actin
(Gujar et al. 2017).

In nematodes and mammals, hypoxia-inducible factor
(HIF) proteins have a central role in responding to envi-
ronmental oxygen changes (Jiang et al. 2001). Stabiliza-
tion of HIF in mammals through loss of the E3 ubiquitin
ligase von Hippel-Lindau (VHL) protein led to a disease
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characterized by renal carcinomas (Ivan and Kaelin 2001),
whereas in C. elegans, loss of vhl-1, improved proteosta-
sis and increased lifespan (Leiser et al. 2015). Follow-
ing a screen of genes downstream of vhl-I mutants in C.
elegans to investigate how hypoxic signalling slowed age-
ing in C. elegans, fmo-2 was identified as necessary for
the associated longevity and health phenotypes of HIF-1
response (Leiser et al. 2015). Intestinal FMO-2 was also
upregulated by dietary restriction (DR) and was needed for
DR-mediated lifespan extension (Uno and Nishida 2016).
Intestinal overexpression (OE) of FMO-2 was also suf-
ficient to confer these benefits on its own and increased
lifespan, improved healthy lifespan and enhanced proteo-
stasis in worms (Leiser et al. 2015). Further, intestinal
transcription of fimo-2 was regulated through serotonergic
signalling originating in neurons, subsequently activating
the transcription factor HLH-30 in the intestine (Leiser
etal. 2015). FMO-2 is thus an enzyme both necessary and
sufficient for a majority of the beneficial effects of either
of these longevity pathways (Leiser et al. 2015).

The association of FMOs with metabolic ageing in dif-
ferent species (Rossner et al. 2017) raised the question
as to whether fmo-2 is the only fmo involved, or whether
other fimos have a role in ageing in C. elegans? Answering
this question might aid understanding of the evolution and
relevance of FMO function both in and beyond this useful
model. We addressed this by evaluating: (i) the impact of
systematic knockout of C. elegans fmo genes on longevity;
(i1) whether transcription levels of fino genes indicated roles
at particular points in the lifespan, and (iii) if transcription
and phenotypes in fino mutant worms suggested redundancy
at important life stages that would support bioinformatics
predictions that the C. elegans genes are all the result of
ancestral FMOS duplication.

Results

Sequence alignment of C. elegans, mouse
and human FMOs

FAD and NADPH binding motifs in FMOs were identified
as GxGxxG and GxGxxG/A respectively in mouse (Phillips
and Shephard 2017). Moreover, eight amino acids (Asn 62,
Thr 63, His 151, Asn 195, Arg 224, His 282, Gln 373 and
Ile 378) are essential residues for the catalytic active site in
ancestral mammalian FMOs (Nicoll et al. 2020). Alignment
of the amino acid sequences of the FMOs of C. elegans, H.
sapiens and M. musculus using ancient mammalian FMOs
(Nicoll et al. 2020) showed high conservation in the essential
motifs and revealed the putative catalytic residues (Fig. 1;
Figure S2).
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Fig.1 Amino acid sequence alignment of FMOs across species indi-
cating the regions containing essential FAD (A) and NADP binding
(B) domains and the eight essential residues (red arrowheads) in the

Transcription levels of fmo genes through C. elegans
life cycle

The transcription levels of each fino gene at embryo, larvae
(L2; day 1 post hatching), and adult life stages were analysed
(Fig. 2). fmo-1 was the most highly transcribed at embryo
and adult stages, whereas fmo-2 and fmo-3 were the least
transcribed genes at all three stages (Fig. 2). Interestingly,
fmo-1 and fimo-4 transcription was highly upregulated at lar-
vae stage compared to the rest of fmos.

The transcriptional patterns of fmo-1, -3, -4 and -5 of
C. elegans through development were almost the same. All
began with lower transcription level at embryo stage, reach-
ing the peak of their transcription at larvae stage and then
decreasing to the adult stage. In contrast, the transcriptional
pattern of fmo-2 was different, as its highest transcription
level was at adult stage, and lowest at larvae stage (Fig. 2;
Figure S3).

