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reproductive fitness of C. elegans strains or different conditions in a 3D environment. 
We also present a novel method, termed Nematode Growth Bottle-3D (NGB-3D), to 
cultivate C. elegans in 3D for microscopic analysis. These methods allow scientists to 
study C. elegans biology in conditions that are more reflective of the environments they 
encounter in nature. These can help us to understand the overlying evolutionary 
relevance of the physiology and behavior of C. elegans we observe in the laboratory. 
 
INTRODUCTION: 
The study of the nematode Caenorhabditis elegans in the laboratory has led to seminal 
discoveries in the field of biology over the last five decades1. C. elegans was the first 
multicellular organism to have its genome sequenced in 19982, and it has been 
invaluable in understanding the contributions of individual genes to the development, 
physiology, and behavior of a whole organism. Scientists now are looking to further 
understand how these genes may contribute to the survival and reproductive fitness of 
organisms in their natural environments, asking questions about ecology and evolution 
at the genetic level3-5.  
 
C. elegans once again can provide an excellent system to answer these questions. 
However, little is known about C. elegans biology in natural nematode habitats, and 
there are no current methods to simulate controlled natural conditions of C. elegans in 
the laboratory. In the lab, C. elegans is cultivated on the surface of agar plates seeded 
with E. coli bacteria6. In nature, however, C. elegans and related nematodes can be 
found sparsely inhabiting soils throughout the globe, but they are specifically found 
thriving in rotting fruits and vegetative matter7,8. These three-dimensional (3D) complex 
environments are quite different from the simple 2D environments to which worms are 
exposed to in the laboratory.  
 
To begin to answer questions about the biology of nematodes in a more natural 3D 
setting, we have designed a 3D habitat for laboratory cultivation of nematodes we called 
Nematode Growth Tube 3D or NGT-3D for short9. The goal was to design a 3D growth 
system that allows for comparable growth, development, and fertility to the standard 2D 
Nematode Growth Media (NGM) plates10. This system supports the growth of bacteria 
and nematodes over their entire life cycles in 3D, allows worms to move and behave 
freely in three dimensions, and is easy and inexpensive to manufacture and employ.  
 
In the current study, we provide a step-by-step method to manufacture NGT-3D and 
evaluate worm development and fertility. In addition to assessing worm fitness in 3D, we 
sought to image, video, and assess worm behavior and physiology in 3D cultivation. 
Thus, in addition to NGT-3D, we present here an alternate method called Nematode 
Growth Bottle 3D or NGB-3D, for the microscopic imaging of C. elegans during 3D 
cultivation. This will be especially important for the study of known behaviors identified 
in 2D, and the identification of novel behaviors unique to 3D cultivation. 
 
PROTOCOL:  
 
1. Prepare solutions for NGT-3D and NGB-3D 



   

1.1) Prepare the following sterile solutions: 1 L of 0.1454 M NaCl solution, 1 L of 1 M 
CaCl2, 1 L of 1 M MgSO4, Lysogeny Broth (LB), 1 L of 1 M KPO4 buffer (108.3 g of 
KH2PO4 and 35.6 g of K2HPO4, and fill H2O to 1 L). Production of NGM using these 
solutions can be found in a previous protocol10.  
 
1.2) Autoclave solutions at 121 °C, 15 min. 
 
1.3) Prepare 50 mL of a sterile 5 mg/mL cholesterol solution. In a 50 mL conical tube, 
mix 0.25 g of cholesterol and 50 mL of 99.99% ethanol and mix well. Do not autoclave. 
Sterilize the cholesterol solution using a 50 mL syringe with a 0.45 µm syringe filter. 
This will also remove any undissolved cholesterol.  
 
1.4) (Optional) Prepare 10 mL of a 150 mM of 2’-deoxy-5-fluorouridine (FUdR) stock. 
In a 10 mL conical tube, mix 0.3693 g of FUdR and 10 mL of distilled water. Shake well. 
 
2. Prepare bacteria culture for NGT-3D and NGB-3D 
2.1) Inoculate 10 mL LB broth with bacteria. The standard bacteria used for C. 
elegans feeding is E. coli strain OP50. 
 
2.2) Culture the bacterial inoculation at 37 °C in a shaking incubator overnight. 
 
2.3) In preparation for a serial dilution, aliquot 9 mL of the NaCl solution into sterile 15 
mL conical tubes. For example, aliquot 9 mL into a total of 7 tubes to make a 10-7 
dilution of OP50 strain E. coli. 
 
2.4) Using a sterile 1000 μL pipette, pipet 1 mL of the bacterial culture or diluted 
bacterial culture into the sterile new tube with 9 ml of NaCl solution and vortex the 10 
mL mixture well. Repeat until the desired bacterial dilution is reached. 
 
Note: The desired bacterial dilution depends on the type and condition of bacteria as 
well as the exact experimental conditions. For example, a 10-6-10-8 dilution of OP50 
strain E. coli was sufficient to produce from 1-200 bacterial colonies per 6.5 mL NGT-3D 
tube. Worms reliably developed and reproduced normally when the number of colonies 
was over 60, which occurred at a dilution of 10-6-10-7. For NGB-3D, use a dilution of 10-

8. 
 
3. Making NGT-3D and NGB-3D (200 mL) 
3.1) After preparing the bacterial culture, mix 0.6 g NaCl, 1 g granulated agar, and 0.5 
g peptone in a 500 mL flask. Insert a magnetic stir bar into the flask. 
 
3.2) Add 195 mL distilled water and cover mouth of the flask with aluminum foil. 
 
3.3) Autoclave 121 °C for 15 min. 
 
3.4) Place the hot autoclaved flask onto a stir plate, and stir at a moderate speed for 
at least 2 h. Cool the flask to 40 °C. Be sure to cool sufficiently as continuing from here 



   

at high temperatures may lead to clouding of the finished agar. However, lower 
temperatures may result in premature hardening of the agar.  
 
3.4.1) (Optional) To speed up the cooling process, place the flask in a 40 °C water bath 
15 min before placing on a stir plate. 
 
