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differ notably in a number of respects including their mating behaviors and relative sensitivities to RNAi
(Tijsternman et al., 2002).

The term SNP is a bit of a misnomer. Although many of the sequence variations between N2 and CB4856 are
indeed single-nucleotide changes (for example from an A to a G), small deletions or insertions are also very
common. What is experimentally most relevant, however, is whether or not these polymorphisms affect the
recognition site for an endonuclease. SNPs that result in restriction-fragment length polymorphisms (RFLPs; also
called snip SNPs) are easier to work with, as digestion by enzymes is much more rapid and inexpensive than
sending off samples for sequencing. Also, it generally doesn't matter whether it's the N2 or CB4856 DNA that is
cleavable (however, also seeSection 4), just so long as the digestion patterns of the two isolates are clearly
distinguishable.

2. The SNP databases

There are currently twoC. elegansSNP databases accessible via the internet:http://genome.wustl.edu/
genome/celegans/celegans_snp.cgiand http://genome.ucsc.edu/cgi-bin/hgTables?org=C.+elegans&db=ce4&hgsid=
109019391&hgta_doMainPage=1.

The first was developed >5 years ago and contains only apartial listing of the many polymorphisms that exist
between N2 and CB4856. Despite being incomplete, this database employs a straightforward interface and, for
initial mapping purposes, is likely to be sufficient for most users. The newer database contains information that is
somewhat more preliminary and the site is currently under development. However, since this database has been
assembled using the complete sequence of CB4856, this site listsmany more candidate SNPs than the original
database. At present, the newer database may be best suited for finer mapping such as that commonly encountered in
the later stages of 3-point SNP mapping or for determining endpoints using 2-point methods (described inSection
5). Both databases are described in some detail below.

The original C. elegansSNP database can be accessed at:http://genome.wustl.edu/genome/celegans/
celegans_snp.cgi. Despite having only incomplete genome coverage, this resource provides a very useful inventory
of many SNPs for the strains N2 and CB4856. This database is organized according to the physical map by
chromosomes, chromosomal subsegments, and cosmids. For example, at the top of sequence Segment 9 on
Chromosome X (click ‘Chromosome X Polymorphisms’ at the bottom of the page, then click ‘9’, or go to
http://genome.wustl.edu/genome/celegans/chromX_layout.htmlthen click on ‘9’), you will find the SNP
B0403:33022 S=CT. This means the polymorphism is on cosmidB0403at nucleotide position 33,022 and that the
two strains differ in having either a C or T at this position. SNPs listed in red lettering have presumably been
experimentally confirmed, whereas SNPs listed in white lettering are as yet unconfirmed. In fact, our lab has had at
least one bad experience with a “confirmed” SNP, thusit is essential to make sure that any SNP you work with
behaves as expected in your own hands.

Clicking on the red letters ofB0403:33022 S=CT, we bring up an additional window that shows the actual
sequences surrounding the SNP in black lettering (usually~500 bp upstream and downstream) as well as the SNP
itself in red lettering [C/T]. This designation indicates that N2 contains a C at this position whereas CB4856
contains a T. Also, if it is an RFLP-type SNP, the top of this page will show predicted digestion sites for the
displayed DNA sequence from N2 and CB4856 (listed here as “HA” for Hawaiian), using one or more enzymes.
Looking at this, we notice that in the CB4856 background the presence of the T results in the sequence AGATCT,
which is the recognition site for the restriction enzymeBglII. This enzyme cuts once in this segment of the CB4856
sequence and not at all in N2. Thus if we were to amplify this region from N2 and CB4856 worms using PCR and
cut the PCR product with BglII, CB4856 would produce a doublet of about 500 bp each, whereas N2 would run as a
single band of 1,000 bp. The other enzymes listed as distinguishing this polymorphism (e.g.,MnlI and MboI)
although technically correct, are not of much practical use, as they cut many times in both N2 and CB4856
sequences. Therefore, discerning these two largely identical digestion patterns (using a standard agarose gel) would
be difficult or impossible.