The effect of fmo knockout on homologue
transcription

Because of the upregulation of fino-1 and fimo-4 at the larvae
stage (L2; day 1 post hatching), we investigated the possible
redundancy or shared roles in C. elegans fmos by compar-
ing transcription levels in wild type versus fimo-1 KO and
fmo-4 KO at the same stage. All fmo genes (fmol-3 and
-5) were up-regulated significantly in fino-4 KO and their
fold changes were 1.8, 30, 4.8 and 3.8 respectively, with the
upregulation of fino-2 being a remarkable 30-fold (Figure
S4A). Repeat measurement of this uniquely large change
showed a fold-change of ca 17 (»p <0.001, Figure S5) in good
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catalytic active site among reconstructed ancestral (Anc) mamma-
lian FMOs. Alignment Figures were generated using Clustal Omega
(Sievers et al. 2011) and ESPript 3.0 (Robert and Gouet 2014)

agreement. In addition, no significant change was observed
in hlh-30 expression in the fimo-4 KO worm (Figure S5). By
contrast, fmo-2, -3 and-5 were the only up-regulated genes
in the case of fino-1 KO with fold changes of 3.6, 2.3 and
3.3 respectively (Figure S4B).

Given the reported association between C. elegans fimo-2
upregulation and increased lifespan (Petalcorin et al. 2005),
transcription levels of fino genes were also determined for
the larvae (L2; day 1 post hatching; the stage with highest
fmo levels in wild type worm) for the fino-2 KO and fino-2
OE mutants. frmo-4 was down-regulated significantly in fino-
2 OE (threefold; P=0.0001), and surprisingly, in fino-2 KO
as well (threefold; P value; P=0.0025), whereas the remain-
ing fmos (fimol-3 and fmo-5) showed no significant changes.
The results indicated that there is a somewhat complex link
between C. elegans fmo-2 and fmo-4 and they may share
similar functions (Figure S4C-D).

No significant changes in the transcription of any fmo
was found on knockout of fimo-3 (Figure S4E and S6). In
the case of knockout of fino-5, the only significant change
was a ca 3.5-fold increase in the expression of fino-2 (Figure
S4F and S7).

Disruption of C. elegans fmo genes can extend
lifespan

Based on the role of mouse FMO5 in slowing metabolic age-
ing (Malagon et al. 2015) and of C. elegans fimo-2 in health-
span and longevity (Leiser et al. 2015), we hypothesised,
based on their sequence similarity, that other C. elegans FMOs
might regulate or influence lifespan. Longevity assays of wild
type worms versus the following fino mutations: (fimo-1 KO
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[fino-1(0k405) IV], fmo-2 KO [fino-2(0k2147) 1V], fimo-3 KO
[fino-3(0k354) 1111, fmo-4 KO [fmo-4(0k294) V], fmo-5 KO
(tm2438) and FMO-2 OE [seaSi40 I; unc-119(ed3) 11I] were
conducted to investigate changes in worm lifespan. Knock-
ing out fimo-1, -3, -4 and overexpression of fmo-2 extended
C. elegans lifespan relative to wild type whereas fmo-5 KO
(Fig. 3) and fino-2 KO (Figure S8) had no effect on lifespan.
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Discussion

Alignment of C. elegans, mouse and human using ancient
mammalian FMOs (Nicoll et al. 2020) illustrates their
highly conserved catalytic residues (Fig. 1; Figure S2).
A recent preprint reported that C. elegans FMO-2 and
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Fig.3 Kaplan—Meier survival curves and corresponding p values
using log rank test for: A Wild type and fmo-1 KO worms, **%*,
p<0.001; B Wild type and fmo-3 KO worms, **** p<0.0001; C

mammalian FMOS5 possess highly conserved catalytic
residues and the overall identity of murine FMOS5 and C.
elegans FMO-2 was approximately 43%, Choi et al. (2021)
agreeing with our alignment results here. This indicates
that the enzymatic activity and function of C. elegans and
mammalian FMOs could be conserved.

Previous work has shown that knockout of the Fmo5
gene can have significant impact upon metabolic ageing,

Wild type and fmo-4 KO worms, **** p<0.0001; D Wild type and
fmo-2 OE mutants, **** p<0.0001; E Wild type and fmo-5 KO
worms, NS, p=0.28

fat metabolism and other metabolic processes in mice
(Malagon et al. 2015; Veeravalli et al. 2022). This raised
the question as to what effect different fmo gene mutants
would have on C. elegans lifespan. In this study we ana-
lysed fmo transcription levels at three key stages of the life
cycle in wildtype C. elegans. We also studied the impact
of the knockout of each of the five fmos by performing
systematic survival assays for each mutant and assessing
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likely functional redundancy through fimo transcriptional
analysis in the mutants.

