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ABSTRACT Caenorhabditis elegans are typically cultured in a monoxenic medium consisting of live bac-
teria. However, this introduces a secondary organism to experiments, and restricts the manipulation of the
nutritional environment. Due to the intricate link between genes and environment, greater control and
understanding of nutritional factors are required to push the C. elegans field into new areas. For decades,
attempts to develop a chemically defined, axenic medium as an alternative for culturing C. elegans have
been made. However, the mechanism by which the filter feeder C. elegans obtains nutrients from these
liquid media is not known. Using a fluorescence-activated cell sorting based approach, we demonstrate
growth in all past axenic C. elegans media to be dependent on the presence of previously unknown
particles. This particle requirement of C. elegans led to development of liposome-based, nanoparticle
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culturing that allows full control of nutrients delivered to C. elegans.

Caenorhabditis elegans is a dynamic model organism used across di-
verse fields such as genetics, neurobiology, biochemistry, physiology,
and space exploration. Its importance is demonstrated by major roles in
the awarding of six Nobel Prizes (Brenner 1974; Ellis and Horvitz 1986;
Fire et al. 1998; Chalfie 1994). C. elegans are typically cultured in the
laboratory on a variety of bacterial strains, with Escherichia coli OP50
strain the most commonly used food source. Due to the intricate link
between genes and environment, greater control and understanding of
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nutritional factors delivered to these nematodes is required to push the
field into new areas.

Differences in bacterial metabolism can alter the response of C. elegans
to drug treatments (Garcia-Gonzalez et al. 2017; Scott et al. 2017).
Therefore, inclusion of bacteria into the experimental system may in-
troduce an unwanted variable into applications such as drug screening
and toxicology. Attempts have been made to develop a bacteria-free and
chemically defined culture medium (Dougherty et al. 1959; Vanfleteren
1974; Croll et al. 1977; Lu and Goetsch 1993; Clegg et al. 2002;
Houthoofd et al. 2002; Szewczyk et al. 2003, 2006; Nass and Hamza
2007; Lenaerts et al. 2008). However, these axenic methods are associated
with a caloric restriction state, as indicated by slower life stage progres-
sion, increased lifespan, metabolic changes, and an altered phenotype
reflecting an undernourished organism (Vanfleteren 1974; Croll et al.
1977; Lu and Goetsch 1993; N. J. Szewczyk et al. 2003; Szewczyk et al.
2006). While these media can be prepared as solid or liquid, the
majority of axenic experiments are carried out in liquid medium. This
is an interesting phenomenon as the feeding behavior and physiology
of C. elegans suggest that a liquid diet would be an inefficient delivery
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method of nutrients to the worms. Theoretically, no exclusively liquid
diet should be able to provide nutrients to C. elegans, as they are filter
feeders that actively eject liquid and particles smaller than bacteria,
while trapping larger particles for ingestion (Fang-Yen et al. 2009).

One of the axenic media options available is a semi-defined medium
referred to in this article as AXM. This preparation consists of soy
peptone, yeast extract, and hemoglobin (Houthoofd et al. 2002). This
medium is known to induce a caloric restriction state, despite a high
concentration of calories being present in the medium (Houthoofd
et al. 2002; Lenaerts et al. 2008; Greer and Brunet 2009). This also
limits research to topics concerning dietary restriction, and the
semi-defined nature of the medium restricts the understanding
and manipulation of the nutrient concentrations delivered to the
worm.

Some media, such as C. elegans Habituation and Reproduction
(CeHR) medium, require milk supplementation, but milk is included
without understanding its role in nematode nutrition (Clegg et al
2002). In this protocol, milk makes up 20% of the final volume of the
medium; therefore, the inclusion of milk may introduce a unique set of
issues to researchers, especially those interested in nutrition. The nu-
tritional composition of milk varies due to a range of factors, and it is a
complex and poorly understood matrix (Haug et al. 2007). Due to the
inclusion of milk or milk components, the medium could be con-
sidered as semi-defined, as the precise concentrations of nutrients
are unknown.

While CeHR axenic medium includes a large volume of milk
supplementation, milk-free alternatives are available. One example is
a defined medium known as C. elegans Maintenance Medium. How-
ever, worms in this medium are slow to develop and lay eggs taking
7 dtoreachl mmand9 dtolay eggs (Szewczyk et al. 2003). While
slow, this development, which occurs in the absence of milk supple-
mentation, provides an interesting opportunity to explore whether
there is a common factor in both these media that is required to
support growth.

These limitations have prohibited the widespread uptake of axenic
media for C. elegans experiments. It has been hypothesized the dietary
restriction may be due to a component or a growth factor present in
bacteria, but lacking in axenic medium recipes (Vanfleteren 1974; Lu
and Goetsch 1993; Lenaerts et al. 2008). Therefore, a central aim of our
investigation was to further the understanding of the critical factors
involved in successful axenic C. elegans culture, in order to overcome
some of the limitations that have restricted the application of these
methodologies.

