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Abstract

In transgenic research, selection markers have greatly facilitated the generation of trans-
genic animals. A prerequisite for a suitable selection marker to be used along with a test
gene of interest is that the marker should not affect the phenotype of interest in transformed
animals. One of the most common selection markers used in C. elegans transgenic
approaches is the rol-6 co-injection marker, which induces a behavioral roller phenotype
due to a cuticle defect but is not known to have other side effects. However, we found that
the rol-6 co-injection marker can cause expression of GFP in the test sequence in a male-
specific interneuron called CP09. We found that the rol-6 gene sequence included in the
marker plasmid is responsible for this unwanted expression. Accordingly, the use of the rol-
6 co-injection marker is not recommended when researchers intend to examine precise
expression or perform functional studies especially targeting male C. elegans neurons. The
rol-6 sequence region we identified can be used to drive a specific expression in CP09 neu-
ron for future research.

Introduction

Efficient transgenic techniques are used in various model systems to detect gene expression
and assess genetic function. In the nematode Caenorhabditis elegans, for example, gene expres-
sion can be monitored using transgenic worms generated by a simple, gonadal microinjection
of a plasmid that drives GFP expression under the control of a promoter for a gene of interest
[1]. During the course of the DNA transformation procedure, one easy way to select trans-
formed animals is by using easily-detected co-injection markers. In C. elegans, several co-injec-
tion markers are commonly used, which include visible fluorescent markers (e.g. ttx-3p::GFP,
myo-2p::mCherry) [2, 3] and rescuing markers that restore lethal or non-lethal phenotypes
(e.g. pha-1, unc-119, dpy-5) [4-6]. One type of dominant selectable marker, rol-6(su1006), is
widely used, because it shows a dominant roller phenotype that is easily observed and can be
used in a wild type background [7, 8].

A prerequisite for the use of co-injection markers is that the phenotype induced by the co-
injection marker must not interfere with expression or scoring of the gene being tested. In this
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study, we report that the widely-used rol-6 marker unexpectedly activates the test gene in a
male interneuron called CP09 in C. elegans. This unwanted expression could potentially result
in misidentification of cell types in a gene expression study as well as affect the results of func-
tional studies that utilize r0l-6 as a co-injection marker.

Results and discussion

During the course of experiments to determine the tissue-specific expression pattern of 10
putative synaptic genes in C. elegans, we generated transgenic worms with promoter::GFP test
genes using rol-6(su1006) as a co-injection marker (for information on the genes and the pro-
moter fragments assayed, see S1 Table). We noticed that in eight out of 10 transgenic lines,
GFP was expressed in the CP09 neuron among other diverse neurons [9]. CP09 is a male-spe-
cific interneuron located in the pre-anal ganglion of the male tail that forms chemical and elec-
trical synapses with many other male-specific or sex-shared neurons (Fig 1). Male C. elegans
have 10 CP ventral cord neurons (CP00~CP09) [10]. The CP neurons are believed to have sim-
ilar properties due to a similar developmental origin, in which all CPs are generated from Pn.
aapp cells, but some CP neurons are reported to use different neurotransmitters [10-13].
Interestingly, out of the eight transgenic lines showing CP09 expression, four of the transgenes
were expressed in most or many neurons (i.e. many CP neurons), but the other four were
expressed exclusively in CP09 among the 10 CP neurons. Therefore, we suspected that the
CP09 expression may be an expression artifact.

It is widely known that GFP reporters driven by diverse promoters often show artificial
fluorescence in posterior gut cells, in several muscle cells, and even in one neuron called PVT
[15, 16]. One potential cause of these artifacts was suggested to be an effect of the unc-54 3
UTR, which is attached to the GFP coding sequence in most C. elegans vectors [16]. To test
whether the unc-54 3' UTR can also cause expression in CP09, we replaced the unc-54 3' UTR

A C. elegans male tail

Fig 1. The CP09 neuron in C. elegans. (A) Schematic of the position of cell body and axon of CP09 in the pre-anal
ganglion of the C. elegans male tail. Reprinted from [14] under a CC BY license, with permission from WormAtlas
(https://www.wormatlas.org/), original copyright 2019. (B) A skeleton map of CP09. Dots indicate presynapses (pink),
postsynapses (purple), and gap junctions (blue). Information of individual synapses is accessible at WormWiring
(http://wormwiring.org/).

https://doi.org/10.1371/journal.pone.0224533.g001
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with the let-858 3’ UTR in a promoter::GFP fusion for one of the test genes that showed exclu-
sive expression in CP09 among the 10 CP neurons (T19A6.4 gene). When transgenic animals
were generated by microinjection of the T19A6.4p::GFP::let-858 3’ UTR fusion along with the
rol-6 co-injection marker, they still showed CP09 expression, suggesting that at least for this
gene factors other than the unc-54 3 UTR are likely involved in the generation of the CP09
signal.