3.5) When the temperature of the agar media reaches 40 °C, add 200 μL 1 M CaCl2, 
200 μL of 5 mg/mL cholesterol solution, 200 μL 1 M MgSO4 and 5 mL 1 M KPO4 buffer 
as the solution continues to stir to final concentrations of 1 mM CaCl2, 5 μg/mL 
cholesterol, 1 mM MgSO4, 1 mM KPO4. 
 
3.5.1) (Optional) For NGT-3D lifespan assay add 80 μL of 150 mM FUdR to a final 
concentration of 120 μM12. 
 
3.6) Add 6 mL of the 10 mL diluted bacterial culture from step 2.4 into the flask 
directly. 
 
3.6.1) (Optional) For NGT-3D, remove 6 mL of agar media before step 3.6 and keep it 
warm separately. This media will be used for the bacteria-free top layer. 
 
3.7) Using sterile procedures, dispense the media into a sterile culture chamber. 
Make sure the cover of the chamber closes tightly. 
 
3.7.1) (Optional) To prevent bacterial colonies from forming at the top surface of the 
agar, make a layer of bacteria-free agar media from step 3.6.1 on the top before the 
media from step 3.7 completely hardens. This will create a bacteria-free zone at the top 
of the NGT-3D.  
 
3.7.2) For NGT-3D, pour 6.5 mL media into the 8 mL clear plastic test tubes to make a 
bacteria agar layer, and carefully dispense 200 μL of the bacteria-free media on top of 
the semi-hardened 3D media to make a thin bacteria-free layer on top. 
 
3.7.3) For NGB-3D, pour 65 mL of media into the 25 cm2 clear plastic cell culture bottle. 
This amount should fill the body of the 25 cm2 cell culture bottle.  
 
3.8) Leave chambers vertically at room temperature for one week to allow bacterial 
colonies to grow to a considerable size of at least 1 mm diameter.  
 
3.8.1) (Optional) For lifespan assay in NGT-3D, cover chambers with aluminum foil to 
prevent light degradation of FUdR. 
 
4. Measure fitness of worm population on NGT-3D (Relative brood size assay) 
4.1) Pick an L4 stage worm using a platinum wire pick and transfer on a bacteria-free 
NGM plate. Allow worm to freely move around for a few minutes to remove bacteria 
attached to its body. 
 



   

4.2) Repeat step 4.1 and make sure that the worm is free from bacteria. Generally, 
two repeats of 4.1 are enough. 
 
4.3) Carefully place the clean worm on the surface of the 3D media with a platinum 
wire pick. The worm should eventually enter the agar into the 3D agar matrix. 
 
4.4) Close the cover loosely allowing some air to get into the tube, but preventing 
drying of the agar media. 
 
4.5) Incubate for 96 h at 20 °C. 
 
4.6) After 4 days, close the lids tightly and place the NGT-3D culture chamber into an 
88 °C water bath to melt the agar. The heat kills worms but their bodies remain intact.  
 
Note: Using 8 mL tubes for NGT-3D, 20-30 min incubation is usually sufficient. 
 
4.7) Using a glass pipette, transfer the melted media onto a 9 cm plastic petri dish. 
Plastic pipettes are not advised, as worms can often stick to them. 
 
4.8) Using a transmission stereodissecting microscope, count the number of worms at 
the L3, L4, and adult stages. Do not count worms that are L2 stage and younger, as the 
F1 and F2 generations can be confused here. Thus, this assay is a relative brood size 
assay rather than a total brood size assay. 
 
5. Image and record worm behavior on NGB-3D 
5.1) Pick an L4 stage worm using a platinum wire pick and remove any bacteria stuck 
to the surface by transferring to a bacteria-free NGM plate and allowing it to freely move 
for a few minutes. 
 
5.2) Repeat step 5.1 to make sure the worm is free from bacteria. 
 
5.3) Carefully place the clean worm onto the center of the agar surface of the NGB-
3D near the neck of the bottle with a platinum wire pick. The worm should eventually 
enter the agar into the 3D agar matrix. 
 
5.4) Close the cover loosely allowing some air to get into the tube, while preventing 
drying of the agar media. 
 
5.5) Image or record the worm under a transmission stereodissecting microscope. 
Adjust the focus as the worm moves through the 3D matrix. 
 
REPRESENTATIVE RESULTS:  
The construction of NGT-3D is a simple and straightforward protocol that results in an 
agar-filled test tube with small bacterial colonies spaced throughout the agar (Figure 
1A). Worms can freely move through the agar matrix, finding and consuming the 
bacterial colonies. To confirm whether C. elegans can reproduce and grow normally in 



   

NGT-3D, we compared fertility and larval development in 3D with standard 2D NGM 
plates. In the relative brood size assay, adult C. elegans hermaphrodites in NGT-3D 
reproduce just as well as hermaphrodites in the standard 2D NGM plates when bacterial 
colonies are plentiful with at least 60 colonies (Figure 1B). Furthermore, larval 
development in NGT-3D also proceeds normally when there are plenty of bacterial 
colonies with the majority of worms in the adult state after 96 hours (Figure 1C). 
However, if bacterial colonies are sparse in the 3D matrix, both relative brood size 
(Figure 1B, left bar) and larval development (Figure 1C, left bar) are negatively 
impacted.  
 
To test whether habitation in 3D has any effect on the long-term physiology of the worm, 
we conducted a lifespan assay comparing NGT-3D and NGM plates. The average 
lifespan for worms on NGT-3D was 15.6 ± 3.6 days compared to 14.8 ± 3.1 days for 
standard NGM plates. The lifespan curves for worms living on NGT-3D and NGM were 
nearly identical. Thus, it seems that worms survive equally well in 3D and 2D conditions. 
 
Manufacturing the NGB-3D is also not difficult and should result in a clear, agar-filled 
culture bottle like that seen in Figure 2A. To easily view the bacterial colonies, we have 
expressed deoxyviolacein, a dark purple bacterial metabolite11, in the OP50 strain E. 
coli (Figures 2A, 2B; strain available on request). Live worms can be imaged under a 
transmission stereo-dissecting microscope (Figure 2B, Supplemental Movie 1). 
 
