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ABSTRACT

The dpy-14 region of chromosome I in the nematode

Caenorhabditis elegans has been well characterized both

physically and genetically. Lethal alleles of 15 essential

genes, including dpy-14(e188ts), have been mapped near to or

within the interval defined by unc-87 and the transposon

insertion site dimorphism sPl. Much is known about the

physical organization of this region, but the number and

position of genetic loci have not been determined. The

intent of this study was to refine a system for serial

cosmid rescue of lethal mutations in the chromosome I gene

cluster, starting with essential genes within or near the

0.05 map unit unc-87-sP1 interval. Germ line transformation

with cosmid clones containing C. elegans genomic DNA was

used to generate stable transformants that carried heritable

extrachromosomal arrays composed of exogenous DNA. The

usefulness of these arrays as genetic mapping tools was

explored in this study. Germ line stability of heritable

arrays was examined. The arrays were found to be lost from

oocytes four- to seven-fold more frequently than in

hermaphroditic sperm. However, the arrays were transmitted

frequently enough to make it possible to cross them into

different genetic backgrounds. Males heterozygous for

lethal alleles were mated with hermaphrodites that carried

heritable extrachromosomal arrays to perform complementation
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analysis.^A total of 14 genes, including dpy-14,^were

tested individually against a set of five overlapping cosmid

clones that span the entire interval and contain

approximately 90 kilobase pairs (kb) of DNA. Five of these

genes were positioned by complementation with cosmid clones,

producing an alignment between the genetic and physical maps

with a resolution of approximately one gene per 18 kb of DNA

or 100 genes per map unit. Listed in left to right order,

let-398, let-394, let-534, dpy-14 and let-545, were assigned

to cosmid clones.
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INTRODUCTION

The term essential gene refers to a genetic locus

defined by one or more lethal mutations. By definition,

such genes are required to ensure the normal growth,

development, and reproduction of an organism. Some

eukaryotic genomes are understood in part with respect to

DNA sequence but less is known about the nature of

organization at the level of gene order and position on the

chromosome. A striking example of higher-order genome

organization is the Drosophila Bithorax complex (reviewed in

Beachy 1990) The left-right order of this group of homeotic

genes on the chromosome corresponds to their spatial

expression pattern on the anterior-posterior axis of the

developing embryo. Clustering of homeotic genes has also

been observed in C. elegans (Kenyon and Wang 1991). Lethal

mutations in essential genes have been used to examine

genome organization in regions of Drosophila chromosomes,

such as the areas surrounding the zeste-white (Judd et al.

1972) and rosy (Hilliker et al. 1980) loci. Many essential

genes in Caenorhabditis elegans have also been identified by

lethal mutations (Herman 1978; Meneely and Herman 1979,

1981; Rose and Baillie 1980; Rogalski et al. 1982; Sigurdson

et al. 1984; Rogalski and Baillie 1985; Howell et al. 1987;

Clark et al. 1988; Rosenbluth et al. 1988; Rogalski and

Riddle 1988; Howell and Rose 1990; McDowall 1990; Johnsen

and Baillie 1991; McKim et al. 1992). In the regions of the
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C. elegans genome examined thus far, recessive lethal mutant

alleles have been recovered for 80-90% of genes that can be

mutated to recognizable phenotypes.

The dpy-14 region

The gene dpy-14 lies in the middle of the central gene

cluster of chromosome I. It is represented by a single

mutant allele, el88ts, which causes lethality at 25°C,

abnormal body morphology at 20°C, and no overt phenotype at

15°C (Rose 1980). The phenotype at 20°C is no more severe

when balanced by the deficiency hDf8, which deletes the dpy-

14 locus (Starr 1989, A M Rose pers. comm.) and is restored

to wild-type in the presence of dpy-14(+) duplications.

These observations and the lethality e188 at 25°C support

the argument that the knock-out phenotype is lethal,

defining dpy-14 as an essential gene. There are 14 other

essential genes identified by one or more recessive lethal

alleles that map very near to this locus.