MATERIALS AND METHODS

C. elegans strains and conditions for growth

rate experiments

Wild-type Bristol N2 (Caenorhabditis Genetics Center) were used in all
experiments. All experiments were conducted at 20° and kept away
from light to prevent photodegradation of light-sensitive components
present in media. Prior to growth rate assays, worms were cultured on
standard NGM medium, with living OP50 E. coli as food source. Syn-
chronized eggs from these colonies were hatched in M9 buffer solution,
and added to differing media conditions at life stage L1. Single worms
were selected randomly and added to each well of a 96 well-plate,
preloaded with 150 pl of culture medium as treatment; 25 worms
per treatment were measured at 24-hr intervals, and results presented
are averages with SD. All growth rate experiments were carried out in
triplicate. Images were analyzed using FIJI (Image J) software, with
length measurements being derived by the sum-total of a number of
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segmented lines of known length, down the center of the worm. OP50
E. coli were prepared at 1X and 5X concentrations in S-medium as
positive controls to bacterial cells per milliliter of ~9 x 10® and
~4.5 x 10° respectively. Animals were excluded from analysis if fun-
gal or bacterial contamination was detected.

Media preparation

A variety of axenic media preparations were used. The majority of these
media were based predominantly on CeHR medium; however, in many
cases, we have made moderations to the original protocol (Clegg et al.
2002). To clarify these modifications, when we refer to “CeHR + Milk”
this medium follows the usual published protocols to prepare CeHR
medium. In preparations referred to as “CeHR + Milk Particulate
Matter,” the milk was centrifuged at 10,000 x g for 30 min to ensure
distinct separation between pellet and supernatant. The remaining pel-
let of milk was resuspended to the initial volume of whole milk with M9
buffer and added to the CeHR medium, making up 20% of the final
volume of media. Growth rate was also measured in worms grown
exclusively in buffer resuspended milk pellet (referred to in results as
“Milk Particulate matter”). Media referred to as “CeHR no milk” fol-
lowed the usual protocols for CeHR preparation; however, at the stage
of the protocol where milk is usually added, it was replaced with the
same volume of deionized water. This made up 20% of final volume in
order to approximate the same concentration of solutes in the usual
CeHR preparation, while removing the effect of the milk. Growth rate
in M9 was also included as a negative control, because there is no
nutrient included in the mix and L1 arrest is expected, except in the
event of contamination. CeMM media was prepared by Cell Guidance
Systems (Cambridge, UK), following the usual protocol (Szewczyk et al.
2003). AXM media was prepared in our laboratory, following the usual
protocol (Lenaerts et al. 2008). All filtrations were conducted using an
0.22 pm Stericup Vacuum filter unit (Millipore).

Solubilization of particulate fraction in milk

Ultraheat-treated (UHT) skim milk was centrifuged at 10,000 x g for
30 min. The supernatant was discarded, leaving only the milk pellet.
High concentration urea (8 M) was slowly added and mixed with the
pellet until the sample had changed from an opaque white color to a
relatively translucent mixture, and the volume of added urea
recorded. This mixture was again diluted back to the original volume
of milk using M9 buffer and then added to the CeHR mixture. It was
assumed that the solubilized proteins would still be available to the
worm; however, they would be in solution rather than as particles. We
chose to include a control against the effect of urea at a concentration
of 46 mM. For this control we prepared CeHR + Milk Particulate
Matter medium as described in the previous section, but added urea
to a final concentration of 46 mM included in the medium. As 8 M
urea applied directly to the milk pellet was required to solubilize the
proteins in the treatment medium, it was assumed that, in this con-
trol, protein particles would not be in solution, and would remain as
formed particles.

DNA extraction and qualitative polymerase

chain reaction

Replicates (50 ml) of UHT milk samples were centrifuged at
10,000 x g for 30 min. The supernatant was discarded, leaving only
the milk pellet. Milk pellet was weighed into replicates of 0.34 g mean
weight. MoBio PowerSoil DNA Isolation Kit (Qiagen) was utilized to
extract gDNA following the manufactures instructions. Extractions
were performed in triplicate, and total gDNA concentration was
assessed using Implen Nanophotometer P330.
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Qualitative analysis of bacterial DNA in sample

The intergenic spacer region (IGS) between the bacterial 16S and 23S
rRNA subunits was amplified as a qualitative assessment of bacterial
gDNA presence in the UHT milk. The forward primer 16S-1392F
5'FAM-GYACACACCGCCCGT-3' and reverse primer 23S-125R
5'-GGGTTBCCCCATTCRG-3’, often utilized for automated method
of ribosomal intergenic spacer analysis, were used for amplification
(Weisburg et al. 1991). PCR reactions were performed using TopTaq
reagents (Qiagen), and contained 2 pl TopTaq 10x buffer,4 plQ so-
lution, 1.2 pul MgCl,, 1 pul dNTPs (10 mM), 1 plof 10 uM forward
and reverse primers, 0.1 wl TopTaq DNA polymerase, 8.7 .l sterile
MilliQ water (sddH,O) and 1 pl of sample DNA template per 20 wl
reaction. Reactions were performed using T-Professional TRIO Thermal-
cycler (Biometra) with an initial denaturation at 94° for 180 sec, 35 cycles
of denaturation at 95° for 60 sec, annealing at 52° for 60 sec, extension at
72° for 90sec, and a final extension at 72° for 360 sec (Kovacs et al. 2010).
Once completed, PCR products were visualized on a 2% agarose electro-
phoresis gel. Wastewater samples, normalized to 5 ng/ul gDNA, acted
as controls for DNA amplification.