Moving down to the unconfirmed SNP just belowB0403, we find C36B7:21571 S=CT. The presence of a C
in N2, and an A in CB4856, leads to the creation of a new site for the enzymeApoI (consensus RAATTY; where R
is an A or G and Y is a C or T. For a complete listing of abbreviations, see the back of the NEB catalog). Here we
see that ApoI cuts five times in strain CB4856 (59, 405, 500, 638, 648). Directly above this, we see that the N2
digest is listed as “none”.Beware: this does not mean that CB4856 cuts five times with ApoI and not at all in N2!In
fact, N2 cuts four times with ApoI (59, 405, 638, 648), just not at the middle position where the actual SNP is
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located (500). This is obviously misleading. By “none”, they just mean that the polymorphism results in no new
enzyme sites that specifically cut the N2 sequence. Another thing to be aware of is that for non-palindromic sites, it
may be the bottom (non-scripted) strand of DNA that is relevant.

Because many of the listed SNPs are not experimentally confirmed, the question arises: how many SNPs are
actually real and is it possible to intuitively distinguish the real ones from the false ones? (The false ones are simply
due to errors in the single sequencing reads of CB4856). For all non-confirmed SNPs, a probability index (Psnp) is
given at the top of the page that contains the sequence information. ForC36B7:21571, the Psnp is 0.9427, meaning
that there is supposedly a 94% chance that the SNP is real based on the quality of the read. For a non-confirmed
SNP, this is as good as it gets. In contrast, it is our experience that SNPs with Psnp indices below 0.5 are invariably
bogus. Also note that non-confirmed nucleotide substitutions can now be cross referenced using the newer SNP
database, described below. In addition to low-scoring substitutions, SNPs that result in single base-pair deletions or
insertions within a run of repetitive nucleotides (e.g., A

7
versus A

8
) are often suspect. Although some of these may

turn out to be real, common sense dictates that sequencing errors are more likely to occur when attempting to
distinguish between these sorts of differences than when comparing sequences such as ATG and ACG. Thus, you
will want to use some discretion in your true/false predictions beyond the Psnp index. Of course, you will always
want to substantiate any unconfirmed SNP before attempting any significant mapping exercises, no matter what the
probability index or your intuition tells you.

The second, more recently developed database, can be accessed at:http://genome.ucsc.edu/cgi-bin/
hgTables?org=C.+elegans&db=ce4&hgsid=109019391&hgta_doMainPage=1.

The primary advantage to this database is that, as mentioned above, it is based on the complete sequence of
CB4856, and thus in theory should identify all known SNPs. However, as of this writing, the database identifies
only nucleotide substitutions, but not small deletions and insertions. Given that this latter class comprises a
substantial proportion of the differences between N2 and CB4856, this database is currently incomplete; the site
developers are aware of this deficiency and a fix should be available in the near future.

From the page accessed by the above link, under the pulldown menus for the “group” and “track” inputs,
select “Custom Tracks” and “cb4856_snps”, respectively. Use the defaults for all other categories. Under the
“region” heading, select “position” and enter a specific chromosomal nucleotide location range, e.g.,
chrIV:500000-550000. Note that specific nucleotide numbers corresponding to any region of interest can be
obtained fromWormbase. For example, entering the cosmidC32F10on Wormbase and carrying out a “clone”
search “ reveals the genomic location of this comsid to be “1:5,804,218…5,834,319”, which would be entered into
the position box on the SNP site as chrI:5804218-5834319.

For the output section, several formats are available. For example “All fields from selected table” tabulates the
changes and positions of the SNPs for that region. This output also provides a score of 40–63 for each SNP, where
higher numbers indicate greater reliability. On average the database contains a false positive rate of~5%. Also very
useful is the “sequence” option. This takes you to new page where you can enter the number of nucleotides on either
side of the SNP that you would like displayed. For example, entering “50” into both the upstream and downstream
boxes and clicking on “get sequence” will produce a list of SNPs, each displaying 101 nucleotide sequences (50 bp
per line). In this case, the location of the actual SNP will be at position 51, or the first nucleotide on the second line.
Note that the sequence displayed is always the N2 sequence, however, the specific change is indicated above the
sequence. Thus, C/T would indicate that the nucleotide at position 51 is a “C” in N2 and a “T” in CB4856. These
types of sequences can then be readily pasted into standard DNA analysis software to detect changes in RFLP
patterns.