The second possibility was that the rol-6 co-injection marker used in the microinjection
procedure caused the expression in CP09. To test this idea, we injected an empty GFP vector
(pPD95.75), which contains no promoter for the GFP coding sequence, together with the rol-6
co-injection marker (pRF4). The resulting transgenic animal showed a robust GFP expression
in CP09 (Fig 2A). However, when the empty GFP vector was injected with another co-injec-
tion marker ttx-3p::GFP (expressed in AIY neuron in the head), the CP09 signal was not
observed (Fig 2B). Thus, the rol-6 co-injection marker itself can promote transcription in the
CPO09 neuron.

Homologous recombination between co-injected DNA molecules contributes to the forma-
tion of stable extrachromosomal arrays [8]. Most C. elegans vectors have a backbone based on
the pUC19 plasmid, and thus have high sequence similarities that are potentially utilized for
homologous recombination during extrachromosomal arrays formation. For example, the
pRF4 and pPD95.75 plasmids share ~2.5 kb sequences that include the E.coli ampicilin

A GFP vector + pRF4

Fig 2. The rol-6 co-injection marker causes an expressional artifact in CP09. GFP expression in the male tail of
transgenic worms injected with an empty GFP vector (pPD95.75) along with rol-6(su1006) plasmid (pRF4) (A) or ttx-
3p::GFP plasmid (B). Exclusive CP09 expression was observed in seven out of 12 independent transgenic lines injected
with GFP vector + pRF4 (7/12), whereas no CP09 expression was observed in 10 independent lines with GFP vector +
ttx-3p::GEP (0/10). Asterisks indicate autofluorescence in the spicule. Scale bar, 20 pm.

https://doi.org/10.1371/journal.pone.0224533.g002
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A Minimum homology with GFP constructs (40bp)
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Fig 3. The rol-6 fragment of pRF4 is responsible for CP09 expression. (A) Schematic of cloning procedure to
identify a region of pRF4 plasmid responsible for CP09 expression. Either rol-6 or vector fragment was subcloned into
the empty GFP vector pPD95.75 and the resulting plasmids were injected to generate transgenic worms. (B) CP09
expression was observed in all 12 independent transgenic lines injected with rol-6 fragment::GFP (12/12), whereas no
CP09 expression was observed in nine independent lines with vector fragment::GFP (0/9). (C) Proposed model of
homologous recombination between pRF4 plasmid and GFP constructs.

https://doi.org/10.1371/journal.pone.0224533.9003

resistance gene and origin of replication. We also found a 40 bp homology shared between the
pRF4 plasmid and GFP constructs generated by promoter::GFP fusion PCR, which constitutes
the multiple cloning site of the vectors (minimum homology with GFP constructs) (Fig 3A).
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The minimum homology sequence is located upstream of the GFP coding region of pPD95.75
and included in most promoter::GFP fusion constructs, as this inclusion ensures that an artifi-
cial intron is placed in front of the GFP sequence for efficient reporter gene expression [16].
The full sequence information of pRF4 is available in S1 Text. (Although pRF4 has been used
widely in the C. elegans research community, the accurate pRF4 sequence, to our knowledge,
is not yet available in public.)

To find a region responsible for CP09 expression, we divided the pRF4 plasmid except for
the minimum homology region into two fragments, namely “rol-6” and “vector” fragments, and
cloned these into the empty GFP vector pPD95.75 (Fig 3A). When the rol-6 fragment::GFP was
injected, the resulting transgenic animal showed a robust GFP expression in CP09 (Fig 3B).
However, we could not observe any GFP expression in CP09 when the vector fragment::GFP
was used for injection (Fig 3B). Therefore, it is likely that when a GFP construct is injected
together with the rol-6 co-injection marker pRF4, the rol-6 fragment fused to GFP by homolo-
gous recombination generates unwanted transcription and GFP expression in CP09 (Fig 3C).