Quantification of bacterial DNA using real-time
quantitative PCR (qPCR)

Quantitative PCR (qPCR) was used to quantify the copy number of total
bacterial gDNA present in three biological replicates of the UHT milk
sample. The primer pair 1114F 5'-CGGCAACGAGCGCAACCC-3’
and 1275R 5'-CCATTGTAGCACGTGTGTAGCC-3' was used to tar-
get the bacterial 16S rRNA gene as previously described (Denman and
McSweeney 2006). qPCR was performed on the CFX Connect Real-
Time PCR Detection System (Bio-Rad), and each sample was loaded in
triplicate. Each 20 pl reaction contained 3.3 ul SsoAdvanced Univer-
sal SYBR Green Super Mix, 0.27 pl of each 10 uM forward and re-
verse primer, 14.16 wl sterile MilliQ water (sddH,0), and 2 pl of
sample gDNA. The PCR product was run on 1.5% (w/v) agarose gel
and purified using QIAquick Gel Extraction Kit (Qiagen). Bacterial
copy number was calculated for a 130-bp amplicon using the 1114F
and 1275R primer pair to amplify the 16S rRNA gene in purified E. coli
strain DH5a.. The standard curve was generated using 10-fold serial
dilutions of purified product, in triplicate. The cycle settings for the
qPCR were: 94° for 180 sec, followed by 40 cycles of 94° for 10 sec and
60° for 30 sec.
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FACS analysis for particle detection

Aliquots (20 pm) of a variety of media preparations and conditions
were analyzed for the presence of particulate matter. These included
CeHR supplemented with milk, CeHR filtered, CeMM, CeMM filtered,
CeMM filtered and then incubated at 20° for 72 hr, AXM media, AXM
media filtered, and AXM media filtered and then incubated for 72 hr at
20°. FACS analysis was performed on the CytoFLEX S FACS machine
(Beckman Coulter), using a 405 nm violet laser side scatter channel to
determine particle size. 1, 0.5, and 0.05 wm. Fluoresbrite BB Carbox-
ylate microspheres (Polysciences) were used as standards to determine
size reference values to compare particles detected within samples.

Liposome preparation and encapsulation of media

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) was purchased
from Avanti Polar Lipids (Alabaster, AL). Lipids were dissolved in
chloroform to form a stock solution and stored at —20°. Aliquots were
then measured at 20° into glass test tubes and mixed with chloroform to
produce a lipid concentration of 10 wM per tube. The chloroform was
evaporated under a gentle stream of nitrogen gas upon continuous
vortexing to form a thin film of lipid on the wall of the test tube. These
lipid tubes were then dried overnight. To encapsulate the media in
liposomes, 2 ml of medium was added to a tube of dry lipid. The tube
was then incubated at 37° for 30 min. This was followed by gentle
vortexing to form liposomes. The 2 ml of suspended-liposome me-
dium was then dialyzed against 1 liter of M9 buffer. This ensured that
the nutrient source was contained only within the liposomes and not in
the surrounding medium.

Life stage scoring

Each worm image captured was scored for life stage. A combination of
factors were taken into consideration to determine life stage. These
included sign of larval molts, development of morphological features,
such as gonads and vulva, or appearance of eggs/offspring; 25 worms
were scored per treatment, and the life stage that represented the
majority (>50%) of animals was reported.

Statistical analysis

Statistical analysis was performed on all dietary conditions, with results
presented in Supplemental Material, Table S2. Multivariate analysis was
conducted using SPSS (IBM) software, with dietary condition as the
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Figure 2 Effect of particulate matter on development: (A) Solubilization of particulate fraction in milk arrests C. Elegans growth. Growth rate (length
micrometer) of C. elegans measured at 24 hr intervals, while exposed to CeHR media with added milk particulate matter that has either been
solubilized with high concentration urea (8 M) and then diluted to 46 mM (solubilized media) or 46 mM urea added to CHR media + milk pellet,
leaving milk pellet particles present (control media). SD expressed as error bars. n = 25 per treatment group. (B) Effect of filtration of AXM and CeMM
media on C. elegans growth rate. Growth rate (length micrometer) of C. elegans measured at 24-hr intervals, while exposed to AXM media, CeMM
media, AXM mediia filtered or CeMM filtered. SD expressed as error bars. n = 25 per treatment group, Growth in S- Medium containing OP50 E. coli
(9 x 108 and 4.5 x 107 colonies per milliliter) included as positive controls in both figures.
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Table 1 Number of particles detected in tested media per
milliliter

Condition Number of Particles/ml
CeHR 8.5 x 10
CeHR filtered 50
CeMM 6 x 107
CeMM filtered 2.4 x 103
CeMM filtered and incubated 1.8 x 104

at 20° for 72 hr
AXM 8 x 107
AXM filtered 25
AXM filtered and incubated 25

at 20° for 72 hr
Liposomes packed with CeHR 5.3x 108
Liposomes packed with M9 1.1 x 107

fixed factor, and mean lengths and growth rates at respective time
intervals selected as dependent variables.

Data availability

No additional raw data exists that is not expressed in figures, tables or
supplementary information. Reagents used are available on reasonable
request.

RESULTS AND DISCUSSION

Initially, we used the dependence of milk supplementation in CeHR
medium to address the fundamental requirements of C. elegans feeding,
We hypothesized that the function of milk would be due to a single or
combination of the following possibilities: (1) UHT skim milk may
provide a source of bacterial contamination; (2) UHT skim milk may
be a source of an otherwise excluded, but essential nutrient; or (3) UHT
skim milk may provide a particulate, nutrient delivery vessel of media
inside the worm.

