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Large-scale cultivation of Caenorhabditis elegans in a 
bioreactor using a labor-friendly fed-batch approach
Ruud Heshof1, Bram Visscher1, Simone Prömel‡,2 & Samantha Hughes*,‡,1

ABSTRACT
Caenorhabditis elegans is an inverte-
brate model organism used in many 
areas of biology including develop-
mental biology and the identification of 
molecular mechanisms and pathways. 
However, several experimental 
approaches require large quantities 
of worms, which is limiting and time-
consuming. We present a protocol that 
uses modern fermentation method-
ology to effectively produce large 
numbers of C. elegans using a 7-l 
bioreactor in a fed-batch cultivation 
procedure. The production is modular 
and flexible as well as being a self-
controlled system, thus not much labor 
is required until harvesting C. elegans. 
The high-yield worm cultivation is 
flexible and simple to amend, and now 
allows for the extended application of 
C. elegans as a model organism and 
expression system, including large-
scale protein production.

METHOD SUMMARY
Our method of producing large 
quantities of Caenorhabditis elegans 
using a bioreactor is a simple and 
flexible protocol. It is a fed-batch 
cultivation in which Escherichia coli is 
grown in its own bioreactor and serves 
as feed for C. elegans. The quantity of 
the C. elegans biomass can be easily 
titrated via the E. coli biomass.

The nematode Caenorhabditis elegans is 
a popular and widely used small inverte-
brate model organism for addressing many 
biological questions due to the numerous 
technical advantages it bears over other 
cellular and animal models. C. elegans is 
transparent, easy to cultivate and a vast 
toolkit exists for genomic manipulation 
and transgenesis, making C. elegans an 
ideal organism for many in vivo approaches. 
Thus, transfer of knowledge gained from 
biochemical analyses into in vivo studies is 
simple and can yield informative pictures 
of molecular mechanisms in the context 
of an entire organism. However, ex vivo 
biochemical analyses, for example for 
protein purification and characterization 
or unbiased screening for interaction 
partners, are difficult due to the small size 
of the worm and the resulting low amount 
of biomaterial. As the labor-intensive nature 
of sample preparation is the main limiting 
factor in many experiments, generating 
large numbers of nematodes in an easily 
manageable fashion is highly attractive. 
While it is generally possible to grow large 
amounts of C. elegans using vast numbers 
of petri dishes containing solid media, 
or liquid culture using flasks, meeting 
the demand to provide large numbers 
of healthy and well-fed C. elegans under 
reproducible standard conditions is only 
possible using bioreactors. Bioreactors are 
large closed vessels that are specifically 
designed to allow for the growth of cells 
or small organisms in a biologically and 
chemically defined and controllable liquid 
environment. Parameters such as aeration, 
temperature and pH are monitored and 
adjusted constantly, rendering optimized 
growth conditions. Furthermore, food or 
other substances can be added, either in a 
batch (once at the beginning), continuously 
(constantly with simultaneous withdrawal 
of equal volumes of culture medium) or as 
a fed batch (in batches upon concentration 
decrease without withdrawal of culture 
medium). To date, generic fermentation 

technologies designed for bioreactor culti-
vation of microorganisms have proven highly 
adaptable to new challenges and opportu-
nities. Indeed, large-scale tissue culture 
of mammalian cells [1], plant cells [2] and 
fungi [3] have been established.

For C. elegans, only a few bioreactor 
protocols already exist  [4–7]. However, 
these are rather labor intensive, mainly 
as the food, Escherichia coli, is harvested, 
centrifuged and then added to the C. elegans 
bioreactor (batch or fed-batch cultivation). 
However, large-scale C. elegans cultures 
with kilograms of worms have been 
achieved  [8,9]. It is important to stress 
that these methods are for very large-
scale cultivation, at volumes over 100 l, 
which is not feasible for most laboratories, 
and these methods are extremely labor 
intensive. Furthermore, current protocols 
lack the detail concerning the exact biore-
actor conditions to grow C. elegans in 
large numbers in liquid culture, which 
makes the process even more challenging. 
Producing large quantities of C. elegans is 
extensive and requires elaborate bioengi-
neering to optimize. Dissolved oxygen avail-
ability [10,11], temperature fluctuations and 
food availability are problematic as the 
worms may enter the dauer state, arrest 
or die if these are incorrect. In addition, 
the mechanics of the bioreactor are key 
to optimal worm growth. The sparger and 
impeller are essential for aeration control 
as well as agitation speed, which must be 
low enough to prevent shear of nematodes 
but sufficient to ensure correct oxygenation 
levels [11]. Here, we provide the bioreactor 
conditions for a simple, easily manageable 
and flexible protocol required to produce 
C. elegans nematodes.