The dpy-14 region was mapped physically using sP1, a

transposon insertion site dimorphism between the C. elegans

varieties Bristol (N2) and Bergerac (BO), which maps very

near to the dpy-14 locus (Rose et al. 1982). The region was

subsequently anchored to the physical map of cosmid and YAC

clones of C. elegans genomic DNA (Coulson et al. 1986; 1988;

1991) by additional dimorphism mapping (Starr et al. 1989)

and localization of the right breakpoint of the chromosomal

deficiency hDf8 (McKim et al. 1992). dpy-14 is within the
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unc-87-sP1 interval. The size of this interval is

approximately 0.05 map units (Edgley and Riddle 1990). unc-

87 has been mapped to the cosmid clone KO1B11 (S. Goetinck,

pers. comm.), and sP1 is within T21G5 (Starr, et al. 1989).

The work described in this thesis addresses the question of

how many essential genes can be physically assigned to the

unc-87 to sP1 interval.

The C. elegans physical map

Most of the genome is represented in the physical map,

which is composed of numerous contiguous arrays (contigs) of

cosmid and YAC clones (Coulson et al. 1986, 1988, 1991).

Most of these contigs have been anchored to the genetic map

by cloned genes, transposon insertion site dimorphisms and

breakpoints of chromosome rearrangements. The number of

gaps between contigs is continually being reduced, bringing

the long term goal of complete closure of contigs anchored

to the six chromosomes present in the C. elegans genome

closer to realization. The region of chromosome I studied

in this work is entirely represented in overlapping cosmid

clones containing 30-40 kb inserts of genomic DNA. The

ordering and positioning of these clones was performed as

reported in Coulson et al. (1986).
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Essential genes in the chromosome I gene cluster

Several regions of the genome that are balanced by

crossover suppressors have been studied with regard to

essential genes (Herman 1978; Meneely and Herman 1979, 1981;

Rose and Baillie 1980; Rogalski et al. 1982; Sigurdson et

al. 1984; Rogalski and Baillie 1985; Howell et al. 1987;

Clark et al. 1988; Rosenbluth et al. 1988; Rogalski and

Riddle 1988; Howell and Rose 1990; McDowall 1990; Johnsen

and Baillie 1991; McKim et al. 1992). The identification of

essential genes in these regions has facilitated the

construction of detailed genetic maps, which are the first

step in the elucidation of genome organization. Many

essential genes on the left arm of chromosome I have been

identified, and most have been positioned on the genetic map

using free duplications or deletions (Howell et al. 1987;

Howell and Rose 1990; McDowall 1990; McKim et al. 1992; AM

Rose, unpublished results). The 15 essential genes

discussed in this thesis lie between dpy-5 and unc-13,

inside of the deletion hDf8 and have been mapped near unc-87

(McKim et al. 1992). The resolution of the dpy-14 region

achieved in this study could not have been accomplished

without the excellent map data that was generated by others

in previous studies of the chromosome I gene cluster.
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Germ line transformation of C. elegans

Origins of C. elegans transgenesis

Germ line transformation in the worm has been used

extensively to position genes on the physical map by

complementation of mutant alleles using clones of wild-type

DNA. Transformation has been accomplished by injecting

buffered DNA solution into the nuclei of mature oocytes

(Fire et al 1986) or into the distal arm of the

hermaphrodite gonad (Kimble et al. 1982; Stinchcomb et al.

1985; Mello et al. 1991). Injection into mature oocyte

nuclei is extremely laborious. However, of all

transformants isolated, approximately half pass the

transforming sequences on to their progeny. Injection into

the syncytium of the distal gonad arm is technically less

difficult and produces considerably more transformants per

injected worm. (Stinchcomb et al. 1985; Mello et al. 1991).