Storage of NGT-3D and NGB-3D at room temperature is sufficient to maintain both of 
these culture chambers for up to 1 month. Desiccation of the agar is not a concern for 
either NGT-3D or NGB-3D if a plug-type or screw-type cap that fits the tube or bottle is 
applied.  
 
Figure 1: Development, fertility and lifespan of C. elegans cultivated in NGT-3D is 
comparable with that of the standard 2D NGM 
(A) Images of NGT-3D at several dilutions of bacteria. Left and right contains a 5 X 10-7 
dilution, and the middle is a 1 X 10-7 dilution. (B) Relative brood size of wild-type worms 
in NGT-3D to fewer than 60 OP50 colonies (n = 24), greater or equal to 60 colonies (n = 
14), or on 2D NGM plates (n = 29). Error bars indicate standard error. (C) Percent of F1 
generation worms in the L3, L4 or adult developmental stage in NGT-3D with fewer than 
60 OP50 colonies, greater than or equal to 60 colonies, or on 2D NGM plates. (D) 
Survival curve of wild-type C. elegans in NGT-3D or NGM plates. N.S. indicates not 
significantly different calculated by log-rank test. This figure has been modified from 
Lee9. 
 
Figure 2: Imaging C. elegans in 3D using NGB-3D 
(A,B) Images of NGB-3D (C) Images of adult C. elegans near a colony of OP50 strain 
E. coli expressing the dark purple pigment deoxyviolacein. Scale bar is 500 μm. 
 
Supplementary Movie 1:  
Adult C. elegans approach an E. coli OP50-violacein colony in NGB-3D.  
 



   

DISCUSSION: 
The laboratory cultivation of C. elegans using the classical nematode growth media 
plates was crucial to the hundreds of important discoveries that research in C. elegans 
has provided. Here, we present new methods to cultivate C. elegans in an environment 
that more accurately reflects their natural three-dimensional habitats. Although other 
methods have been used to observe C. elegans in 3D13, this is the first protocol that 
allows cultivation of worms in a solid 3D matrix. The two methods shown here, NGT-3D 
and NGB-3D, allow scientists to ask questions of fitness, development and growth in 3D 
cultivation, and also image and record the worms in 3D. Although NGT-3D and NGB-3D 
have some differences to the standard 2D NGM plates, they are similar to this original 
method and only adjusted to add worm cultivation in the z-axis. Thus, we find that 
development, fertility and lifespan proceed normally in our conditions. The goal was to 
create a protocol that any lab can employ for their research. These methods are very 
simple, easily reproducible at a very low cost, and allow for adjustment of protocols to fit 
the users’ specific experiments.  
 
Although all of the steps in the protocol are important, the critical step in making NGT-
3D and NGB-3D is the cooling temperature of the agar after autoclaving in Steps 3.4 to 
3.6 of the protocol. If the temperature cools too low (several degrees below 40 °C), the 
agar will begin to harden and the added solutions will not mix properly into the agar. 
However, if the cooling is insufficient (several degrees above 40 °C), the added bacteria 
may die and the added cholesterol solution may cloud the agar rendering the agar 
useless for experiments. In addition, an area of caution is in step 4.6. When melting the 
NGT-3D agar in the water bath, make sure to close the lids tightly to aid in the melting. 
However, the heat can cause the caps to dangerously “pop” off and become a 
projectile. For safety purposes it is best to cover the water bath. Many parts of the 
protocol are quite adaptable to the user. For instance, we have used a clear plastic test 
tube for NGT-3D and a 25 cm2 clear cell culture bottle (holds a total of 65 mL) for the 
NGB-3D. Other types of clear tubes or bottles available to the user should also work. 
Also, bacterial growth is adjustable. E. coli strain OP50 generally takes about a week to 
grow to at least 1 mm, which was preferred for our experiments. In our experience, 
slightly shorter and even much longer growth times for bacteria do not seem to affect 
worm growth or fertility. Adjustment of agar concentration, however, will affect worm 
movement. Lower concentrations of agar result in worms showing a swimming-like 
movement, and higher concentrations can inhibit overall movement.  
 
One area of concern in NGB-3D was the issue of condensation and water 
accumulation. As the warm liquid agar hardens, inevitably some condensation develops 
over time, particularly at the interface of the bottle and the agar. This can pose problems 
for the worm, which shows swimming behaviors in liquids14and the growth of bacteria, 
which can spread throughout the bottle by the liquid. Prevention of condensation is 
difficult. Two possible remedies exist for this. First, we make sure that the worm can 
easily enter the agar by placing it in the center of the agar surface at the neck of the 
bottle. Secondly, we intentionally keep the concentration of bacteria low in NGB-3D, 
thereby diminishing the chance that a colony grows at the interface of liquid and agar.  
 



   

Another concern is the imaging of worms in NGB-3D. To increase the clarity and quality 
of images of worms in 3D, colonies should be close to the surface but remain 
completely embedded in the agar. We attempted to grow only embedded colonies near 
the surface by placing a thin layer of bacteria-containing agar at the surface, and the 
remaining media was bacteria-free. However, the issue was not fully solved by this 
method. Instead, we decided to produce many NGB-3D bottles at one time, and use 
only the ones that contain embedded colonies close to the surface, thereby increasing 
the chance that a worm will move to a colony near the surface. One option we have not 
explored is changing the solid media to a matrix other than the granulated agar we 
employ here. Imaging worms in the z-axis direction can also be challenging. We do this 
by manually raising and lowering the coarse focus, but if an automated tracking 
program exists for this, it may be quite helpful. 
 