GENERAL CONSIDERATIONS 
OF WORKFLOW FOR 
PRODUCING LARGE 
QUANTITIES OF C. ELEGANS
The general setup of this cultivation protocol 
to produce large quantities of C. elegans is 
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based on two bioreactors connected to 
each other (Figure 1). E. coli is first grown in 
one bioreactor and C. elegans cultivation is 
started subsequently using the bacteria from 
this as a food source. In this way, no interme-
diate steps such as centrifugation, washing 
and concentration of the E. coli are required, 

consequently the process is labor friendly. 
Furthermore, the entire cultivation process 
is automated and standardized, with minimal 
risk of contamination. The growth time for 
the C. elegans is approximately 1 week but 
can be altered depending on the desired 
biomass yield. The entire work process 

including time for preparation and E. coli 
growth adds up to 10–14 days. Furthermore, 
if only one bioreactor is available, this can 
be used to first produce E. coli and subse-
quently C. elegans. A general overview of the 
procedure and the time frame is depicted 
in Figure 2.  
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Figure 1. Depiction of the overall set-up of the fed-batch cultivation for the medium- to large-scale production of Caenorhabditis elegans. This is a 
modern fermentation methodology to produce large biomass of C. elegans using a 7-l bioreactor. The production is modular and flexible, and done with 
two bioreactors, one to grow Escherichia coli HB101 as food source and one to grow C. elegans. Both bioreactors are connected and require two Rushton 
impellers and three pumps (black boxes). One pump is for the addition of feed (pump a), one to add the acid (pump b) and another for the addition of a 
base (pump c) to buffer the solutions. (A) Schematic diagram of the set-up for the two bioreactors. (B) Image of the set-up functioning in the laboratory. 
The size of each of the bioreactors is 27.7 × 78.1 cm (diameter × height) while the size of the controllers is 24.7 × 55.9 × 62.9 cm (W × D × H) each.  
DO: Dissolved oxygen.
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Figure 2. A schematic diagram of the workflow and timeline. (1) First, an Escherichia coli HB101 culture must be made. A single colony is picked from 
a stock plate and used to inoculate 300 ml LB broth. After 24 h, this is used to start an E. coli bioreactor of 6 l. (2) In parallel, a Caenorhabditis elegans 
pre-culture is prepared. Nematodes are grown to L4 stage on NGM and 30 worms are added to 500 ml S-complete. The 1-l flasks are left for 4 days at 
20°C, gently shaking at 150 rpm, at which point 100 ml of the solution (containing approximately 21 worms/ml) is added to 1 l of S-complete in the C. 
elegans bioreactor.
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Figure 3. Increase in the number of worms over time in the bioreactor. The seed culture that was 
used to start the bioreactor had 21 worms/ml. Cholesterol was added at 71 h and 238 h. A maximum 
of 24,000 worms/ml was obtained. At each time point, the number of worms in the bioreactor was 
calculated as the average of 3–7 aliquots of 10 μl taken from a 5-ml sample from the bioreactor then 
scaled up to the volume in the bioreactor at that time point. Error bars are given as standard error of 
the mean from the counting of the aliquots from the bioreactor cultures.

The key advantage of this protocol is that 
as this is a self-controlled system, there is 
minimal labor requirement. To prepare the 
bioreactors takes approximately 4 h, and 
10 min per day is required to check the 
system and make any adjustments. The 
Biocommand software ensures that there 
is no need to manually check the feed levels. 
At the end of the process, approximately 4 h 
is required to clean the bioreactors.

PREPARATION OF THE  
BIOREACTOR
Before starting the cultivation process, one 
day of well-planned preparation is required 
to set up all reagents and solutions (Table 1).