The level of heritable transformation (approximately 10%)

using this method was only a fifth that of oocyte injections

but was counteracted by the large numbers of transformants

generated. The high frequency of transformation and the

ease with which it can be accomplished has made

microinjection into the distal arm of the gonad the method

of choice. Injected DNA is usually maintained as large

extrachromosomal arrays, with occasional insertion into

endogenous chromosomes (Stinchcomb et al. 1985; Fire et al.

1986; Mello et al. 1991). The inclusion of the marker
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plasmid pRF4, which contains the dominant selectable marker

rol-6(sul006), in the array provided a simple and convenient

method to identify and maintain transformants (Mello et al.

1991).

Cosmid rescue of lethal alleles

The approach used in this study was to generate

transgenic strains carrying heritable extrachromosomal

arrays using a modification of the method described by Mello

et al. (1991). Germ line transformation has been used for

direct rescue of a group of tightly linked lethal mutations

by microinjection into hermaphrodites heterozygous for the

allele to be tested (Clark et al. 1992). Our goal was to

use cosmid clones in the form of extrachromosomal arrays in

an efficient manner by testing the same array for rescue of

mutations in a number of different genes. Inclusion of the

dominant selectable marker rol-6(sul006) made it possible to

follow the array genetically. We examined the stability of

the arrays in the hermaphrodite germ line to determine

whether they were suitable for genetic experiments designed

to resolve a region containing a group of tightly linked,

unordered essential genes. Transgenic hermaphrodites that

carried heritable extrachromosomal arrays were mated with

males heterozygous for lethal mutations to perform

complementation analysis. A complementation matrix of 14

essential genes crossed to five transgenic strains showed
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rescue of let-398, let-394, dpy-14, let-534 and let-545, an

average of one gene per cosmid clone tested.
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MATERIALS AND METHODS

Resources used in this research

The C. elegans research community is a very cohesive

one, with a great deal of cooperation between its members.

There are several resources available to all members of the

community, without which the work in this thesis would have

been difficult to accomplish. Information was readily

available through ACEDB, an integrated C. elegans database

distributed free of charge to researchers world-wide (R

Durbin and J Thierry-Mieg unpublished). Some materials used

in this and related studies were supplied by the

Caenorhabditis Genetics Center (CGC) and other C. elegans

researchers.

Nematode strains and culture conditions

Wild-type and mutant strains of C. elegans were

maintained on petri plates containing nematode growth medium

(NGM) streaked with Escherichia co1i 0P50 (Brenner 1974).

Strains used are listed in Appendix 1. Unless otherwise

noted, all experiments were conducted at 20°C (Rose and

Baillie, 1979). The nomenclature used, summarized in Table

1, conforms to the guidelines adopted for C. elegans

(Horvitz et al. 1979; and pers. comm.). Partial genetic

maps of chromosome I and the dpy-14 region are shown in

Figure 1.
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Viable mutations: The following chromosome I mutant alleles

were used:^dpy-5(e61), unc-11(e47), dpy-14(e188ts), unc-

13(e450), unc-87(e1459).^lon-2(e678) was used as an X

chromosome marker.

Lethal mutations:^The following chromosome I lethal

mutations were used:^let-385(h85), let-394(h262), let-

397(h228), let-398(h257), let-399(h273), let-521(h704), let-

529 (h238), let-534(h260), let-543(h792), let-544(h692), let-

545(h842), let-605(h312), let-86(s141), 1et-528(h1012) also

maps to the dpy-14 region but was excluded from this study

because it is one of two lethal mutations on the same

chromosome, the other of which maps outside of the dpy-14

region, making complementation analysis impractical. With

the exception of let-86(s141) (Rose and Baillie 1980), all

of the lethal alleles were generated in the Rose laboratory

by ethyl methane sulfonate (EMS) mutagenesis (dosage varied

from 12-17mM). A dpy-5(e61) unc-13(e450)I; sDp2(I;f)

screening strain was used to generate and isolate lethal

alleles on the left arm of chromosome I. A total of 550

lethal mutants within the region balanced by sDp2 (Rose

1984) were recovered from over 31,000 chromosomes screened

(Howell et al. 1987; Howell and Rose 1990; AM Rose,

unpublished results). The subset of lethal alleles used in

this study all mapped between dpy-5 and unc-13, near dpy-14

(Figure 1; McKim et al. 1992).
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Table 1. Abbreviations

Abbreviation^Description

dpy^Mutations in these loci cause a short and fat (dumpy)
body morphology.

