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The nematode (worm) Caenor habditiselegans
wasthefirg multicellular organismto haveitsgenome,
or complete DNA sequence, sequenced by human
beings. The sequencing project for C. eleganswas
completedin 1998 and entail ed the examination and
processing of 19,000 genes, or atotal of 97 Mb of
data. Thetask of sequencing the complete genome
of an organism is a daunting challenge, one only
surpassed by thestill greater project of determining
the function of each gene. But through the use of
reverse genetics on the genome sequence of C.
elegans, researchers can systematically determine
what thefunction of each geneis. Reversegenetics
involvesdeducing how ageneworksby examiningits
DNA sequence and deducing the function, or lack
thereof, of itsmutant counterpart.

Eventually biologistswill determinethefunction of
each gene in C. elegans. Since many organisms
contain similar genes with similar functions, this
information can be applied to other organismswhich
will hep makethefunctiond andyssof other genomes
easier and faster.

Totakeon the overwhelming task of thefunctiona
analysis of the C. elegans genome, the “Gene
Knockout Consortium” wascreated?. Itiscurrently
an international collaboration between three labs
whosemandateisto* producenull dldesof dl known
genesinthe C. degansgenome’2, which meansthey
plan to find these null aleles by “knocking out”
(rendering inactive) ageneof interest inan atempt to
determineitsfunction. Thethreelabsinvolvedinthe
C. degans GeneKnockout Consortiuminclude:

DonMoerman’slab at the University of
BritishColumbia

Robert Barstead' slab from the Oklahoma
Medica Research Foundation

Shohel Mitani’slab at the Tokyo Women's
Medical University School of Medicine

The consortiumwelcomesany submissionson C.
elegans knockout genes. They provide the
appropriate strain of C. elegansto other labs that
may want to participate. By doingthis, the consortium
isoffering other |abs both the opportunity and the
materiasfor further research, whilegathering alist of
all theknockout genesbeing created.

Knockout genesaretraditiondly obtainedusinga
techniquecaled chemicad mutageness, wheremutants
arecreated by exposing thegeneto chemicalsor UV
light 2. Nested PCR (polymerase chain reaction)
methodsarethen used to determinewhether adeletion
hasoccurredinthedesiredregion. If it has, thenan
effective knockout hasbeen created. Thewormwill
then betaken for further study. Thismethod, usedin
two of the consortium labs, hasbeen avery popular
technique. But recently, anew method called RNA
interference (RNAI) has become even more
widespread among molecular biologists. RNAI is
done by injecting double stranded RNA with the
desired knockout sequenceinto theworm genome®.
Thisproducesadysfunctiona mutant wormsincethe
injected RNA bindstoitsnorma, homologousmRNA
whileitisexitingfromthenudeus renderingitinactive,
whichinturn stops protein synthesisintiated by the
origina, functional gene. Thereare advantagesand
disadvantagesto both methods. Currently the RNAI
methodisgrowingin popularity.
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Figurel. Chemical Mutagenesisof Caenorhabditiselegans.

Chemical Mutagenesis

Chemical Mutagenesisof C. elegansisobtained
by first treating the wormswith either EM S (ethyl
methane-sulphonate) or TMP/UV (trimethylpsoralen
withUV irradiation). EM Shasan averagemutation
frequency of 5x10 mutations per gene, or achance
of onein 10 000 genes becoming mutated. 13% of
those mutations are deletions. TMP/UV has an
average mutation frequency of 3x 10° mutations per
gene, or oddsof onein 33 333. 50% of themutations
areddetions.

The worms that are treated are usually
hermaphroditesat theadult or young adult sage. After
they have been mutagenized, the worms will be
cultured in aplate with agar and bacteriaasafood
source. These mutagenized worms (also called the
PO generation) areleft onthe plateto lay eggs (each
will usudly lay gpproximately 75eggs). They arethen
washed away, and their eggs are harvested to be
growninto F1worms. TheF1wormsarethenfurther
plated at 500 worms a plate. These plates are
harvested again and theeggsare onceagain plated to
yield F2worms. TheF2wormsareallowed to lay
eggsand onceagainthe platesare harvestedtoyield
F3worms. 25% of the adult F3 worms from each

plate are then loaded onto an array for PCR. The
other 75% of thewormsare kept in an incubator at
low temperatureto dow their growth®.