The hope is that the techniques presented here for the cultivation of C. elegans in 3D 
will be widely used by nematode biologists. Many questions remain about worm biology, 
including aging and behaviors in 3D, and whether what scientists observe in 2D is 
relevant for the worm in 3D. Indeed, a previous study using NGT-3D showed the impact 
on reproductive fitness that 3D cultivation had on a sensory mutant that reproduces 
normally in 2D conditions9. In addition, one study showed altered movement behaviors 
in 3D compared to 2D15. Finally, this system can be used to begin to answer questions 
of whether certain conditions, mutants or manipulations confer fitness advantages to the 
animal in its native 3D environment.  
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Name of Reagent/ Equipment Company Catalog Number

LB broth, Miller (Luria-Bertani) Difco 224620

Sodium chloride DAEJUNG 7548-4400

Agar, Granulated Difco 214530

Peptone Bacto 211677

Calcium chloride, dihydrate Bio Basic CD0050

Cholesterol Bio Basic CD0122

Ethyl alcohol B&J RP090-1

Magnesium sulfate, anhydrous Bio Basic MN1988

Potassium phosphate, monobasic, anhydrous Bio Basic PB0445

2'-Deoxy-5-fluorouridine Tokyo Chemical Industry D2235

Potassium phosphate, dibasic, anhydrous Bio Basic PB0447

Multi-Purpose Test Tubes Stockwell Scientific ST.8570

Test Tube Closures Stockwell Scientific ST.8575

Cell Culture Flask SPL Lifescience 70125

Research Stereo Microscope Nikon SMZ18

High-Definition Color Camera Head Nikon DS-Fi2

PC-Based Control Unit Nikon DS-U3

NIS-Elements Basic Research, Microscope Imaging Software Nikon MQS32000

Excel Spreadsheet- Table of Materials/Equipment Click here to download Excel Spreadsheet- Table of Materials/Equipment JoVE
Materials Template(3D worm culture)(changed)_2016-7-12.xls

http://www.editorialmanager.com/jove/download.aspx?id=523816&guid=95a4e90a-4925-4439-b923-aee5844c9319&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=523816&guid=95a4e90a-4925-4439-b923-aee5844c9319&scheme=1


Comments/Description

58.44 MW

2*H2O; 147.02 MW

386.67 MW

99.99%; 46.07 MW

120.37 MW

136.09 MW

246.19 MW

174.18 MW

8 mL

25 cm^2



 

ARTICLE AND VIDEO LICENSE AGREEMENT 

 
Title of Article:

Author(s):   
 
Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/publish ) via:    Standard Access       Open Access 
 
Item 2 (check one box): 
 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
 

ARTICLE AND VIDEO LICENSE AGREEMENT 
 

1.  Defined Terms.  As used in this Article and Video License 
Agreement, the following terms shall have the following 
meanings: “Agreement” means this Article and Video License 
Agreement; “Article” means the article specified on the last 
page of this Agreement, including any associated materials 
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a 
signatory to this Agreement; “Collective Work” means a work, 
such as a periodical issue, anthology or encyclopedia, in which 
the Materials in their entirety in unmodified form, along with a 
number of other contributions, constituting separate and 
independent works in themselves, are assembled into a 
collective whole; “CRC License” means the Creative Commons 
Attribution-Non Commercial-No Derivs 3.0 Unported 
Agreement, the terms and conditions of which can be found 
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, sound 
recording, art reproduction, abridgment, condensation, or any 
other form in which the Materials may be recast, transformed, 
or adapted; “Institution” means the institution, listed on the 
last page of this Agreement, by which the Author was 
employed at the time of the creation of the Materials; “JoVE” 
means MyJove Corporation, a Massachusetts corporation and 
the publisher of The Journal of Visualized Experiments; 
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made 
by the Author, alone or in conjunction with any other parties, 
or by JoVE or its affiliates or agents, individually or in 
collaboration with the Author or any other parties, 
incorporating all or any portion of the Article, and in which the 
Author may or may not appear. 

 
2.  Background.  The Author, who is the author of the Article, 
in order to ensure the dissemination and protection of the 
Article, desires to have the JoVE publish the Article and create 
and transmit videos based on the Article.  In furtherance of 
such goals, the Parties desire to memorialize in this Agreement 
the respective rights of each Party in and to the Article and the 
Video. 
 
3.  Grant of Rights in Article.  In consideration of JoVE agreeing 
to publish the Article, the Author hereby grants to JoVE, 
subject to Sections 4 and 7 below, the exclusive, royalty-free, 
perpetual (for the full term of copyright in the Article, 
including any extensions thereto) license (a) to publish, 
reproduce, distribute, display and store the Article in all forms, 
formats and media whether now known or hereafter 
developed (including without limitation in print, digital and 
electronic form) throughout the world, (b) to translate the 
Article into other languages, create adaptations, summaries or 
extracts of the Article or other Derivative Works (including, 
without limitation, the Video) or Collective Works based on all 
or any portion of the Article and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works and 
(c) to license others to do any or all of the above.  The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically necessary 
to exercise the rights in other media and formats.  If the “Open 
Access” box has been checked in Item 1 above, JoVE and the 
Author hereby grant to the public all such rights in the Article 
as provided in, but subject to all limitations and requirements 
set forth in, the CRC License. 
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ARTICLE AND VIDEO LICENSE AGREEMENT 

4.  Retention of Rights in Article.  Notwithstanding the 
exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in each 
case provided that a link to the Article on the JoVE website is 
provided and notice of JoVE’s copyright in the Article is 
included.  All non-copyright intellectual property rights in and 
to the Article, such as patent rights, shall remain with the 
Author.   
 
5.  Grant of Rights in Video – Standard Access.  This Section 5 
applies if the “Standard Access” box has been checked in Item 
1 above or if no box has been checked in Item 1 above.  In 
consideration of JoVE agreeing to produce, display or 
otherwise assist with the Video, the Author hereby 
acknowledges and agrees that, Subject to Section 7 below, 
JoVE is and shall be the sole and exclusive owner of all rights of 
any nature, including, without limitation, all copyrights, in and 
to the Video.  To the extent that, by law, the Author is 
deemed, now or at any time in the future, to have any rights 
of any nature in or to the Video, the Author hereby disclaims 
all such rights and transfers all such rights to JoVE. 
 