Bioreactor setup
The bioreactors used in this study are 
7-l flat-bottom vessels attached to a 
New Brunswick™ BioFlo 115 (Eppendorf, 
The Netherlands). Both bioreactors require 
a Rushton impeller at the bottom near a ring-
sparger and another in the middle, at around 
3 l of volume. The sparger provides oxygen 

to the system while the impeller rotates the 
solution inside the bioreactor (Figure 1A). 
Three pumps are needed: one for the feed 
addition, one to add the acid and a third to 

add the base (Figure 1A). The working area 
required is quite small (Figure 1B) and can 
be easily accommodated in any laboratory 
space. Specific parameters for each —
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Table 1. Solutions and buffers for Caenorhabditis elegans batch medium.
Specific reagents and solutions Supplier Required for
LB medium Carl Roth LB pre-culture

Yeast extract Gistex Batch medium Nitrogen source

BactoAgar Formedium NGM and LB plates

Casein Peptone Organo Technie NGM

Cholesterol (5 mg/ml in ethanol) Sigma-Aldrich NGM and S-complete

Nystatin (20 mg/ml in DMSO) Thermo Fisher Scientific NGM and S-complete

Penicillin/streptomycin (10,000 U/ml) Lonza S-complete

Buffers and media: E. coli Ingredients Required volume

Batch medium – carbon source 5.45 g/l glucose•H2O 5.5 l

Batch medium – nitrogen source 34.8 g/l yeast extract, 6 g/l NH4Cl,  
16.8 g/l MgSO4•7H2O, 132 g/l K2HPO4

500 ml

Buffers and media: C. elegans Ingredients Required volume

Phosphate buffer pH 6.0 108.3 g/l KH2PO4 35.5 g/l K2HPO4 25 ml

NGM 17 g/l BactoAgar, 3 g/l NaCl, 2.5 g/l peptone  
Sterilize by autoclaving, then add:  
1 ml/l 1 M CaCl2, 1 ml/l cholesterol,  
1 ml/l 1 M MgSO4, 25 ml/l phosphate buffer

1 l

Trace metal solution 1.86 g/l disodium EDTA,  
0.69 g/l FeSO4•7 H2O, 0.2 g/l MnCl2•4 H2O, 0.29 g/l 
ZnSO4•7 H2O, 0.025 g/l CuSO4•5 H2O  
Sterilize by autocalving

1 l

S-complete 5.85 g/l NaCl, 1 g/l K2HPO4, 6 g/l KH2PO4, 1 ml/l choles-
terol  
Sterilize by autoclaving, then add:  
10 ml/l 1 M potassium citrate pH6.0,  
10 ml/l trace metals solution,  
3 ml/l 1 M CaCl2, 3 ml/l 1 M MgSO4,  
0.5 ml/l nystatin, 10 ml/l penicillin/streptomycin

2 l

All solutions and buffers are made with sterile dH2O unless indicated otherwise. To warrant sterility and to avoid any contaminations, all buffers 
and solutions are sterilized by autoclaving or filter sterilization, unless stated otherwise. Note that after sterilization by autoclaving, any additional 
components should be added via filter sterilization.

Table 2. Parameters used for the bioreactor cultivations of Escherichia coli and Caenorhabditis elegans.

Parameter E. coli  C. elegans 
Medium volume (l) 6 1

Agitation (rpm) 300–1200 200

Dissolved oxygen control (%) 20 % – agitation cascade controlled none

Temperature (°C) 37 22

pH 7.0 ± 0.1 6.5 ± 0.1

Acid 6 M H3PO4 – pump speed 20% 6 M H3PO4 – pump speed 20%

Base 6 M NaOH – pump speed 20% 6 M NaOH – pump speed 20%

Feed None E. coli when DO ≥20%

Gas flow (l/min) 0.7 2.0

The bioreactors New Brunswick™ BioFlo 115 (Eppendorf, The Netherlands) with two Rushton impellers and three pumps. The parameters for 
both the E. coli and C. elegans bioreactor cultivations are shown. DO: Dissolved oxygen. 
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bioreactor cultivation are required to 
control the dissolved oxygen, pH and 
temperature (Table 2).