SNPs can also be accessed directly throughWormBase, although somewhat less information is currently
provided than the SNP-specific websites. To view these, simply go to your region of interest using the WormBase
genome browser and select a reasonably-sized region (e.g., 20 kbp) for viewing under the “Scroll/Zoom” pulldown
menu. Next, check the “SNPs” box towards the bottom of the page under “Variation Tracks” and click “Update
Image”. This will display the predicted SNPs in the region as green or yellow diamonds, indicating RFLP and
non-RFLP SNPs, respectively. In addition, SNPs that have been validated by additional sequencing or RFLP
analysis are indicated. Clicking on the diamonds or adjacent text brings you to a new page where you have the
option of viewing an expanded region (500 bp) surrounding the SNP. Alternatively, you can access SNPs through
WormBase via:http://www.wormbase.org/db/searches/strains. Enter landmarks as directed and select “None” under
the top Loci heading, “SNPs” under the middle option, and “All” under the bottom SNPs heading to view all
verified and predicted SNPs in the region. Note that WormBase does not currently include reliability scores for
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predicted SNPs and there are no options for viewing different amounts of surrounding sequences or for identifying
relevant restriction endonucleases. Nevertheless, the graphical interface is very straightforward and highly useful for
visualizing the locations of SNPs within a small region.

With the consortium's sequencing of CB4856 and the expected future improvements of the databases,
individual investigator's efforts to detect novel SNPs through sequencing relevant regions of CB4856 will likely be
unnecessary in the very near future. Nevertheless, this can be accomplished by amplifying random intergenic
sequences in one's region of interest from CB4856. In the past, we have usually amplified an~1,600-bp region from
CB4856 and used two internal sequencing primers. More often than not, one will find at least a single difference
within a region of this size.

3. Using different types of SNPs

An assessment of any SNP requires that the chromosomal region containing the polymorphism be amplified
from worm genomic DNA (see below SNP PCR procedure). For confirmed SNPs from the original database,
suggested primer sequences for amplification are indicated at the top of the window that contains the DNA sequence
as well as by lower-case letters within the sequence text itself. These may often be a wise choice, although you will
want to ultimately pick your primer sites based on two criteria: 1) the sites should enable you to make a clear
distinction between N2 and CB4856 sequences, and 2) the primers should not anneal to other sites within theC.
elegansgenome. For the former concern, keep in mind that it is easier to distinguish the difference between one 800-
and two 400-bp bands than one 400- and two 200-bp bands. This is because the smaller the bands get, the harder it
may be to resolve subtle differences, and also the more likely that these bands will be partially obscured by the fuzzy
(primer) bands that run near the bottom of many gels. Thus although it might be marginally easier to amplify the
400-bp band, the clouded interpretation will negate any positive benefits. In addition, it is extremely prudent to carry
out a BLAST search on any primer that you intend to use prior to ordering. In the case that you uncover many
perfect or near-perfect matches to the primer elsewhere in the genome (particularly to the 3¢-most 15 or so
nucleotides), go back to the drawing board and find another sequence that won't be as likely to give you high
backgrounds.

Non-RFLP SNPs, although obviously harder to use than RFLP SNPs, can nevertheless be invaluable tools.
This is particularly true once one has significantly narrowed down the genetic region containing the mutation of
interest. At this point, you will have probably whittled down your informative recombinants to a workable number.
Thus, any sequencing efforts will be less arduous and less expensive. Note that when testing non-RFLP SNPs by
sequencing, always use an internal sequencing primer (not one of the outer primers used for amplifying the DNA),
and place the 3¢end of the primer at least 50 base pairs away from the SNP site to avoid messy or ambiguous reads.
In addition to sequencing, we have tested the use of the Surveyor(r) mutation detection kit from Transgenomic (tip
of the hat to E. Haag). The detection method exploits the production of a small bubble of single-stranded DNA in
re-annealed hybrids of N2 and CB4856 DNAs that contain sequence variations. A nuclease that recognizes the DNA
distortion then cleaves both strands, which can be detected on a gel. Although this method is not nearly as
straightforward as a restriction enzyme digest, it may avoid the time and expense of sending out PCR products for
sequencing and could ultimately make non-RFLP SNPs more attractive to use.