6.  Grant of Rights in Video – Open Access.  This Section 6 
applies only if the “Open Access” box has been checked in 
Item 1 above.  In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author hereby 
grants to JoVE, subject to Section 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to publish, 
reproduce, distribute, display and store the Video in all forms, 
formats and media whether now known or hereafter 
developed (including without limitation in print, digital and 
electronic form) throughout the world, (b) to translate the 
Video into other languages, create adaptations, summaries or 
extracts of the Video or other Derivative Works or Collective 
Works based on all or any portion of the Video and exercise all 
of the rights set forth in (a) above in such translations, 
adaptations, summaries, extracts, Derivative Works or 
Collective Works and (c) to license others to do any or all of 
the above.  The foregoing rights may be exercised in all media 
and formats, whether now known or hereafter devised, and 
include the right to make such modifications as are technically 
necessary to exercise the rights in other media and formats.  
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License.  
 
7.  Government Employees.  If the Author is a United States 
government employee and the Article was prepared in the 
course of his or her duties as a United States government 
employee, as indicated in Item 2 above, and any of the 
licenses or grants granted by the Author hereunder exceed the 
scope of the 17 U.S.C. 403, then the rights granted hereunder 
shall be limited to the maximum rights permitted under such 

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
 
8.  Likeness, Privacy, Personality.  The Author hereby grants 
JoVE the right to use the Author’s name, voice, likeness, 
picture, photograph, image, biography and performance in any 
way, commercial or otherwise, in connection with the 
Materials and the sale, promotion and distribution thereof.  
The Author hereby waives any and all rights he or she may 
have, relating to his or her appearance in the Video or 
otherwise relating to the Materials, under all applicable 
privacy, likeness, personality or similar laws. 
 
9.  Author Warranties.  The Author represents and warrants 
that the Article is original, that it has not been published, that 
the copyright interest is owned by the Author (or, if more than 
one author is listed at the beginning of this Agreement, by 
such authors collectively) and has not been assigned, licensed, 
or otherwise transferred to any other party. The Author 
represents and warrants that the author(s) listed at the top of 
this Agreement are the only authors of the Materials.  If more 
than one author is listed at the top of this Agreement and if 
any such author has not entered into a separate Article and 
Video License Agreement with JoVE relating to the Materials, 
the Author represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them had 
been a party hereto as an Author. The Author warrants that 
the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, infringe 
and/or misappropriate the patent, trademark, intellectual 
property or other rights of any third party.  The Author 
represents and warrants that it has and will continue to 
comply with all government, institutional and other 
regulations, including, without limitation all institutional, 
laboratory, hospital, ethical, human and animal treatment, 
privacy, and all other rules, regulations, laws, procedures or 
guidelines, applicable to the Materials, and that all research 
involving human and animal subjects has been approved by 
the Author's relevant institutional review board. 
 
10.  JoVE Discretion.  If the Author requests the assistance of 
JoVE in producing the Video in the Author’s facility, the Author 
shall ensure that the presence of JoVE employees, agents or 
independent contractors is in accordance with the relevant 
regulations of the Author's institution.  If more than one 
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to 
the Article until such time as it has received complete, 
executed Article and Video License Agreements from each 
such author.  JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to accept 
or decline any work submitted to JoVE.  JoVE and its 
employees, agents and independent contractors shall have 
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Dear Nam Nguyen, Ph.D, Science Editor, 

Thank you for consideration for publication of our protocol in JoVE. We are grateful for the insightful 

comments and suggestions that you and all five reviewers made to our manuscript. We have addressed 

the major concerns, added a paragraph discussing storage conditions and dessication issues in the 

results, and a paragraph in the discussion addressing the critical steps in the protocol. We have made all 

the changes to the text that the reviewers suggested, and our story is much stronger than before. I 

believe that with the new data and revised manuscript researchers will be more convinced that NGT-3D 

is an excellent way to culture and observe worms in a more natural environment. Nearly all the changes 

we made are tracked in “Tracked Changes” in Microsoft Word. Below are our responses and edits in 

accordance with the reviewers’ comments. 

Editorial comments: 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the 

submitted revision may be present in the published version. We thoroughly proofread the manuscript 

the best we can. 

2. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, 

F.I. Article Title. Source. Volume (Issue), FirstPage – LastPage, doi: DOI (YEAR).] For more than 6 authors, 

list only the first author then et al.  We have made these changes in the manuscript. As an extra note, 

we originally used the Endnote JoVE reference style provided on the JoVE instruction for authors 

website. However, this style must not be updated or incorrect. Instead, we changed these by hand.  

3. Please abbreviate all journal titles. We have made these changes in manuscript. 

4. Please include volume, issue numbers, and DOIs for all references. We have made these changes in 

the manuscript. 

5. Please define all abbreviations before use: FUDr, etc. We have made these changes in the manuscript. 

6. For in-text formatting, corresponding reference numbers should appear as numbered superscripts 

after the appropriate statement(s). We have made these changes in the manuscript. 

7. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.). We 

have made many changes to answer this issue. However, we find that it is nearly impossible to keep the 

entire manuscript text in a passive voice, and we want to avoid switching between active and passive 

voices. In terms of this, we have not used any personal pronouns in the Protocols section. However, we 

found that the writing the discussion without an active voice was awkward and decided to maintain 

some of the personal pronouns here. 

8. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., 

how is the step performed? Alternatively, add references to published material specifying how to 

perform the protocol action. Specific details were also requested by the reviewers. We have made those 

changes in the manuscript. We have added extra references to the protocol.  

Rebuttal Comments Click here to download Rebuttal Comments 2016 Lee JoVE
revision rebuttal letter.docx

http://www.editorialmanager.com/jove/download.aspx?id=523817&guid=1f38164a-cf90-46b6-8dab-bf997fd6348c&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=523817&guid=1f38164a-cf90-46b6-8dab-bf997fd6348c&scheme=1


9. 1.1: 1 L of each solution? We have clarified this in the manuscript. 

10. Please provide a figure legend for the supplemental movie. We have added a figure legend in the 

text. 

 

11. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit 

permission can be expressed in the form of a letter from the editor or a link to the editorial policy that 

allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. 

The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from 

[citation].” We have uploaded a file that contains the links to the editorial policy and cited this 

appropriately in the figure legend. 