The hypothesis that milk provided an otherwise excluded, but
essential nutrient to the medium was investigated by analysis of modified
versions of CeHR medium. Initially, this involved separating suspended
particulate matter from low fat, UHT milk by centrifugation and
resuspending particulate matter in M9 buffer. This resuspended par-
ticulate matter was fed as a food source or used to supplement CeHR
instead of whole milk. All conditions where milk particulate matter was
present developed C. elegans to adulthood, including when only milk
particulate matter was available to nematodes (Figure 1). CeHR sup-
plemented with either milk, or milk particulate matter had the fastest
growth rate (Table S2). Conditions where either milk or milk particu-
late matter was added to CeHR and not processed further were signif-
icantly different in total growth between 24 and 120 hr from all other
related conditions (Table S2). However, adding the milk pellet only was
not significantly different to including skim milk without further pro-
cessing. This suggests that the isolated particulate material performs a
function comparable to that of whole milk.

This growth rate could be arrested by exposure to medium filtered at
0.22 wm. Nematodes cultured in CeHR without any milk-based sup-
plementation also entered L1 arrest—a life stage that is linked directly
to nutrient availability (Baugh 2013). Both of these conditions contain
an abundance of nutrients; however, they were not significantly dif-
ferent in total growth from the M9 control, which was used as a
negative control due to its lack of nutrients (Table S2). This suggests
that a lack of nutrient delivery may be the cause of the L1 arrest. Our
results demonstrate that the nematode requires a component within
the UHT skim milk and/or milk particulate matter. This component
may have a function to assist the worms to access the nutrients, such
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as particulate matter, within CeHR growth medium, or may be a
particulate food source, such as would be introduced by bacterial
contamination.

Our finding that feeding 0.22 pm filtered CeHR medium was ca-
pable of arresting growth at L1 life stage narrowed the search for
essential components in the medium to those blocked by filters of this
pore size (Table S1). Filtration at this pore size is used routinely to
remove bacteria. We hypothesized that UHT skim milk could cease
to initiate worm development after filtration due to bacterial cell re-
moval. The protocol states milk should be UHT; a process likely to kill
all bacterial cells. However, it was unclear whether dead cells remained
in the milk. Dead E. coli are acknowledged to initiate worm develop-
ment, while reflecting a mild dietary restriction in comparison to axenic
media (Greer and Brunet 2009).

Culturing of organisms found in milk only detects viable microor-
ganisms, but does not account for nonviable bacterial cells potentially
acting asa nutrition source. Molecular techniques are a useful measure of
intact bacterial cells, both live and dead, present due to including milk in
the medium. By detecting residual bacterial DNA in the milk, an
assessment of whether bacterial cells may be present as a food source
can be made. A limitation to using a molecular approach is the only
nucleic acids are being detected, and no information regarding if they are
still contained within a cell is provided.

We attempted to extract genomic DNA and amplify the intergenic
spacer region between the 16S and 23S rRNA genes by PCR as a
qualitative analysis for bacterial presence in the sample. However,
bacterial DNA failed to amplify from the milk samples in PCR and
no bands were observed when the PCR product was run on 2% agarose.
To confirm this observation, qPCR was used to detect 16S rRNA copy
number in the milk samples. Very low copy numbers were detected in
the milk samples across all three biological replicates, the highest being
52.9 * 9.7% copies per milligram of milk pellet (Table S3). In addition,
CeHR medium was streaked onto NGM agar and incubated for 48 hr at
37° without any bacterial growth observed. From these results, it is
reasonable to conclude that microorganisms are not acting as a major
growth component of the UHT milk supplemented CeHR medium.
The milk is unlikely to induce worm development due to bacterial
contamination, as the presence of bacterial DNA does not guarantee
that intact and edible bacterial cells are present. In the unlikely event
that bacterial cells have survived the ultraheat treatment process, the
low copy number values detected indicates that there would not be
sufficient cells present to rival the developmental performance of
worms grown on a lawn of live OP50 bacteria.

The C. elegans dependence on particulate matter present on milk led
us to question whether this was due to a nutritional or physical factor.
Casein micelles were a useful target for this analysis as they are present
in milk, and could provide a protein source and/or a physical transport
vessel for nutrients (Cheng et al. 1979; Enright et al. 1999; Brans et al.
2004). Casein micelles share a very similar range of sizes and morphol-
ogy to bacteria, in addition to parallel behaviors such as aggregation
(Enright et al. 1999).