In wildtype C. elegans fmos, transcriptional analysis
showed that the pattern of fino-2 transcription was different
from that of other fimos, with highest transcription at adult
stage, whereas transcription of fmo-1, -3, -4 and -5 was high-
est at larvae stage. A recent study reported that in different
FMO-OE cell lines, stress resistance was improved, Huang
et al. (2021) as already seen in fmo-2 OE worms (Leiser
et al. 2015). Moreover, C. elegans FMO-2 and mammalian
FMOS5 had similar oxidative activity toward tryptophan, sug-
gesting that they may perform similar metabolic roles in
both species (Choi et al. 2021).

Interestingly at the larvae stage, the transcription of fimo-1
and fmo-4 was increased by ca 3.5- and 10.8-fold, respec-
tively relative to their transcription at the embryo stage. This
indicates their importance in the early life cycle, and possi-
ble roles in the development of C. elegans. In fact, fimo-4 and
fmo-1 were the most highly transcribed fino genes at all three
key life cycle stages, whereas fino-2 and fmo-3 were the least
transcribed fmo genes in wild type C. elegans. A study on
C. elegans using transcriptional GFP or B-Gal reporter plas-
mid, Petalcorin et al. (2005) showed that larvae and adult
transgenic worms had nuclear fimo expression in intestinal
cells and in hypodermal cells. Expression of fmo-1, -2 and
-5 was mainly in intestine and also in the excretory gland
region of the head, whereas fino-3 and 4 were expressed in
the hypodermis. In addition, hypodermal p-Gal expression
was far more pronounced for fmo-4 relative to the rest of
fmos (Petalcorin et al. 2005), agreeing with our findings of
high transcription of C. elegans fimo-4 at especially the larval
but also adult stage.

In the case of the C. elegans fimo-1 KO strain, fimo-2, -3
and -5 were up-regulated genes at the larval stage. However,
all remaining fmo genes were up-regulated significantly
on knockout of fmo-4, indicating both its importance and
potentially, a critical role in C. elegans metabolism. FMO-4
has been reported to carry out an osmoregulatory function,
promoting clearance of excess water that enters during hypo-
tonicity. This could be via the synthesis of an osmolyte that
acts to establish an osmotic gradient from excretory cells
to duct and pore cells (Hirani et al. 2016). fimo-4 KO C.
elegans had a significant decrease in egg hatching rate (data
not shown), and interestingly, fino-4 was down-regulated in
both fino-2 KO and fino-2 OE. It might have been expected
to be up-regulated in the case of loss of fimo-2, especially
as fmo-2 was 17- to 30-fold upregulated upon loss of fimo-4
and this warrants further investigation at the protein level in
different C. elegans strains.

Our phenotypic analysis showed that loss of fino-1, fmo-
3 and fmo-4 statistically significantly increased C. elegans
lifespan compared with wild type worms (Figs. 3A, B, C).
These results indicate the endogenous importance of fmos.
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It was reported that the life-extending effects of hypoxia
in C. elegans begin in neurons with transcriptional activa-
tion by hypoxia induced factor (HIF-1) and increased sero-
tonergic signalling (Leiser et al. 2015). These effects led
to increased production of FMO-2 in the intestine, which
increased longevity, whereas knocking out fimo-2 did not
affect C. elegans lifespan (Leiser et al. 2015). These find-
ings agree with the results of our longevity studies here
both for fino-2 OE (Fig. 3D) and for fino-2 KO (Figure S8)
and of note is the fact that both studies were performed
at 20 °C. Interestingly, it has also been reported that both
overexpression and knockout of fmo-2 extended lifespan
at 25 °C (Leiser et al. 2011; Bennett et al. 2017). This
result indicates that the fino-2 KO phenotype may be sensi-
tive to temperature effects. Moreover, knockout of HIF-1
extended worm lifespan at 25 °C but not at 15 or 20 °C.
Since fmo-2 is a target of HIF-1, these results could be
linked (Leiser et al. 2011, 2015), and lifespan extension
upon knockout of hif-1 at 25 °C required daf-16 (Leiser
et al. 2011; Bennett et al. 2017), thus demonstrating that
longevity pathways may compensate for each other to
regulate stress resistance and ageing (Leiser et al. 2011).