12. Formatting: 

-Please format references according to JoVE style and include DOI where available. Please also cite 

references using superscript numbers. We have made these changes in the manuscript. 

-Please define abbreviations at first occurrence (ie LB). We have made these changes in the manuscript. 

-Please include spaces between numbers and units. We have made these changes in the manuscript. 

-Please use a dash rather than ~ to indicate a range (see 2.4 note as an example). We have made these 

changes in the manuscript. 

13. Grammar: 

-4.6.1 – Please use imperative tense or convert to a note. We have converted this to a note. 

-5.3 – “NGT-3B” We have made this change. 

-Line 284 – Should be “bacterial growth” We have made this change. 

14. Results: 

-Figure 3c needs a scale bar. We have added a scale bar to the figure. 

-Please provide a legend for the supplemental movie. We have made this change 

15. Discussion: Please discuss the critical steps of the method. We have added a paragraph in the 

discussion mentioning the critical steps. 

 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

The authors present a new method to culture Caenorhabditis elegans in a 3D culture to determine how 

a 3d environment affects worm physiology and behavior. The paper is generally well written and easy to 



understand and certainly interesting for the worm community. There are a few details that need to be 

taken care off to ensure that other labs are able to reproduce their results. 

Major Concerns:: 

none 

 

Minor Concerns: 

*95: 0.85% NaCl solution: Any specific reason on why to indicate the NaCL solution in % and not in 

molarity like for all the other salts? We have changed the NaCl solution to molarity.  

*101: what solvent is used for cholesterol? Purified EtOh is not a commonly used term to describe 

ethanol quality. Why is the cholesterol sterlized by a 0.45uM syringe. Et-OH is a desinfectant that is 

already sterile. Unless Et-OH is less than 40%? Please clarify. The cholesterol was dissolved in 99.99% 

ethanol, and we have changed the text to reflect that. Filter sterilization of a solution containing alcohol 

is a standard procedure to make sure a solution is completely sterile. It also can remove any undissolved 

solid cholesterol, and we have changed the text to reflect that.  

*113: how long have the bacteria to be cultured, 20 min, 12 h , one day, until saturation? Please specify 

The bacteria is cultured overnight, and we have changed the text to reflect that. 

*146-148: General comment: Whenever a stock is added during the preparation of a solution, please 

indicate the final concentrations of each of the components, CaCl2, cholesterol, MgSO4 etc. This will 

avoid errors. We have changed the text and added the final concentrations.  

*150: Same as 146: what will the final FUDR concentration be? We have changed the text and added the 

final concentration of FuDR (120 µM). 

*General comment: Many Salts used in this protocol are available in multiple forms, for example 

containing some water (3*H2O). To avoid confusion it would help if the authors also indicate the 

molecular weight of each salt to make sure which form is used. We have added the molecular weights in 

the materials template table.  

*157: Please specify the culture chambers sizes (X ml...) in case other researches have no access to the 

plates/flasks indicated in the table below. We have added the sizes to the material template table. 

*250: please indicate for how many animals the brood was analyzed for each case (Fig 2B). We have 

added the sample sizes in the figure legend.  

*Are the dioxyvaleicin expressing OP50 available from CGC? It the plasmid available from addgene? If 

not please state that. The strain is not yet available in the CGC, nor is the plasmid available from 

Addgene. We are in process of publishing a separate story using this strain, and will deposit it upon 

completion. For now, it is available upon request, and we added this into the “Results” text. 

Additional Comments to Authors: 

N/A 



 

Reviewer #2: 

Manuscript Summary: 

This manuscript describes a simple method of growing C. elegans in a 3D space, which will better mimic 

the natural environment. 

 

Major Concerns: 

None 

 

Minor Concerns: 

1. Is contamination or drying out not worrisome to use 1 week old NGT-3D media after grwoing bacterial 

for 1 week? This is an excellent question. We routinely use NGT-3D and NGB-3D that are from 1 to 1 

month old, and have not had problems with drying out, so long as they are closed with a secure cap. We 

have added a paragraph pertaining to this and storage in the  “Results” section. 

2. Is it better to recommend using agarose instead of agar to enhance the imaging quality in the NGB-3D 

media? We have not tried using agarose, and in our experience the granulated agar was clear enough to 

image the worms, particularly if they were closer to the surface. But this is an excellent suggestion and 

we added a sentence in the discussion pertaining to this.   

3. Is there any easy way to transfer live worms from an old media to another new one? At this point the 

answer is “No”. This is why we cannot assess the actual brood size over the reproductive lifetime of the 

animal, and must use a “relative brood size assay”. 

 

Additional Comments to Authors: 

N/A 

 

Reviewer #3: 

Manuscript Summary: 

This manuscript describes three-dimensional cultivation system to study C. elegans biology. Two 

methods, called NGT-3D and NGB-3D, provide three-dimensional habitat of C. elegans for study of 

fitness or behavior. Authors showed consistency in survival rate in 3D and 2D conditions. They also 

showed an image of a worm in the 3D condition. 

 



Major Concerns: 

Major concern of this manuscript is that it lacks description for an advantage of 3D cultivation. Since the 

representative data shows consistency with 2D cultivation without obvious difference, merits of NGT-3D 

are missing. Natural condition itself is not convincing if the results are same as the conventional 

methods. We appreciate this excellent comment here, and fully agree that cultivation in 3D should have 

merits for the worm for scientific study. The data, however, that is presented here and in our previous 

paper (Lee et al., Biol Open, 2016) was performed with the specific purpose to identify control 

conditions in 3D cultivation from which novel studies (eg. developmental, physiologal, behavioral) can 

use as a basic platform. We show more specifically in our previous paper that maximal reproductive and 

developmental conditions can be reached with increased bacterial availability, both in 2D NGM and 3D 

NGT-3D, and these are the conditions we suggest for worm cultivation in NGT-3D and NGB-3D here. 