To ensurethat mutagenesishas occurred, ascreen
maly be set up to spot for known mutant phenotypes
inPO. For example, itisknown that deletion of the
unc-22 genewill produceaworm with the phenotype
of twitching. Sinceunc-22isalargegene, thechance
that mutagenesiswill occur inthat geneishigh. If
after screening, no twitching phenotypes were
observed then mutagenesis may not have been
successful. Moerman’slab advisesthat at least half
of their observed platescontain thisphenotypebefore
they goforward with harvesting theworms®.

Thisprocedure may vary fromlab tolab but the
genera outlineisthesame. Thewormsare cultured
up tothe F3 generation beforethey areused for PCR.
Somelabsmay freezethe platesof unused F3worms
instead of incubating them. Unlessthereis great
confidencethat therecovery of frozenwormswill be
successtul, thisisusualy not done?.

In order to determine whether a deletion in a
particular gene hasoccurred intheworm, nested PCR
isperformed. Theprimersfor the PCR should flank
theregion of thetarget gene. Multiple setsof primers
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may beused a the sametimefor different target genes.
PCRisthen performed on eachwell of thearray. The
PCR product isthen run on agel to determineif a
deletion hasoccurred. A DNA band that weighsless
than thetarget genewill indicatethat adeletion has
occurred’.

After locatingwhichwell of thearray hasade etion,
the corresponding plate of worms can be harvested
and the F3plate of 500 worms can now be divided
into 100 platesof 5worms. Each plate can then be
put through PCR again to pinpoint which worm has
thedeletion. Thisisdoneuntil the deletion can be
attributed to oneworm®,

After the worm with the particular deletion is
identified, researchers may want to sequence the
deleted geneto determinewhich region wasdel eted.
The mutant phenotype for the deletion will be
recorded. Many C. elegans knockout sequences
have been obtained through thismethod.

RNAI

RNA interference (RNAI) isamethod that was
discovered afew yearsagothat caninhibit aparticular
gene sfunction by effectivey Sopping proteinsynthesis
at the mRNA level. The double stranded RNA
(dsRNA) usedto bindtotheworm’smRNA should
match the sequence of the genefor which youwant
toinhibit function. dsRNA isddiveredintotheworm
either by injection, feeding or soaking. dsRNA can
be synthesized fromacDNA library. The presence
of dsRNA dramatically decreases the amount of
corresponding mMRNA being phenotypically
expressed®.

Only asmall amount of dsSRNA isrequiredforitto
work. It was found that a dilution of about two
moleculesof dsRNA per cdll il inducedinterference?.
Thissuggeststhat there may be acatalytic effect at
work sincetwo molecules per cell intuitively seems
fartoolow todirectly interferewith cell activity. Itis
known that RNAi will only work if dSRNA codesfor
exons, which are sequences of DNA that code for
proteinsynthesis. If dSRNA coded for introns(which
do not codefor proteins) then the mutant phenotype
will not appear®. Thisindicatesthat RNAi worksat a
posttranscriptional level. Theeffectsof dsSRNA will
also appear inthe next generation. Thismay be due

tothepresenceof dsSRNA ingermlinecellsor reduced
maternad mRNA intheembryo’. The mechanism of
precisaly how RNAI worksisgtill unclear.

RNAI was used recently in several large-scale
analysiseffortsof C. elegansknockouts. RNAI was
also used in the analysis of chromosomes in C.
elegans®. Thiswasaccomplished by using dsRNA
on all the known genes in a chromosome. For
example, Sugimoto used 2479 genes from cDNA
clonesand prepared dsRNA from each gene®. Worms
were then soaked in the dsRNA solution for a
particular gene. They then logged the phenotype of
al thewormsand found that 675 genesshow avisible
mutant phenotype. Other groupsfollowed similar
procedures but narrowed their focus to a specific
chromosome. By doing soitispossibleto determine
how many genesinthewholeC. e egansgenomewill
display amutated phenotype after RNAI treatment.

RNA. can asoreveal valuableinformation about
thechromosomal arrangement of genes. For example,
from Sugimoto’s paper it was found that on the X
chromosome of theworm only 16.4% of the genes
showed mutationswhen RNA interference occurs’.
Thissuggeststhat the X chromosome may havean
unusually high number of introns, sncethereissucha
low phenotypic expression of mutation. An
evolutionary explanation proposed by Maedaisthat
if the X chromosomeheld many essentia genesthen
C. elegans males, which only possess one sex
chromosome (X O), would be especially vulnerable
tolethd genetic dysfunctionssincethey do not possess
an extra X chromosome as a back up, as do
hermaphroditic C. elegansworms.