Dissolved oxygen
The dissolved oxygen (DO) sensor is 
calibrated to a range of 0–100%. To do this, 
the bioreactor with all components, except 
the biomass, is made anaerobic using 
nitrogen gas. When this has stabilized, the 
DO sensor is set to a value of 0%. The biore-
actor is then made aerobic using air flow and 
set to 100% when stabilized.

pH
The pH is controlled via a controller with 
a dead-band of 0.1 at 20% pump speed. 
Whenever the pH is ± 0.1 from the set point, 
the pump will be turned on to add acid or base 
accordingly. The 20% pump speed is chosen 
so that the system has time to mix the acid 
or base properly, before being added again.

Temperature
The temperature is controlled via an external 
heat blanket and an internal cooling loop 
in which water circulates at 4°C. Heating or 
cooling is monitored by the controller with 
the internal proportional-integral-derivative 
algorithm at factory settings. The temper-
ature of the bioreactor is stable between 8 
and 45°C.

Feeding
Feeding is controlled via a script using 
the Biocommand software. As soon 
as the DO is higher than 20% (e.g.,  the 
culture is not using oxygen since there is 
no food to oxidize for energy), the pump 
will be turned on. This will provide the 
C. elegans culture with E. coli. As soon as 
the DO drops to 20% or less (e.g., when the 
oxygen is being used as E. coli is present), 
the pump will be turned off. The DO will 
rise until a DO greater than 20% is reached, 
and the system is turned on again. In this 
way enough E. coli is always available for 
C. elegans as a food source.

E. coli cultivation
In these experiments, the E.  coli strain 
HB101 is used as the food source for 
C. elegans. HB101 is a uracil auxotroph and 
resistant to penicillin and streptomycin. A 
pre-culture was prepared by adding a single 
colony of E. coli to 300 ml LB medium and 

grown overnight at 37°C. Batch medium 
is prepared by sterilizing the carbon and 
nitrogen source (Table 1) separately to 
prevent Maillard reaction and precipitation. 
The sterile batch medium compounds are 
combined in a 7-l bioreactor (Table 1). Next, 
the bioreactor is inoculated with the E. coli 
pre-culture and left to run for ∼8 h (Table 2). 
At this point, the batch phase is completed, 
which can be observed as an increase in 
DO, and due to the lack of food available 
for the E.  coli oxygen is consequently 
not required. When the batch phase is 
completed, the bioreactor is cooled to 
10°C to keep the culture stable as feed for 
C. elegans and, by cooling, the E. coli does 
not need to be fed to remain viable.

C. elegans cultivation
A pre-culture of wild-type C. elegans (strain 
N2) is prepared by adding 30 L4 staged 
animals into 500 ml of S-complete plus 
50 ml E. coli culture. The pre-culture is left 
for 4 days at 20°C and 150 rpm.

C. elegans batch medium is prepared in 
a new 7-l bioreactor (Table 1). The biore-
actor is inoculated with 100  ml of the 
C. elegans pre-culture (∼21  worms/ml, 
calculated as the average of 10 aliquots 
of 20 μl taken from a 1-ml sample from the 

Erlenmeyer) and 15 ml E. coli HB101 from 
the first bioreactor to start the cultivation 
and left to run. The addition of E. coli is 
achieved by running the feed pump. The 
pump speed should be calibrated, but 
is optimal at 200 ml/h with 100% pump 
speed. The DO should now drop, and may 
even hit 0%, but this low concentration of 
oxygen is not harmful for C. elegans. The 
feed program can now be turned on via the 
Biocommand software, so when the DO 
increases to 20%, the feed pump is turned 
on to add E. coli. Overfeeding is prevented 
by switching off the pump when the DO 
drops below 20%. The cultivation is now 
left until the desired amount of C. elegans 
is reached.