The other concern is that lack of the description for the behavioral assay with NGB-3D. Description for 

microscopic condition, types of behavior, and behavioral difference between proposing method and 

conventional methods are missing. Another excellent point that we appreciate. Our personal interest in 

3D cultivation is from a behavioral standpoint, and behavioral studies using NGT-3D and NGB-3D are 

currently occurring in our lab. Our reason for publishing this protocols paper is to provide a platform for 

other research groups to investigate questions of development, physiology and behavior. We do show in 

our previous paper that a sensory mutant that can reproduce normally in 2D conditions cannot 

reproduce in NGT-3D likely due to an inability to find the bacteria in a complex environment. A previous 

study also showed that there are locomotory behavioral changes in 3D. We have addressed this 

question by adding these references to the “Discussion” section.  

Finally, relationship between this manuscript and the previous paper is not clear. Most of the contents 

of this paper are same as the authors' previous paper Lee et al. 2016. Although authors cited the paper, 

descriptions of the cited results are not mentioned properly. I understand that JoVE's unique style allow 

publication of the previously published methods. However, in that case, authors should clarify the 

description for what was reported before, and advantages of the describing method. Instead of the 

claim for the novelty, authors should properly describe previous works and provide what was missed in 

the previous paper. We appreciate the comment here. We have added correct references to the 

previous paper, and changed the text in several places to highlight the data from the previous paper. In 

addition, this paper describes a new method, NGB-3D, to image behaviors in real time, and describes in 

video and text how other scientists can easily cultivate C. elegans in 3D. 

 

Minor Concerns: 

not consistent in line 39 and 57 

"seminal discoveries in biology over the last two decades" 

"seminal discoveries in the field of biology over the last five decades" We have clarified this and edited 

the text properly 

Additional Comments to Authors: 



N/A 

 

 

Reviewer #4: 

Manuscript Summary: 

The manuscript submitted by Tong Young Lee and co-workers describes a new three-dimensional 

cultivation technique for C. elegans, a model system widely used in different disciplines of Biology. In 

general, the manuscript is well-written and of interest for a broader scientific field. 

 

Major Concerns: 

none 

 

Minor Concerns: 

l. 38: Why is Drosophila mentioned? We have edited the text and removed the Drosophila reference. 

l. 124: Is the dilution correct? 1 mL of a E. coli culture with OD 1 should be about 10 exp.9 bacteria. A 

dilution of 109 bacteria to 10-6 to 10-7 should result in bacterial colonies in the 100s, which is our goal for 

cultivating worms in 3D.  

References: C. elegans should be written in italics We have made this change. 

 

Additional Comments to Authors: 

N/A 

 

Reviewer #5: 

Manuscript Summary: 

The authors present a novel method of Caenorhabditis elegans growth in a three-dimensional space as 

opposed to the two-dimensional plate setup that is traditionally used in nematode laboratories. When 

bacterial colonies were adequate, nematode growth, development, and fertility in 3D environments 

were comparable to standard 2D growth plates. This technique offers researchers the ability to observe 

phenotypic properties of nematodes in an environment that more accurately reflects natural nematode 

habitats. The protocol was detailed and could be followed by other researchers. 



I believe this protocol is useful to the C. elegans field because this new cultivation strategy might 

broaden our understanding of natural C. elegans behavior. However, a few clarification points are 

necessary. 

 

Major Concerns: 

1. The authors just tried the laboratory-adapted strain N2, which is abnormal for nematode physiology 

and behavior. Specifically, N2 animals interact with food and bacteria in an abnormal way with respect 

to oxygen concentration. It would be useful to know if this method works with natural C. elegans strains 

who normally interact with food at low oxygen concentrations. Do they respond better or worse to 3D 

culturing conditions? This is a very astute comment. For this study, we have only focused on N2, so 

other researchers can replicate our conditions for their experiments in 3D. Yes, wild strains may be 

better adapted to reside in 3D conditions where oxygen concentrations are lower. To somewhat satisfy 

your curiosity, our experiments using Hawaiian strain C. elegans and npr-1 mutants are ongoing, but on 

the level of brood size and growth we do not observe many differences.  

2. How many independent biological replicates, technical replicates, and number of worms were 

assayed for Figure 1B and Figure 1C? The error is awfully small, likely because it is standard error. I 

would recommend showing the data as a box plot with points plotted underneath. Bar plots hide data 

from the researcher. The statistics can be improved to tell us whether there is a robust difference. For 

example, show the data as box plots, report t-tests with p-values (or your favorite non-parametric test), 

and fit a model to deal with assay-to-assay variability. We appreciate your comments here. Your careful 

analysis of the data presented here is correct, and more specific data will be helpful. We have added 

sample size numbers to the figure legends here. In addition, our previous paper (Lee et al, Biol Open, 

2016) shows several scatterplot analyses of the full set of data points that the reviewer should find more 

satisfying. We curtailed the data in this paper to only the necessary figures.  

3. The clarity and quality of microscope imaging with this strategy seems to be a point of concern. It was 

stated that the researchers attempted to solve this issue by placing bacteria on the surface of the media, 

but this seems identical to experiments using the 2D plate strategy and does not offer the benefits of a 

3D cultivation strategy. The imaging issue may need further troubleshooting, and the image in Fig. 2C is 

blurry. We agree that imaging is a major concern. In the text we offered advice in increasing the clarity 

by choosing NGB-3D where the bacterial colonies had grown close to the surface rather than deeper in 

the agar. However the colonies were still embedded in the agar and not exposed to the surface. We 

apologize for the confusion and have clarified this in the text. A new and clearer image for 2C was 

provided from the same video. However, providing a 3D image is not possible from our part. 

4. In step 3.6 of the protocol, "Add the 6 mL diluted bacterial culture from step 1…" is unclear. A 6 mL 

culture was not mentioned in step 1. Thank you, this was an error on our part. We have corrected this to 

refer the 6 ml culture back to the correct step. 

5. The dilutions used in the tubes pictured in Fig. 1A should be explicitly stated. We have added the 

dilutions into the figure. 



6. Line 287 discusses how shorter and longer growth times do not affect worm growth or fertility, but 

data to back up this point are not presented. They need to be. To this end, we have added a section in 

the results pertaining to storage conditions discussing this issue. However, we have not collected any 

specific data on this.  