Our results raise an obvious problem in using the rol-6 co-injection marker for gene expres-
sion or functional studies especially on the C. elegans male, as this marker can induce
unwanted expression in the male CP09 neuron. The rol-6 fragment of pRF4 likely contains a
driver sequence that triggers CP09 expression. For expression studies using the rol-6 co-injec-
tion marker, any CP09 expression needs to be double-checked by using another type of co-
injection marker. For functional studies, it should be determined whether the use of the rol-6
marker affected interpretation of the results. For example, techniques called GRASP (GFP
reconstitution across synaptic partners) and iBLINC (in vivo biotin labelling of intercellular
contacts) have been developed to visualize synapses formed between specific pairs of neurons
that are defined by cell-specific drivers [17, 18]. Since CP09 has many synaptic connections
with other male-specific and sex-shared neurons (see Fig 1), artifactual expression in CP09 can
potentially generate additional synapse signal when using GRASP or iBLINC. We recommend
not using the rol-6 marker if studies are designed to examine gene expression or function in
the male tail of C. elegans.

To avoid the unwanted CP09 expression, homologous recombination between the rol-6 co-
injection marker and any expression constructs may be minimized by reducing their sequence
homologies. For example, fusion PCR-based promoter::GFP constructs share a minimum 40
bp homology with the pRF4 plasmid. If a promoter::GFP construct is designed to omit the
homologous sequences, it may be possible to suppress CP09 expression caused by the rol-6 co-
injection marker. However, it will be difficult to test this idea using plasmid-based GFP con-
structs, as most C. elegans plasmids share a backbone and usually have a high sequence homol-
ogy [16].

Cell-specific promotors or drivers are invaluable tools for transgenic research, because they
allow us to confine gene expression to subsets of cells or even to a specific cell. Several such
drivers have been identified and used extensively in the C. elegans community [19]. In this
study, we identified that the rol-6 fragment of pRF4 drives expression in the male-specific
CP09 neuron. This sequence can be used as a CP09-specific driver for future research.

Materials and methods
C. elegans maintenance

CB4088 him-5(e1490) worms were used as the wild-type reference strain to generate worm
populations containing large numbers of males. Worms were grown at 20°C on standard nem-
atode growth media (NGM) plates with OP50 E. coli as a food source and maintained accord-
ing to standard methods [20].
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Transgenic strains and molecular cloning

To obtain transgenic worms, plasmids or fusion PCR products [21] were injected into him-5
(e1490) worms at ~50 ng/ pl with co-injection marker pRF4 (rol-6(su1006)) or ttx-3p::GFP at
50 ng/ pl.

T19A6.4p::GFP::let-858 3' UTR fusion was obtained by a PCR-fusion method [21].
T19A6.4p was PCR-amplified from N2 worms as described previously [9] and then fused to
GFP::let-858 3' UTR amplified from pPD135.02 vector (a gift from Andrew Fire) to generate
T19A6.4p::GFP:let-858 3' UTR PCR fragment.

To generate rol-6 fragment::GFP, the rol-6 fragment (4,065 bp) was PCR-amplified from
pRF4 with restriction sites of Sphl and Xmal (primer F: 5'- AAAGGCATGC ttatcatcttcggtttt-
gataaa-3" and primer R: 5'- AACCCCGGG gtattcaaagcaggagaagc-3”). This PCR product was
digested and ligated into Sphl/Xmal-digested pPD95.75 vector.

To generate vector fragment::GFP, the vector fragment (3,144 bp) was PCR-amplified from
pRF4 with restriction sites of Sphl and Xmal (primer F: 5" - GGGGGCATGC gccctatagt
gagtcgtatt-3~ and primer R: 5" - AACCCCGGG tttgttccctttagtgaggg-37).
This PCR product was digested and ligated into Sphl/Xmal-digested pPD95.75 vector.

Microscopy

Worms were prepared and imaged as described previously [22]. Briefly, 1-day-old males were
mounted on 5% agar pads on glass slides using 10~50 mM sodium azide. Worms were
observed with fluorescence microscopy (Zeiss Axio Imager.Z2) or confocal microscopy
(Nikon Eclipse Ti). Images were processed using AxioVision (Zeiss) or NIS-Elements (Nikon).
Figures were prepared using Image] software.

Supporting information

S1 Table. Promoter::GFP test genes and the fragments assayed for CP09 expression.
(DOCX)

S1 Text. pRF4 sequence (7,271 bp).
(DOCX)

Acknowledgments

We would like to thank Dr. David Hall for permission to use the CP09 image from WormA-
tlas. Some strains were provided by the CGC, which is funded by NIH Office of Research
Infrastructure Programs (P40 OD010440). This work was supported by the National
Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT)
(2018R1C1B5043569) (to BK) and by the United States National Institutes of Health
(ROIMH112689) (to SE).

Author Contributions

Conceptualization: Scott W. Emmons, Byunghyuk Kim.
Formal analysis: HoYong Jin, Byunghyuk Kim.