Harvesting and yield
The bioreactor started with 21 worms/ml in a 
total volume of 1 l. Over time, the addition of 
E. coli increases the total volume of the biore-
actor and while this changes the concen-
tration of the ingredients, we find that there 
are no noticeable adverse effects. However, 
it can be beneficial to add cholesterol when 
the worms do not appear to be developing. In 
this cultivation, cholesterol was added twice 
(Figure 3). In this experiment, we continued 
the bioreactor for a total of 270 h, when 

Figure 4. A representative image of an aliquot (10 μl) from the bioreactor at 190 h. At this point, there 
are approximately 10,000 worms/ml. It is striking that the media is relatively clear, indicating a lack 
of debris. Worms are visible at all stages and have a healthy morphology. Scale bar: 1 mm.
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the yield was ∼24,000 worms/ml in a total 
volume of 4.5 l. At each time point, the number 
of worms in the bioreactor was calculated as 
the average of 3–7 aliquots of 10 μl taken from 
a 5-ml sample from the bioreactor and scaled 
up to the volume in the bioreactor at that time 
point. In all cases, the worms were developing 
as expected, displaying normal morphology 
and movement. The liquid medium did not 
contain debris (Figure 4), which means that 
after collecting the solution, worms could be 
pelleted by gravity. The C. elegans cultures 

were constantly monitored, did not appear 
to be showing signs of stress and were not 
starved during the cultivation. Animals were 
healthy, displaying the thrashing movement 
expected from worms grown in liquid culture 
with no Dauer larvae present (Figure  4). 
Worms in the bioreactor developed normally 
as shown by the sigmoidal growth curve. To 
verify the health of the worms, aliquots were 
taken throughout the cultivation and left 
to develop on solid plates, where animals 
developed as expected.  

It has to be noted that after approximately 
250 h, growth saturation is reached, at which 
stage most worms are adult hermaphro-
dites. If a mixed population with a good 
representation of all stages is required, 
we recommend harvesting cultures after 
170–220 h. For instance, after 190 h the 
culture contains approximately 30% eggs 
and 50% larvae (Figure 4).

The protocol described here outlines 
an approach for cultivating large numbers 
of C.  elegans. It is easily scalable and 
the two-bioreactor system can also be 
separated to be used for a one-bioreactor 
approach. In this setting E. coli are grown 
first according to the described protocol, 
harvested in a separate flask and fed to 
C. elegans via a pump on the flask. It is 
important to keep the E.  coli cooled to 
4–10°C to ensure it will not be metaboli-
cally active. In our experience, this has 
no effect on the quality of the bacteria. 
The E. coli is resuspended and fully mixed 
using the agitation of the bioreactor prior to 
using as a C. elegans food source. The yield 
obtained with this method is comparable 
to that of previously described protocols 
in which approximately 30,000 worms/ml 
were collected [4]. However, while these 
worms were from 150-l cultures, we obtain 
the same yield from a 7-l bioreactor, which 
is more commonly available to research 
laboratories.

Alternative strains of E. coli can be used 
as C. elegans food source; however, HB101 
is the recommended bacterial food source 
in liquid cultures of C. elegans [12,13]. If alter-
native bacteria are required, the cultivation 
conditions may need to be adjusted. We have 
found that OP50, the bacterial food source 
used for growing worms on solid media, 
has slower growth and consequently lower 
yields under the same conditions as HB101 
(Figure 5A). For HB101, an 8-h cultivation 
is sufficient to generate enough food for a 
complete bioreactor run. However, as OP50 
does not grow optimally, as expected [14], 
a longer cultivation is required to increase 
the yield (Figure 5B). Similarly, for C. elegans 
strains different from wild-type N2, altered 
culture conditions might also apply and 
temperature is an essential parameter due to 
the temperature sensitivity of many strains. 
In this bioreactor set-up changing the 
temperature is very simple via the cooling 
blanket and internal cooling coil. 
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Figure 5. Growth curves comparing growth characteristics of Escherichia coli strains OP50 and 
HB101 in a 2-l bioreactor. Growth of HB101 (preferred bacterial food source for liquid culture) and 
OP50 (preferred food source for solid media) in a 2-l bioreactor using the same growth conditions 
and bioreactor setup were compared. (A) OP50 (open circles) has a slower growth compared with 
HB101 (closed circles) for the duration of the 540 min (9 h) cultivation. Both strains of E. coli enter 
stationary phase between 3 and 8 h. (B) Cultivation after 24 h. The OD600 raises to 2.17 for OP50 
while that for HB101 is at 4.47. Error bars are standard deviation.
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Thus, the relatively little effort required 
for this protocol, combined with system flexi-
bility, provides a labor-friendly technology 
to reliably and reproducibly produce a high 
yield of healthy C. elegans.
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