4. Two-point mapping with SNPs

For all standard SNP mapping, you will want to generate and maintain a stock of CB4856 males. The males
are then crossed into your mutant strain to generate heterozygous cross progeny that are allowed to self, leading to
the regeneration of your homozygous mutant. In certain situations (such as for mapping suppressors and enhancers),
you may want to generate versions of your mutant strains that have been extensively outcrossed to CB4856, and
then use males from these stocks instead of CB4856 (also see other chapters).Figure 1shows one basic scheme for
2-point SNP mapping. Just as in 2-point genetic mapping, the closer your mutation lies to the given SNP being
tested, the less likely that a homozygous mutant will harbor a CB4856 allele of that polymorphism, and the more
likely that there will be a significant over-representation of N2 homozygous loci among mutant animals. In fact, if
the SNP you are testing lies very close to your mutation, you may observe nearly 100% of mutant animals to be
homozygous for the N2 locus at that SNP.
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Figure 1.

In the event that your mutation lies on the far arm of a chromosome, linkage can still be reliably detected
using a central SNP. For example, if the mutation and SNP are separated by 25 map units,~56% of homozygous
mutant animals should be homozygous N2 for the SNP (38% will be N2/CB and 6% CB/CB). In the case that your
mutation is unlinked from the SNP being tested, homozygous mutants will segregate N2/N2: N2/CB : CB/CB
animals in the standard 1:2:1 ratio. Thus 75% of the homozygous mutant animals will be either N2/CB (50%) or
CB/CB (25%), whereas only 25% will be N2/N2. For additional details on calculating predicted percentages based
on genetic distance seeTwo-point mapping with genetic markers.

One helpful tactic when mapping viable homozygous mutants is to use CB4856-specific cutters as SNPs
whenever possible.The reason for this has to do with making the interpretation of data from animals that are
potentially a mixture of N2 and CB4856 (50% in the case of non-linkage) as unambiguous as possible. Namely, if
you were to use an N2-specific cutter and observed a small amount of residual uncut PCR product on your gel (as
well as bands indicating cleavage), you might conclude that the uncut DNA demonstrates the presence of some
CB4856 DNA at that locus in that isolated strain. Thus, the re-isolated mutant strain would be scored as a mixture of
N2 and CB4856 (N2/CB). However, cleavage by restriction enzymes can be variable and is often incomplete, and
therefore you couldn't be certain that the residual uncut band was due to the presence of non-cleavable (CB4856)
DNA or simply the result of an incomplete digest or possibly even a weak coincident background band from the
PCR. Contrast this with using a CB4856-specific cutter: in this situation, the appearance of even a small amount of
cut DNA of the correct sizes would strongly support the presence of some CB4856 DNA at that locus. Of course, it
is also true that homozygous CB4856 DNA may not cut to completion either. However, the distinction between
N2/CB and CB/CB classes of strains is far less critical than recognizing strains that are truly homozygous for N2.
Thus, the assignment of N2 homozygous and N2-non-homozygous isolates is much cleaner when using
CB4856-specific cutters in this scenario.

The above logic may, however, be reversed when mapping homozygous nonviable mutants such as those that
result in embryonic or larval lethality. In this situation, you obviously won't have the option of propagating a
homozygous mutant strain. In theory, one could carry out PCR on individual arrested larvae or embryos, however,
this can be technically challenging and won't provide you with stable strains for the purpose of any further mapping
refinements (see below). An alternative scheme is shown inFigure 2.
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