Loss of fino-4 in C. elegans larvae led to a dramatic ca
17- to 30-fold up-regulation of fmo-2 transcription compared
with fimo-2 levels in wildtype (Figure S4A, 5). This could
be an indication of possible compensation for the absence
of fmo-4, and potentially, some redundancy of function.
BLASTp sequence analysis of C. elegans FMO-2 and
FMO-4 showed the lowest E-value, and the highest identity
percentage (43%) and query cover (84%; Table S1), rela-
tive to any other pairwise FMO comparisons. A similar but
smaller increase in fmo-2 expression was observed in the
fmo-5 KO worm (Figure S4F,-S7).

In further agreement with our findings, in the long-lived
C. elegans transaldolase (tald-1) mutant, fino-2 transcrip-
tion was increased upon knocking down tald-1, by 30-to
40-fold relative to wild type. Interestingly, lifespan exten-
sion from knockdown of tald-1 is regulated by an helix-
loop-helix transcription factor (HLH-30) [orthologue of the
human transcription factor EB (TFEB)] (Lin et al. 2018).
TFEB is a master gene that coordinates lysosomal biogenesis
by driving expression of autophagy and lysosomal genes
(Settembre et al. 2011). In this tald-1 mutant strain, fino-2
is upregulated in a HLH-30 and PMK-1 dependent fashion
and regulates its lifespan extension (Bennett et al. 2017).
fmo-2 activity was previously shown to be necessary for
lifespan extension in response to dietary restriction (DR)
(Lapierre et al. 2013) and is induced by hypoxia signalling
and starvation (complete bacterial food source removal) via
HLH-30 (Leiser et al. 2015). However, we found no increase
in hlh-30 expression in response to fino-4 KO so induction
and activation of FMO-2 is not clearly due to #lh-30 upregu-
lation (Figure S5).
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A previously undescribed endogenous metabolic pathway
of FMOs was recently linked with ageing processes, involv-
ing oxidation of tryptophan to form N-formyl-kynurenine,
which is then converted to kynurenine by formamidase
(Choi et al. 2021, 2023). When fmo-2 is induced, FMO-2
oxygenates tryptophan and alters one carbon metabolism
(OCM) flux by increasing formate levels, produced as a
byproduct when kynurenine is synthesised from N-formyl-
kynurenine (Brosnan and Brosnan 2016). It was proposed
that the alteration of OCM components extended nematode
lifespan by reducing methylation flux (Choi et al. 2021,
2023). The transmethylation pathway is known to affect
longevity and is also involved in OCM (Choi et al. 2021,
2023). The upregulation of fimo-2 in the absence of fmo-4
indicates that fino-4 KO may extend C. elegans lifespan by
the same mechanism as that in fino-2 OE, although we note
that in the latter the degree of fino-2 up-regulation is an order
of magnitude higher.

It has also been reported in C. elegans that intestinal lys-
osome-related organelles (gut granules) exhibit blue flores-
cence which accumulate with ageing. The blue florescence
was a result of altered tryptophan metabolism (from tryp-
tophan-derived anthranilic acid glucosyl ester) through the
kynurenine pathway (Coburn et al. 2013). Interestingly, in
vhi-1 mutant (long-lived) worms, the blue autofluorescence
associated with age was decreased. fino-2 KO was reported
to decrease the lifespan extension in the vil-I mutant and
increase the autofluorescence, whereas it has no effect on
wild type worm lifespan (Leiser et al. 2015), the latter in
agreement with our findings here. Moreover, FMO-2 OE
decreased age-associated autofluorescence (Leiser et al.
2015). Therefore, increased tryptophan metabolite levels in
fmo-4 KO with ageing (unpublished results: manuscript in
preparation) are likely associated with decreases in the blue
florescence and altered metabolism of kynurenine pathway,
as was found also in FMO-2 OE (Leiser et al. 2015; Choi
et al. 2021).

Finally, we note that a natural product produced by the
microbiome of FMOS5 KO mice has recently been shown
to be able to alter lipid metabolism in wildtype mice and
to phenocopy elements of the FMO5 KO mice phenotype
(Veeravalli et al. 2022). This finding will surely generate
further interest in the critical roles that the FMOs play in
endogenous mammalian metabolism.