To test whether the casein micelles were initiating worm develop-
ment due to their inherent nutritional properties or by introducing
particulate matter to the media, the milk pellet fraction was solubilized
using 8 M urea. This maintained the nutritional composition of the
pellet, while bringing all components into solution and removing par-
ticulate matter from the media. The solubilization treatment was shown
to result in L1 arrest, as growth did not occur beyond the initial length
of ~200 pm (Figure 2A). The solubilized treatments total growth over
the experiment was not significantly different from the M9 buffer neg-
ative control (Table S2). The control group containing equivalent
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Figure 3 FACS detection of particles in various media conditions. Distribution of different particle sizes. Purple, 1 pm; Green, 0.5 wm; Blue,
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Filtered, (H) AXM Filtered and incubated at 20°. () Liposomes packed with CeHR. (J) Liposomes packed with M9.

quantities of urea, but also particulate matter, progressed through all
life stages to adulthood. The removal of particulate matter is therefore
the likely cause of arrested development. Past studies in the related
nematode Caenorhabditis briggsae have reported the requirement for
growth factors to be in a precipitated form in order to function
(Vanfleteren 1974). Our results provide evidence that it is the physical
presence of particulate matter from milk, rather than a specific nutrient
growth factor, that is essential to C. elegans growth in CeHR medium.
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Axenic media options that do not require milk supplementation are
available to C. elegans, such as CeMM (Szewczyk et al. 2003) and AXM
(Lenaerts et al. 2008) preparations. We sought to determine what effect,
if any, particulate matter has in these media. We analyzed AXM and
CeMM for developmental performance of worms fed with medium
that had been subjected to 0.22 pm filtration. The protocol for CeMM
includes a final step 0.22 m filtration; however, the protocol stipulates
to do so at 30° and with an hour of stirring (Szewczyk et al. 2003). We

-=.G3:Genes| Genomes | Genetics



20001 —

1500
E
=
£ 1000
=)
c —
o
4

5004 -
0 T T T T T
24 48 72 96 120
Hours

hypothesized that this protocol of heating and stirring may help parti-
cles to dissolve into solution and pass through the filter, before return-
ing to their precipitated particulate form during the cooling process. To
confirm our hypothesis, we followed the standard protocol, but filtered
the medium an extra time immediately prior to use without heating and
stirring. Using an unmodified protocol, both AXM and CeMM media
initiated normal worm development (Figure 2B). However, filtering
immediately before use reduced growth rate of worms fed both media
types. Total growth between 24 and 120 hr was significantly less in
both filtered conditions (Table S2). Using these filtered conditions,
worms could be seen to be at L1 arrest or dauer life stages after
120 hr for AXM and L2 for CeMM (Table S1).

To assess whether particles were present in all media, and whether
this could be correlated with worm development, we used flow cytom-
etry (FACS) analysis for small particle detection. FACS analysis detected
85 x 105 6 x 107 and 8 x 107 particles per milliliter of CeHR,
CeMM and AXM media respectively (Table 1). The number of bacteria
ingested by N2 wild type C. elegans, in life stage L1-14 has been
estimated to be close to 10° per worm, per day (Gomez-Amaro et al.
2015). All axenic media preparations contain enough particles to sup-
port the normal nematode feeding behavior, if they recognize all par-
ticles as food. Media filtration reduced the particle number to near zero
levels. CeMM filtered medium showed particle number increase fol-
lowing incubation, indicating that this medium is prone to precipita-
tion of components over time.

Particles in media filtered at 0.22 pm were detected at sizes closest
to the 0.05 wm bead standards (Figure 3, B, D, E, G, and H and Table 1).
The small size and number of particles across these filtered treatments
correlates with poor growth performance in C. elegans in these con-
ditions (Figure 1 and Figure 2B). This lack of growth indicates that
smaller particles are not recognized as food, and are ejected with
liquid (Fang-Yen et al. 2009; Kiyama et al. 2012). Both CeMM and
AXM showed a wider distribution of particle size than CeHR, with
particles detected across the range of bead size standards. CeHR,
CeMM, and AXM all contain particles in high concentrations, and
of a size that C. elegans have been demonstrated to uptake (Avery
1993; Avery and Shtonda 2003; Fang-Yen et al. 2009; Avery and You
2012; Kiyama et al. 2012).
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S-medium and OP50 (9x10°)
S-medium and OP50 (4.5 x 109)

Figure 4 Growth rate (length micro-
CeHR + Milk

meter) of C. elegans measured at
24 hr while exposed to various media
conditions. CeHR, AXM, and CeMM
media were both filtered following
the same protocol as used in Figure 1
and Figure 2B. However, each medium
was then packed inside liposomes and
suspended in M9 buffer. CeHR medium
with milk and cholesterol removed were
also packed within liposomes and sus-
pended in M9 buffer. M9 Buffer or

Liposomes packed with
filtered AXM

Liposomes packed with
filtered CeMM

Liposomes packed
with CeHR (no milk
or cholesterol)

Liposomes packed
with CeHR (no milk)
CeHR (no milk)

- AXM CeHR without liposomes were included
. CeMM as negative controls. n = 25 per treat-
. AXM Filtered ment group, SD presented as error bars.

Growth in S-medium containing OP50
E. coli (@ x 108 and 4.5 x 107 colonies
per milliliter) in addition to CeHR pre-
pared according to standard protocols
included as positive controls.