RNAI can & so be used to discover the existence
and function of suppressor genes. By usingaworm
with both agenetic mutation and anormal phenotype,
a suppressor gene for the mutated gene can be
determined by subjecting themutated wormto RNA..
Any worm that subsequently exhibits a mutant
phenotypeafter treatment may be demonstrating that
adefect in asuppressor geneisin effect. Although
thismay tekealonger timeto perform, new automation
RNAI techniqueswill eventually makethisprocess
easer.
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Chemical mutagenesisvs. RNAI

Theintroduction of RNAI allowed scientiststo
analyse post-genomic sequencing dataquickly and
easily, relativetotraditional chemical mutagenesis.
Preparation for RNAI isaso much simpler and less
time-consuming than the preparation for chemical
mutagenesis. Althoughit may beeasier for large-scde
analysisand for performing knockouts, therearea
few key features of RNAI that are disadvantageous
to the researcher, depending on the purpose of the
experiment.

RNAIi inhibits gene functions at the
posttranscriptiona level whilechemica mutagenesis
inhibitsgenefunctionsat thegenomiclevel. Because
of this, RNAI hastheability toinhibit mMRNA that the
worm hastakenfromitsmother. Thisdoesnot happen
inchemica mutagenes sbecauseeventhoughthegene
itself isdisabled, theremay still beresidua materna
MRNA intheembryo or offspring that will enablethe
organismto function normally. Therefore, itisnot
aurprising if RNAi sometimesproducesamoresevere
mutant phenotypethan chemical mutagenesis.

Chemica mutagenes sissomewhat flawed because
itismuch moredifficult to determineif agenehasa
lethal mutation. Itisharder to detect the presence of
alethal mutation because there may not be enough
wormsonwhichto perform PCR, since the mutant
frequency for any mutagenesi stechniqueisquitelow.
Repeated attemptsto get the samelethal mutantsis
very difficult since mutationisrandom. Itismuch
easier in RNAI to determinewhich geneiscausing
lethal mutations. Itisaso possbletocombine RNAI
and chemical mutagenesis together to determine
whether maternal MRNA is reducing the worm’s
disability, or even avertingitsdeath. For example, if a
worm exhibitsanormal phenotype after creating a
deletion in agene using chemica mutagenes's, even
though it hasaletha phenotypewhen thesamegene
isinterfered by RNAI, thismay indicatethat maternal
MRNA may berescuing theworm.

Specificity isvery important in reverse genetics
sinceyou are starting work fromthe genotypicto the
phenotypiclevel. RNAI dlowsresearcherstheluxury
of picking which gene they want to inhibit and it
producesquick results. Since chemica mutagenesis

iscompletely random, extensive screening procedures
must bein placeto pick out the desired mutants.

With RNAI, it iseasier to carry out categorical
analysis of genes because of its specificity. For
exampleit ismuch faster to put wormsthrough an
RNAI analysisand then count the different kinds of
phenotypes. And sincethegenethat isbeinginhibited
isadwaysknown, itiseasier tomakealist of acertain
typesof mutants(i.e. alist of germlinemutants).

Oneof theshortfalsof RNAI isthatitispossible
to ‘ cross-interfere’ with similar and related genes’.
Thus producing phenotypic mutationsthat may not
beduesolely totheinterference of oneparticular gene.
This can now be avoided because the genome has
been fully sequenced. Itispossibleto makedsRNA
using only unique RNA regionsof thegene. Itisaso
possiblefor RNAI tofocuson specifictissues. Thisis
because RNAI cannot spread to other parts of the
body. Whileit can enter other cells, therearecertain
limitson how far RNAI can spread. Itisasopossible
for somecell typesto expressresistancein RNAI °.

Chemica mutagenesistill hasdistinct advantages
over RNAI becauseit mutatesat thegenomiclevel,
therefore geneinteractions can only be studied with
chemical mutagenesis. RNAI is able to ssimplify
functional analysisof C. elegans. Itisfaster and more
precise. With the possible automation of thismethod
inthefuture, large-scale anaysiswill becomemuch
lesstime-consuming.
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