Conclusions

We have demonstrated here that the knockout of fino- 1, fmo-
3 and fimo-4 and the over-expression of fmo-2 significantly
extends C. elegans lifespan relative to wild type. Our tran-
scriptional analysis showed that in wild type worms, fino-1
and fimo-4 were the most highly transcribed genes (especially

at the larval stage), whereas fimo-2 and fino-3 were the least
transcribed, at all stages. Notably, the knockout of fmo-4
led to a 17- to 30-fold up-regulation of fimo-2, along with
significantly increased levels of the other finos, paralleling
recent findings in the long-lived C. elegans tald-1 mutant
where fimo-2 was also significantly up-regulated. Further
experiments will be required to prove the mechanisms of
lifespan extension, including the involvement of one carbon
metabolism (OCM), and to explore further fino roles that
affect metabolic ageing. Of particular note currently, is that
tryptophan and kynurenine metabolism are reported to be
altered in patients suffering from acute SAR-CoV-2 infec-
tions (Thomas et al. 2020; Lawler et al. 2021) raising the
possibility that the virus is also affecting FMO metabolism.
Given the importance of extending healthy lifespan to the
world’s ageing population, we hope that this work in some
modest way will improve our understanding of the role of
FMOs in the important model species, the C. elegans worm.
Encouraging progress in this regard was recently reported
by the Leiser group, in the use of FMO-induction as an early
screen for pro-longevity drugs (Huang et al. 2024).

Materials and methods
C. elegans strains and maintenance

Animals were grown at 20 °C and maintained on OP50
seeded NGM plates. C. elegans strains were purchased
from the Caenorhabditis Genetic Center (CGC, Min-
nesota, USA). C. elegans strains used in this study were:
Bristol (N2) wild-type strain, fmo-1 KO (RB671 [fmo-
1(0k405) 1V]), fmo-2 KO (VC1668 [fmo-2(0k2147) IV)),
Jfmo-3 KO (RB686[fmo-3(0k354) III]), fimo-4 KO (RB562
[fmo-4(0k294) V]), fmo-5 KO (tm2438) and FMO-2 OE
(KAEI10 [seaSi40 I; unc-119(ed3) III1). These mutants (fino-
1-fmo-5 KO) were verified by the absence of transcription of
their corresponding genes using RT-PCR (see Supplemen-
tary Figures S9-S14).

Lifespan

Survival assays were carried out in 60 mm (Fisher) Petri
dishes. 120 pl of OP50 were transferred to the centre of
each 60 mm NGM plate and 220 pl of OP50 was added to
each 90 mm NGM plate, then incubated at 20 °C for 2 days
(Sutphin and Kaeberlein 2009; Amrit et al. 2014). 100 pl of
500 uM floxuridine (FUdR; Carbosynth, Staad, Switzerland)
was then added to the centre of each NGM plate.
Synchronised cultures of each strain were used. Eggs of
each strain were transferred to 90 mm OP50 NGM seeded
plates. After 2 days of incubation worms were checked under
the microscope for growth, when they reached larvae 4 (L4)
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stage, they were transferred to labelled FUdR loaded NGM
60 mm plates (Four plates per group, 100 worms per plate).
Worms were checked and counted directly after the transfer
(Stiernagle 2006; Sutphin and Kaeberlein 2009).

NGM plates of each strain were examined under a dis-
secting microscope every 2—3 days, recording live and dead
worms. Worms were transferred to new seeded plates every
2-3 days until they reached day 12 post-hatching. Moving
worms were recorded as live, but immobile worms were
checked by tapping on the worm head to initiate motility.
Worms which responded to tapping were recorded as alive,
whereas worms which did not respond were recorded as
dead. Worms that crawled off the plates or were damaged
during worm transfer were recorded as censored. Survival
data were analysed using Kaplan—Meier estimate (Sutphin
and Kaeberlein 2009). Survival curves were plotted with
the GraphPad Prism 6 software and statistical analyses were
performed using the log-rank method.