Dpy^Refers to the phenotype of dpy mutations

unc^Genes whose mutations cause an uncoordinated or
paralyzed phenotype

Unc^Refers to the phenotype of unc mutations

let
^

Genes whose mutations cause zygotic or maternal effect
lethality

ro/
^

Genes whose mutations cause a helical twisting of
cuticular structures, resulting in an abnormal rolling
motion when the worm attempts to move.

ion^Genes whose mutations produce an abnormally elongated
body axis

Lon^Refers to the phenotype of homozygous _Ion mutants

Wt
^

Wild-type

h is the Rose lab allele designation. Names of all
alleles, extrachromosomal arrays and chromosomal
rearrangements isolated in the Rose lab begin with
this letter.

KR
^

KR is the Rose lab designation. Names of all strains
generated in the Rose lab begin with these letters.

Dp^Refers to duplications of chromosome material.

Df
^

Refers to deletions of chromosome material.

Ex^Refers to extrachromosomal arrays of exogenous DNA in
transgenic individuals.
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Figure 1 a) Simplified map of chromosome I in C. elegans
(based on Edgley and Riddle 1990). Duplications (Dp) are
shown as double lines. Deficiency (Df) shown as a single
line. b) Expanded genetic map of the dpy-14 region.
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Cosmid Clones

The region of the physical map from which cosmid clones

were selected is shown in Figure 2. Cosmid clones were

obtained from A. Coulson and J. Sulston of the Medical

Research Council, Cambridge, England. Clone names beginning

with the letter C or E indicate that the vector used was

pJB8 (Ish-Horowicz and Burke 1981). Names beginning with K

or T indicate that the clones are in LoristB (Cross and

Little 1986) or Lorist2 (Gibson et al. 1987) vectors. The

cosmid clones used in this study were KO1B11, C37A2, E02D9,

T14D10 and T21G5. Initially, T13C1 was also used to

construct a transgenic strain but was later excluded from

the complementation analysis, as the laboratory stock was

found by restriction analysis to have lost approximately

half of the genomic DNA insert.

Plasmid and cosmid DNA isolation

Minipreparations

Single recombinant bacterial colonies were used to

inoculate 2-4m1 2X YT broth (16ug/m1 bacto-tryptone, bug/m1

bacto-yeast extract, 5ug/m1 NaC1) containing 5Oug/m1 of the

appropriate antibiotic.^After incubating overnight with

agitation at 370c,^the cells were harvested by

centrifugation for 30 seconds at 14000 RPM in a 1.5m1

microcentrifuge tube. All but 50u1 of the growth medium was

12



Figure 2. An excerpt of a direct printout from ACEDB (R

Durbin and J Thierry-Mieg unpublished) showing the region of

the physical map anchored to the dpy-14 region.
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B0453 *^ T10811
T14D10^ R11F8 
T13C1 *^ C14Al2 * 

CCCC5^ C48B6 

(I
^KO1B11^ KR#LS1 

QQQB5 *^T21G5
C37A2 *^ F15E3 

RW#L198^ T28A7 * 
BC#S401^ KR#H26

E02D9^

B#P5431

^F56F2

KO2F2 * 
BL#111
KR#H22
K 

C3 0
• . • . .. ::::::..Pjp.k

smg-5^unc-87^dpy-14^glh-1^sP1
RHO/1^rsn-11

rsc K.Anders et al^Ruvkun A. Rose^A. Rose;v.nr .dpy-14;KR#LS1 mixt.
S.Goetinck,R.Waterston^ A. Rose
RcB1^BOTc1^U1-1 ;T.Blumenthal,J.Thomas