Funding acquisition: Scott W. Emmons, Byunghyuk Kim.
Supervision: Scott W. Emmons, Byunghyuk Kim.
Validation: HoYong Jin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224533 December 4,2019 6/8


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224533.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224533.s002
https://doi.org/10.1371/journal.pone.0224533

@ PLOS|ONE

Co-injection marker-induced artifactual expression

Visualization: HoYong Jin, Byunghyuk Kim.

Writing - original draft: Byunghyuk Kim.

Writing - review & editing: Scott W. Emmons, Byunghyuk Kim.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC. Green fluorescent protein as a marker for gene
expression. Science. 1994; 263: 802—-805. https://doi.org/10.1126/science.8303295 PMID: 8303295

Altun-Gultekin Z, Andachi Y, Tsalik EL, Pilgrim D, Kohara Y, Hobert O. A regulatory cascade of three
homeobox genes, ceh-10, ttx-3and ceh-23, controls cell fate specification of a defined interneuron
classin C. elegans. Development. 2001; 128: 1951-1969. PMID: 11493519

Frakjaer-Jensen C, Davis MW, Hopkins CE, Newman BJ, Thummel JM, Olesen SP, Grunnet M, Jor-
gensen EM. Single-copy insertion of transgenes in Caenorhabditis elegans. Nat Genet. 2008; 40:
1375-1383. https://doi.org/10.1038/ng.248 PMID: 18953339

Granato M, Schnabel H, Schnabel R. pha-1, a selectable marker for gene transfer in C. elegans.
Nucleic Acids Res. 1994; 22: 1762—-1763. https://doi.org/10.1093/nar/22.9.1762 PMID: 8202383

Praitis V, Casey E, Collar D, Austin J. Creation of low-copy integrated transgenic lines in Caenorhabditis
elegans. Genetics. 2001; 157: 1217-1226. PMID: 11238406

Thacker C, Sheps JA, Rose AM. Caenorhabditis elegans dpy-5is a cuticle procollagen processed by a
proprotein convertase. Cell Mol Life Sci. 2006; 63: 1193—1204. https://doi.org/10.1007/s00018-006-
6012-z PMID: 16649143

Kramer JM, French RP, Park EC, Johnson JJ. The Caenorhabditis elegans rol-6 gene, which interacts
with the sqt-1 collagen gene to determine organismal morphology, encodes a collagen. Mol Cell Biol.
1990; 10: 2081-2089. https://doi.org/10.1128/mcb.10.5.2081 PMID: 1970117

Mello CC, Kramer JM, Stinchcomb D, Ambros V. Efficient gene transfer in C.elegans: extrachromo-
somal maintenance and integration of transforming sequences. EMBO J. 1991; 10: 3959-3970. PMID:
1935914

Kim B, Suo B, Emmons SW. Gene Function Prediction Based on Developmental Transcriptomes of the
Two Sexes in C. elegans. Cell Rep. 2016; 17: 917-928. https://doi.org/10.1016/j.celrep.2016.09.051
PMID: 27732864

Sulston JE, Albertson DG, Thomson JN. The Caenorhabditis elegans male: postembryonic develop-
ment of nongonadal structures. Dev Biol. 1980; 78: 542-576. https://doi.org/10.1016/0012-1606(80)
90352-8 PMID: 7409314

Loer CM, Kenyon CJ. Serotonin-deficient mutants and male mating behavior in the nematode Caenor-
habditis elegans. J Neurosci. 1993; 13: 5407-5417. https://doi.org/10.1523/JNEUROSCI.13-12-
05407.1993 PMID: 8254383

Barrios A, Ghosh R, Fang C, Emmons SW, Barr MM. PDF-1 neuropeptide signaling modulates a neural
circuit for mate-searching behavior in C. elegans. Nat Neurosci. 2012; 15: 1675-1682. https://doi.org/
10.1038/nn.3253 PMID: 23143519

Serrano-Saiz E, Pereira L, Gendrel M, Aghayeva U, Bhattacharya A, Howell K, Garcia LR, Hobert O. A
Neurotransmitter Atlas of the Caenorhabditis elegans Male Nervous System Reveals Sexually Dimor-

phic Neurotransmitter Usage. Genetics. 2017; 206: 1251-1269. https://doi.org/10.1534/genetics.117.