qRT-PCR

50 mg of synchronised cultures of embryo, larvae (L1)
and day 1 adult worms were collected and frozen in Tri-
zol reagents (ThermoFisher, Massachusetts, USA). Worm
pellets were transferred to 2 ml prefilled micro centrifuge
screw tube containing 0.1 mm (0.25 g) and 1 mm zirconium
beads (0.25 g; Sigma, Poole, UK) with 1 ml Trizol (Fisher)
and the tube was shaken using a TissueLyser II (Qiagen,
Hilden, Germany) for 7 min at 30 Hz. 400 pl of chloro-
form was added, shaken vigorously (15 s) and incubated
at RT for 3 min. Samples were then spun at 12.000 g for
15 min at 4 °C. Aqueous phase was collected and RNA was
purified using RNeasy mini kit (Qiagen). Genomic DNA
was removed using On-Column DNase (Sigma). Purity of
eluted RNA was estimated by OD ratios (A260/A280 > 2.0)
and quantified using the BioDrop spectrophotometer (Sci-
entific lab supplies, Nottingham, UK; Table S2), then stored
at— 80 °C until needed. RNA integrity was tested by running
all RNA samples on gel electrophoresis, intact RNA samples
showing two clear bands for 18S and 28S rRNA (Figure
S15-S16). 1 pg total RNA from each sample was converted
into cDNA using RevertAid First Strand cDNA Synthesis
Kit (ThermoFisher) with oligo (dT) primers as reverse tran-
scription primers. Three biological samples were analysed
in triplicate using gene specific primers (Table S3-S4). Tran-
scription levels were determined using QuantStudiol sys-
tem (Applied Biosystems, California, USA) with the SYBR
Green probe (Qiagen). Prepared cDNA was amplified under
the following conditions: 1 pl of cDNA, 5 ul of SYBR Green
PCR master mix (ThermoFisher), 1 ul of each forward/
reverse primer (10 pmol) and 3 ul of H,O per 10 pl reaction.
The PCR conditions were as follows: initial denaturation at
95 °C for 5 min, 40 cycles of 95 °C for 1 min and 60 °C for

@ Springer

30 s. Primers were designed using OligoArchitect (Premier
Biosoft International, California, USA) to produce ampli-
cons between 100 and 200 bp. PCR and gel electrophoresis
with the prepared cDNA was used to verify primer specific-
ity and to rule out any genomic DNA contamination (Fig-
ure S17). Melt curves were analysed to ensure single melt
curve peaks were produced (Figure S18). Primer efficiency
(E) and primer stability (M) were determined over tenfold
serial dilutions of cDNA (Figure S19-S21). Primer efficien-
cies were determined using E=(10(— 1/slope) — 1) * 100,
high amplification efficiency being between 90 and 110%
(Table S5). In this study, five HK genes (pmp-3, F35G12.2,
tha-1, Y45F10D.4 and rbd-1) were evaluated for their sta-
bility using the four commonly used algorithms geNorm
(Hoogewijs et al. 2008), NormFinder (Andersen et al. 2004),
the comparative delta Ct method (Silver et al. 2006),and
BestKeeper (Pfaffl et al. 2004) to validate HK gene selection.
Comprehensive ranking of the HK genes using four differ-
ent algorithms indicated that pmp-3 and F35G12.2 were the
most two stable HK genes. Also, their transcription through-
out development stages was stable (Figure S22, S23). Pmp-3
and F35G12.2 were thus used for normalisation that was
done by calculating the mean of Ct values of the two HK
genes at each stage. The mean was used in the compara-
tive delta Ct equations instead of the mean of one HK gene
(Livak and Schmittgen 2001). Data were analysed using
Graphpad Prism 6.0 software (La Jolla, California, USA).
Each experiment consisted of three biological replicates.
Graphs were plotted to show mean (+ SEM) of population,
and subjected to either student ¢ tests or one-way ANOVA
and post-hoc Dunnett tests (Kim 2015) to determine statisti-
cally significant differences of gene transcription between
WT and fimo knockouts.

RT-PCR

1 ug total RNA from each sample was converted into
cDNA using RevertAid First Strand cDNA Synthesis Kit
(ThermoFisher) with oligo (dT) primers as reverse tran-
scription primers. Prepared cDNA was amplified under the
following conditions: 1 ul of cDNA, 12.5 pl of DreamTaq
buffer (ThermoFisher), 2 ul of each forward/reverse primer
(10 pmol) and 9.5 ul of H,O per 25 pl reaction. Amplifica-
tion of genes was performed using thermocycler (Bio-Rad,
California, USA). The PCR conditions were as follows:
initial denaturation, 98 °C for 1 min, 30 cycles of 98 °C for
5,54 °C for 15 s and 72 °C for 30 s, then final extension
at 72 °C for 5 min. Primers were designed using primer
blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
and supplied by Sigma (Table S6). Gel electrophoresis
of the amplicons was used to verify the mutants (Figure
S9-S14).
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