Liposomes packed with M9 Buffer

Our results indicate that worms require particles for successful
nutrient uptake in axenic media. However, it is unclear what exact
nutrients accompany these particles. For this reason, we sought to
develop a protocol for the medium to be packaged inside artificial
liposome nanoparticles. We took advantage of the relatively nondis-
criminatory particle ingestion by C. elegans between the sizes of 0.1 and
3 wm, especially when no other food source is offered (Avery and You
2012; Kiyama et al. 2012). The liposomes prepared, while not being
uniform in size were detected to have 3.2 x 10® particles per milliliter
in this size range (Figure 3). In addition, the lipid bilayer present in
liposomes was selected to mimic the phospholipid bilayer present in the
plasma membrane of bacteria. An added advantage of this methodol-
ogy is that the C. elegan’s environment can be composed of M9 buffer
following dialysis of the liposome suspension. Previous axenic medium
protocols required the worm to bathe in the same medium that they use
for food, adding complication to maintenance of pH, osmolarity, and
preventing contamination. Growth of worms fed medium-packed li-
posomes, suspended in M9 buffer, also indicates that the delivery of
nutrient via the liposome is effective. This is because the outside envi-
ronment of the liposome does not contain nutrient. This is an impor-
tant consideration for any trial testing the bioactivity of compounds, as
growth in this model indicates that the compound of interest has also
been delivered inside the animal. Liposomes have previously been ad-
ministered to C. elegans to deliver compounds for longevity testing, but,
to our knowledge, we are the first to successfully use them as a food
delivery method in the absence of bacteria (Shibamura et al. 2009).
Worms exposed to liposomes containing CeHR (without milk supple-
mentation), and suspended in M9 buffer, produced significantly longer
worms than E. coli treatments with bacterial concentrations of equiv-
alent particle numbers, and almost an order of magnitude greater (Fig-
ure 4 and Table S2). E. coli treatments containing equivalent particle
numbers returned significantly higher growth rates between 24 and
48 hr; however, between the next interval of 48 and 72 hr, growth rate
was greater for liposomes containing nutrient (Table S2). This growth
rate recovery in the second interval was observed in all CeHR condi-
tions that led to development. It is unclear why this recovery occurs,
and then exceeds total length. The need for acclimation to axenic media
has been described previously, with faster growth speeds approached in
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future generations cultured axenically (Samuel ef al. 2014). One possi-
ble explanation for the longer worms is the differences in nutrient
content between these dietary conditions. Differences in one macronu-
trient, such as carbohydrate, have been observed to affect worm length
(Brooks et al. 2009; So et al. 2011). These previous studies exploring the
effect of nutrition on worm size analyzed the differences in nutrient
between bacterial strains, whereas this investigation compares vastly
different dietary profiles. Any discrepancies between the axenic diets
and OP50 could reasonably result in significant growth rate differences.
Liposomes now provide a tool to investigate the effect of various nu-
trients on growth rate, with greater control over nutrient delivery.
However, until more is understood about the relationship of specific
nutrients to body shape, total growth rate should not be taken in iso-
lation as an indicator of preferable nutrition. However, the ability to
initiate development using a medium that would otherwise result in L1
arrest, such as CeHR without milk added, is a significant finding.
Worms fed liposome packed with M9 demonstrated L1 arrest, which
suggests liposomes are not initiating development beyond acting as a
mode of delivery (Table S1 and Table S2).

While the removal of particulate matter appeared to have a direct
effect on worm development, it was still possible that an essential
nutrient could be removed alongside the particulate matter. The evi-
dence presented in Figure 2A suggests that the same nutrient, in a
solubilized, rather than particulate form does not support development.
However, this experimental design requires the inclusion of urea. The
final concentration of urea in the CeHR media used in the urea exper-
iment was calculated as 46 mM. While this concentration is well below
that which C. elegans are reported to tolerate (up to 600 mM) (Esteban
and Choe 2014), the collateral effects urea may have on the other
nutrients included in the medium is unknown. However, our novel
liposome nutrient delivery method was a useful tool to assess whether
the removal of particulate matter was responsible for the arrested de-
velopment rather than the removal of an essential nutrient. The main
advantage of this method was to exclude a potentially harmful variable
such as urea. Filtration at 0.22 pwm of AXM and CeMM medium at
room temperature was shown to arrest or result in stunted develop-
ment in Figure 2B. These filtered media were then packaged within the
liposome nanoparticle in an attempt to rescue development. The pack-
aging of filtered CeMM medium in liposomes increased growth rate
significantly for the first three growth intervals compared to CeMM
prepared using the usual protocols, and growth rate increased signifi-
cantly on the CeMM filtered medium at all growth intervals (Figure 4
and Table S2). Filtered AXM, repackaged in liposomes, increased
growth speed significantly compared to both the usual protocol for
AXM preparation, and when filtered immediately prior to use (Figure
4 and Table S2). In addition, both medium achieved higher average
length after 120 hr compared with any other treatments in this study;
however, this was a significant difference only for CeMM liposomes
(Table S2). This is further evidence that liposome-based nutrient de-
livery is more effective than the uncontrolled and unmonitored pres-
ence of particulate matter used previously in axenic medium. In
addition, if an essential nutrient had been removed by filtration, this
developmental rescue and performance would not be possible unless
the liposome’s chemical structure reintroduced that nutrient.

To assess the possibility that the liposome reintroduced an essential
nutrient, we chose to prepare CeHR medium with an essential com-
ponent missing, and observed the developmental consequences. Sterol is
a lipid understood to be an essential nutrient for many nematodes
include C. elegans (Lu et al. 1977). In CeHR, cholesterol serves as a
defined source of lipids, and was therefore a useful candidate for ex-
clusion. As liposomes are a lipid-based structure themselves, it was
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conceivable that the liposomes could mimic the nutrient function of
cholesterol. In addition, sterol is added after filtration in standard
CeHR preparation protocol. The protocol does not state the reason
why all components of CeHR medium, except for cholesterol and milk,
are filtered at 0.22 wm. It could be hypothesized that filtration of the
medium may remove cholesterol. Therefore, it is important to assess
whether liposomes are mimicking the action of cholesterol in the lipo-
some model. However, as demonstrated in Figure 4, Table S1, and
Table S2, the removal of cholesterol from the medium led to develop-
mental arrest at L1 life stage, and was not significantly different to
worms cultured in the M9 buffer negative control. This demonstrates
that, in this context, liposomes cannot perform the nutrient role of
sterol, but have the primary function of nutrient delivery. In addition,
this demonstrates the potential applications of liposome-delivered nu-
trients in furthering the understanding of the nutrient requirements of
C. elegans.