202127 PMID: 28684604

Altun ZF, Herndon LA, Wolkow CA, Crocker C, Lints R, Hall DH. WormAtlas, ed. 2002—-2019; http://
www.wormatlas.org

Ruvinsky I, Ruvkun G. Functional tests of enhancer conservation between distantly related species.
Development. 2003; 130: 5133-5142. https://doi.org/10.1242/dev.00711 PMID: 12944426

Boulin T, Etchberger JF, Hobert O. Reporter gene fusions. WormBook, ed. The C. elegans Research
Community, WormBook. 2006; https://doi.org/10.1895/wormbook.1.106.1, http://www.wormbook.org.
PMID: 18050449

Feinberg EH, Vanhoven MK, Bendesky A, Wang G, Fetter RD, Shen K, Bargmann Cl. GFP Reconstitu-
tion Across Synaptic Partners (GRASP) defines cell contacts and synapses in living nervous systems.
Neuron. 2008; 57: 353-363. hitps://doi.org/10.1016/j.neuron.2007.11.030 PMID: 18255029

Desbois M, Cook SJ, Emmons SW, Billow HE. Directional Trans-Synaptic Labeling of Specific Neuro-
nal Connections in Live Animals. Genetics. 2015; 200: 697-705. https://doi.org/10.1534/genetics.115.
177006 PMID: 25917682

PLOS ONE | https://doi.org/10.1371/journal.pone.0224533 December 4,2019 7/8


https://doi.org/10.1126/science.8303295
http://www.ncbi.nlm.nih.gov/pubmed/8303295
http://www.ncbi.nlm.nih.gov/pubmed/11493519
https://doi.org/10.1038/ng.248
http://www.ncbi.nlm.nih.gov/pubmed/18953339
https://doi.org/10.1093/nar/22.9.1762
http://www.ncbi.nlm.nih.gov/pubmed/8202383
http://www.ncbi.nlm.nih.gov/pubmed/11238406
https://doi.org/10.1007/s00018-006-6012-z
https://doi.org/10.1007/s00018-006-6012-z
http://www.ncbi.nlm.nih.gov/pubmed/16649143
https://doi.org/10.1128/mcb.10.5.2081
http://www.ncbi.nlm.nih.gov/pubmed/1970117
http://www.ncbi.nlm.nih.gov/pubmed/1935914
https://doi.org/10.1016/j.celrep.2016.09.051
http://www.ncbi.nlm.nih.gov/pubmed/27732864
https://doi.org/10.1016/0012-1606(80)90352-8
https://doi.org/10.1016/0012-1606(80)90352-8
http://www.ncbi.nlm.nih.gov/pubmed/7409314
https://doi.org/10.1523/JNEUROSCI.13-12-05407.1993
https://doi.org/10.1523/JNEUROSCI.13-12-05407.1993
http://www.ncbi.nlm.nih.gov/pubmed/8254383
https://doi.org/10.1038/nn.3253
https://doi.org/10.1038/nn.3253
http://www.ncbi.nlm.nih.gov/pubmed/23143519
https://doi.org/10.1534/genetics.117.202127
https://doi.org/10.1534/genetics.117.202127
http://www.ncbi.nlm.nih.gov/pubmed/28684604
http://www.wormatlas.org
http://www.wormatlas.org
https://doi.org/10.1242/dev.00711
http://www.ncbi.nlm.nih.gov/pubmed/12944426
https://doi.org/10.1895/wormbook.1.106.1
http://www.wormbook.org
http://www.ncbi.nlm.nih.gov/pubmed/18050449
https://doi.org/10.1016/j.neuron.2007.11.030
http://www.ncbi.nlm.nih.gov/pubmed/18255029
https://doi.org/10.1534/genetics.115.177006
https://doi.org/10.1534/genetics.115.177006
http://www.ncbi.nlm.nih.gov/pubmed/25917682
https://doi.org/10.1371/journal.pone.0224533

@ PLOS|ONE

Co-injection marker-induced artifactual expression

19.

20.
21.

22,

Okkema PG, Krause M. Transcriptional regulation. WormBook, ed. The C. elegans Research Commu-
nity, WormBook. 2005; https://doi.org/10.1895/wormbook.1.45.1, http://www.wormbook.org. PMID:
18050428

Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974; 77: 71-94. PMID: 4366476

Hobert O. PCR fusion-based approach to create reporter gene constructs for expression analysis in
transgenic C. elegans. Biotechniques. 2002; 32: 728-730. https://doi.org/10.2144/02324bm01 PMID:
11962590

Kim B, Emmons SW. Multiple conserved cell adhesion protein interactions mediate neural wiring of a
sensory circuit in C. elegans. Elife. 2017; 6. pii: €29257.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224533 December 4,2019 8/8


https://doi.org/10.1895/wormbook.1.45.1
http://www.wormbook.org
http://www.ncbi.nlm.nih.gov/pubmed/18050428
http://www.ncbi.nlm.nih.gov/pubmed/4366476
https://doi.org/10.2144/02324bm01
http://www.ncbi.nlm.nih.gov/pubmed/11962590
https://doi.org/10.1371/journal.pone.0224533