 

Minor Concerns: 

1. Liquid culture has also been used as a 3D matrix to cultivate worms. Therefore line 271, "this is the 

first protocol that allows cultivation of worms in 3D" should be changed to "… cultivation of worms in a 

solid 3D matrix. We have modified the text to reflect this. 

2. Line 274, "Although NGT-3D and [NGB-3D] have some differences to the standard 2D NGM pates, 

they are nearly identical to this original method…" needs clarification. How can they be different and 

nearly identical? We clarified this in the text. 

3. Change the word choice in line 230, "adult C. elegans hermaphrodites in NGT-3D breed just as well…" 

to "reproduce" instead of "breed". If this sentence is discussing the fertility, hermaphrodites are not 

being bred. However, if the mating behavior of males and hermaphrodites is the focus, clarify how the 

mating behavior was assayed. We have modified the text to “reproduce” to reflect this. 

4. "NGB-3D" was called "NGT-3B" in many places. Please fix the acronym. Lines 214, 261, 272, 27. We 

have modified the text to reflect this. 

5. Line 318, "confer reproductive fitness to the animal…" should be "confer fitness advantages". We 

have modified the text to reflect this. 

6. Introduce the full term for NGT-3D in line 47. We have modified the text to reflect this. 

7. Introduce the full term for NGB-3D in line 49. We have modified the text to reflect this. 

8. Line 39 "culture" should be "cultivate". We have modified the text to reflect this. 

9. Line 60 "single" should be "whole". We have modified the text to reflect this. 

10. Line 61 "looking further to" should be "looking to further". We have modified the text to reflect this. 

11. Line 66 "in their natural habitats" should be "in natural nematode habitats". We have modified the 

text to reflect this. 

12. Line 72, add abbreviation "three-dimensional (3D)". We have modified the text to reflect this. 

13. Line 73, change to "environments to which worms are exposed in the laboratory." We have modified 

the text to reflect this. 

14. Line 78, add comma after "development". We have modified the text to reflect this. 

15. Line 79, change "with" to "to". We have modified the text to reflect this. 

16. Line 88, add comma after "NGB-3D". We have modified the text to reflect this. 



17. Line 120, add sentence "Pipet 1 mL of diluted bacterial culture into new tube with 9 mL of NaCl" to 

clarify the serial dilution protocol. We have modified the text to reflect this. 

18. Line 204, word choice of "relative brood size" is incorrect. This is not a "relative" estimate, this is a 

proxy for brood size. I believe that calling it brood size and then being explicit about what is measured is 

fine. This is an excellent point. However, since we termed this “relative” brood size in our previous 

paper, we wanted to keep this consistent to prevent any confusion. I wish you had reviewed our 

previous paper.  

19. Line 215, specify if one should place the worm on the agar or the plastic of the bottle. We have 

specified this in the text for the worm to be placed on the agar. 

20. Line 230, "relative" brood size word choice. Addressed above in 18. 

21. Line 247, "easily imaged" is incorrect given the difficulty of the imaging discussed later. We have 

modified the text to reflect this. 

22. Line 251, change "with" to "to". We have modified the text to reflect this. 

23. Line 252, clarify "several dilutions" with specific concentrations. We have modified the text to reflect 

this. 

24. Line 252, "relative" brood size word choice. Addressed above. 

25. Line 270, change "more reflects" to "more accurately reflects". We have modified the text to reflect 

this. 

26. Line 278, delete ", big or small,". We have modified the text to reflect this. 

27. Line 279, change "allows" to "allow". We have modified the text to reflect this. 

28. Line 297, delete "Instead," We have modified the text to reflect this. 

29. Line 316, delete "less or more". We have modified the text to reflect this. 

30. Figure 1B axis, "relative" brood size word choice. Addressed above in 18. 

31. Line 232, what is considered a "plentiful" amount of bacterial colonies? We have specified the 

number of colonies as more than 60 as plentiful. 

32. Line 38, melanogaster should be italicized. This was deleted 

33. Line 39, Only two decades of discovery? Several Nobel Prizes have been awarded for research after 

1996. Please edit this sentence. We have modified the text to reflect this. 

34. Line 50, it should be clear that the authors are not studying ecology at all. Please remove that 

wording. We have modified the text to reflect this. 

35. Line 63, Choi et al. is not alone for considering ecology and evolution at the genetic level in C. 

elegans. The authors should reference the long history of QTL mapping (Gaertner et al.) and population 



genetics (The work of Cutter, Andersen, and Rockman labs). Thank you for helping us here. We have 

added these appropriate references. 

36. Line 71, Braendle and Felix is a better more up-to-date reference. We have added this reference. 

37. Throughout the text, the authors should avoid "worms" as a term. It is fine within a small 

community, but a broad readership might think about annelids. I would argue that “worms” is an 

appropriate term even for the broader readership, much like “flies” and “monkeys” are general terms 

but in the context is appropriate.  

38. Line 102, remove the comma from "cholesterol, and" We have modified the text to reflect this. 

39. Line 235, remove the comma from ", and larval" We have modified the text to reflect this. 

40. Line 120, needs to say NaCl solution We have modified the text to reflect this. 

41. Line 238, needs a comma to make the preposition easier to understand. We have modified the text 

to reflect this. 

42. Throughout the text, et al. should be italics with al. containing a period. The references have been 

changed to a number.  

43. Spacing in the table is not correct. We edited the table. 

44. The manuscript contains a random page at the end entitled, "Comments/Description". Please 

remove. This must be from the journal editors as we do not see this page in our manuscript. 

45. The Oxford comma helps to better understand lists. I suggest the authors use it throughout the 

manuscript. I would agree the serial comma is better (as I learned it this way originally). However, I’ve 

had comments and edits in writings and manuscripts that have removed my serial commas. After years 

of this, I have adopted the non-serial comma as the majority of scientific writers seemed to have gone in 

this direction. I think I’ll leave it this way, because I’ll likely have another reviewer to say to change it. I 

apologize to you, reviewer 5. But thank you for the comments! 

 



This piece of the submission is being sent via mail. 
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