The liposome-based nanoparticle food reported here allows re-
searchers to use the powerful animal model C. elegans to further our
understanding of nutrient-gene interactions by precise control of nu-
trients provided to the worm. In addition, drugs and supplements may
also be packed into liposomes alongside the food source for pharma-
cological and toxicology (LD50) studies. Our results also call for a
reassessment of past findings using liquid-based diets, as we have
demonstrated the particle-dependent mechanism that allows them
to function.

ACKNOWLEDGMENTS
This work was supported by grants from the National Natural Science
Foundation of China 31401025 to B.X.

Author contributions: M.J. and A.M. conceived the study, M.R.F.
completed the study as a major component of PhD candidature, A.M.
and M.S. prepared liposomes, A.E.F. and E.R M. assisted in genetic
analysis for bacteria, W.C. and D.Z. assisted in fluorescence-assisted
cell sorting (FACS) analysis. S.T. assisted in media development and
preparation, B.X,, S.G., J.L., and C.D. assisted with maintenance of
C. elegans strains, capturing and analysis of data. All authors were
involved in manuscript preparation and experimental design.

LITERATURE CITED

Avery, L., 1993 Motor neuron M3 controls pharyngeal muscle relaxation
timing in Caenorhabditis elegans. J. Exp. Biol. 175: 283-297.

Avery, L., and B. B. Shtonda, 2003 Food transport in the C. elegans
pharynx. J. Exp. Biol. 206: 2441-2457.

Avery, L, and Y. J. You, 2012 C. elegans feeding (May 21, 2012).
WormBook, ed. The C. elegans Research Community WormBook,
doi/10.1895/wormbook.1.150.1, http://www.wormbook.org.10.1895/
wormbook.1.150.1

Baugh, L. R, 2013 To grow or not to grow: nutritional control of devel-
opment during Caenorhabditis elegans L1 arrest. Genetics 194: 539-555.

Brans, G, C. G. P. H. Schroén, R. G. M. Van der Sman, and R. M. Boom,
2004 Membrane fractionation of milk: state of the art and challenges.
J. Membr. Sci. 243: 263-272.

Brenner, S., 1974 The genetics of Caenorhabditis elegans. Genetics 77:
71-94.

Brooks, K. K., B. Liang, and J. L. Watts, 2009 The influence of bacterial diet
on fat storage in C. elegans. PLoS One 4: 7545.

Chalfie, M., 1994 Green fluorescent protein as a marker for gene expres-
sion. Trends Genet. 10: 151.

Cheng, A. C,, N. C. Lu, G. M. Briggs, and E. I. R. Stokstad, 1979  Effect of
particulate materials on population growth of the free-living nematode
Caenorhabditis briggsae. Exp. Biol. Med. 160: 203-207.

-=.G3:Genes| Genomes | Genetics


http://www.wormbase.org/db/get?name=OP50;class=Strain
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.300325/-/DC1/TableS1.docx
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.300325/-/DC1/TableS2.xlsx
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.300325/-/DC1/TableS2.xlsx
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.300325/-/DC1/TableS2.xlsx
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.300325/-/DC1/TableS2.xlsx
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.300325/-/DC1/TableS1.docx
http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.300325/-/DC1/TableS2.xlsx
http://www.wormbook.org

Clegg, E. D., H. F. Lapenotiere, D. Y. French, and M. Szilagyi, 2002 Use of
CeHR axenic medium for exposure and gene expression studies.

2002 East Coast Worm Meeting. Reproductive Hazards Laboratory, US
Army Center for Environmental Health Research, Fort Detrick, MD.
Croll, N. A, J. M. Smith, and B. M. Zuckerman, 1977 The aging process of
the nematode Caenorhabditis elegans in bacterial and axenic culture. Exp.

Aging Res. 3: 175-189.

Denman, S. E., and C. S. McSweeney, 2006 Development of a real-time
PCR assay for monitoring anaerobic fungal and cellulolytic bacterial
populations within the rumen. FEMS Microbial. Ecol. 58: 572-582.

Dougherty, E. C., L. H. Eder, L. N. J. Warwick, M. Anthony, and A. Y.
Evangeline, 1959  Axenic cultivation of Caenorhabditis briggsae
(Nematoda: Rhabditidae) with unsupplemented and supplemented
chemically defined media. Ann. N. Y. Acad. Sci. 77: 176-217.

Ellis, H. M., and H. R. Horvitz, 1986 Genetic control of programmed cell
death in the nematode C. elegans. Cell 44: 817-829.

Enright, E., A. P. Bland, E. C. Needs, and A. L. Kelly, 1999 Proteolysis and
physicochemical changes in milk on storage as affected by UHT treat-
ment, plasmin activity and KIO 3 addition. Int. Dairy J. 9: 581-591.

Esteban, P, and K. Choe, 2014  Urea protects Caenorhabditis elegans against
hypertonic stress: a genetic model for cellular responses to urea? (1099.7).
FASEB ]J. 28: 1099-1107.

Fang-Yen, C,, L. Avery, and A. D. Samuel, 2009 Two size-selective mech-
anisms specifically trap bacteria-sized food particles in Caenorhabditis
elegans. Proc. Natl. Acad. Sci. USA 106: 20093-20096.

Fire, A,, S. Xu, M. K. Montgomery, S. A. Kostas, S. E. Driver et al.,

1998 Potent and specific genetic interference by double-stranded RNA
in Caenorhabditis elegans. Nature 391: 806-811.

Garcia-Gonzilez, A. P, A. D. Ritter, S. Shrestha, E. C. Andersen, L. S. Yilmaz
et al., 2017 Bacterial metabolism affects the C. elegans response to
cancer chemotherapeutics. Cell 169: 431-441.

Gomez-Amaro, R. L., E. R. Valentine, M. Carretero, S. E. LeBoeuf, S. Rangaraju
etal, 2015 Measuring food intake and nutrient absorption in Caenorhabditis
elegans. Genetics 200: 443-454.

Greer, E. L., and A. Brunet, 2009 Different dietary restriction regimens
extend lifespan by both independent and overlapping genetic pathways in
C. elegans. Aging Cell 8: 113-127.

Haug, A., A. T. Hestmark, and O. M. Harstad, 2007 Bovine milk in human
nutrition—a review. Lipids Health Dis. 6: 25.

Houthoofd, K., B. P. Braeckman, I. Lenaerts, K. Brys, A. De Vreese et al.,
2002 Axenic growth up-regulates mass-specific metabolic rate, stress
resistance, and extends life span in Caenorhabditis elegans. Exp. Gerontol.
37:1371-1378.

Kiyama, Y., K. Miyahara, and O. Ohshima, 2012  Active uptake of artificial
particles in the nematode Caenorhabditis elegans. J. Exp. Biol. 215: 1178-1183.

-=.G3:Genes| Genomes | Genetics

Volume 8 February 2018 |

Kovacs, A., K. Yacoby, and U. Gophna, 2010 A systematic assessment of
automated ribosomal intergenic spacer analysis (ARISA) as a tool for
estimating bacterial richness. Res. Microbiol. 161: 192-197.

Lenaerts, 1., G. A. Walker, L. Van Hoorebeke, D. Gems, and J. R. Vanfleteren,
2008 Dietary restriction of Caenorhabditis elegans by axenic culture
reflects nutritional requirement for constituents provided by metaboli-
cally active microbes. J. Gerontol. A Biol. Sci. Med. Sci. 63: 242-252.

Lu, N. C, and K. M. Goetsch, 1993 Carbohydrate requirement of Caeno-
rhabditis elegans and the final development of a chemically defined
medium. Nematologica 39: 303-311.

Lu, N. C,, C. Newton, and E. L. R. Stokstad, 1977 The requirement of sterol
and various sterol precursors in free-living nematodes. Nematologica 23:
57-61.

Nass, R., and I. Hamza, 2007 The nematode C. elegans as an animal model
to explore toxicology in vivo: solid and axenic growth culture conditions
and compound exposure parameters. Curr. Protoc. Toxicol. Chapter 1:
Unitl.9.

Samuel, T. K., J. W. Sinclair, K. L. Pinter, and I. Hamza, 2014 Culturing
Caenorhabditis elegans in axenic liquid media and creation of transgenic
worms by microparticle bombardment. J. Vis. Exp. 90: e51796.

Scott, T. A., L. M. Quintaneiro, P. Norvaisas, P. P. Lui, M. P. Wilson et al.,
2017 Host-microbe co-metabolism dictates cancer drug efficacy in
C. elegans. Cell 169: 442-456.

Shibamura, A., I. Takanori, and N. Yoshikazu, 2009 A method for oral
administration of hydrophilic substances to Caenorhabditis elegans: ef-
fects of oral supplementation with antioxidants on the nematode lifespan.
Mech. Ageing Dev. 130: 652-655.

So, S., K. Miyahara, and Y. Ohshima, 2011  Control of body size in
C. elegans dependent on food and insulin/IGF-1 signal. Genes Cells 16:
639-651.

Szewczyk, N, J. Sunga, and C. A. Conley, 2003 Baseline data for worms
grown in C. elegans maintenance medium. Worm Breeder’s Gazette 17:
20.

Szewczyk, N. J., E. Kozak, and C. A. Conley, 2003 Chemically defined
medium and Caenorhabditis elegans. BMC Biotechnol. 3: 19.

Szewczyk, N. J., I. A. Udranszky, E. Kozak, J. Sunga, S. K. Kim et al.,

2006 Delayed development and lifespan extension as features of met-
abolic lifestyle alteration in C. elegans under dietary restriction. J. Exp.
Biol. 209: 4129-4139.

Vanfleteren, J. R., 1974 Nematode growth factor. Nature 248: 255-257.

Weisburg, W. G., S. M. Barns, D. A. Pelletier, and D. J. Lane, 1991 16S
ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 173:
697-703.

Communicating editor: B. Andrews

Worms Starve Rather Than Drink Nutrient | 575