POU-1/-2;M.Finney^poly probe:Y50D2,Y27F7,Y39A9
J.Boom,M.Smith;Y39A9cy,Y40A4cy+

rsc;dat S.Prasad,A. Rose
C49D5? K.Bennett

smg-5
unc-87

sem-4
kin-14

myo-1
eat-5

RHO/1 unc-15

glh-2

dpy-14
rsn-11
glh-1

sP1

col-7
unc-13

goa-1
I^,EGF/4
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removed by aspiration. The cell pellet was resuspended in

the remaining medium, followed by the addition of 300u1 of

cell lysis solution (10mM Tris-HC1, 1mM EDTA. 0.1M NaOH,

0.5% SDS). The solution was mixed by inverting the tube

several times. 200u1 of 3M sodium acetate (NaAc: pH 5.2)

was added and the contents of the tube were mixed by gentle

inversion. After centrifugation for 2 min at 14000 RPM, the

supernatant was decanted into a fresh microcentrifuge tube,

taking care to avoid the pellet of precipitated proteins and

genomic DNA. The DNA was precipitated by adding 2 volumes

of 100% ethanol, storing at -70°C for 5 minutes, then

centrifuging at 14000 RPM for 15 minutes at 4°C. The pellet

was rinsed with 70% ethanol, dried in a vacuum dessicator,

and resuspended in 50u1 of TE (10mM Tris, 1mM EDTA)

containing bug/m1 RNAse A. Some extractions were performed

using the alkaline lysis protocol and reagents provided by

the Promega MagicTm Miniprep kit (Fisher Scientific)

Large scale preparations

Single recombinant bacterial colonies were used to

inoculate 10m1 L-broth (bug/m1 bacto-tryptone, 5ug/m1

bacto-yeast extract, bug/m1 NaC1) containing 5Oug/m1 of the

appropriate antibiotic. The broth cultures were incubated

12 hours with agitation at 37°C, then used to inoculate 500-

1000m1 of L-broth with the appropriate antibiotic. The

large broth cultures were incubated 12 hours with agitation

at 37°C and the cells were harvested by centrifugation.

15



Plasmid/cosmid DNA from some samples was purified by

alkaline lysis followed by cesium chloride density gradient

centrifugation as described in Sambrook et al. (1989), but

the bulk of the extractions were done with the alkaline

lysis protocol and reagents provided in the Promega MagicTm

Megaprep kit (Fisher Scientific). Concentrations of DNA

samples were estimated by ultraviolet light spectroscopy or

gel electrophoresis with ethidium bromide (Sambrook et al.

1989).

Agarose Gel Electrophoresis

Gel electrophoresis was used to determine the size of

restriction fragments, analyze PCR products and estimate

concentrations of DNA samples. Gels were generally 0.7-1.5%

w:v agarose in 0.5X TBE electrophoresis buffer (1X TBE:

0.045M Tris, 0.045M boric acid, 0.001M EDTA [pH8.0]) with

0.1ug/m1 ethidium bromide. One sixth volume of 6X loading

buffer (40% w:v sucrose in water, 0.25% bromophenol blue,

0.25% xylene cyanol) was added to the DNA sample, which was

then pipetted into submerged wells in the gel. Gels were

electrophoresed at 60-90V for 1-4 hours in 0.5X TBE running

buffer containing 0.1ug/m1 ethidium bromide. The DNA was

made visible with an ultraviolet transilluminator. For

size estimates, a sample containing DNA fragments of known

length was run in a marker lane so that a semilogarithmic

size standard curve could be plotted. The value for the

distance fragments migrated in the gel was plotted on the
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abscissa and the size of the fragments on the ordinate.

Unknown fragment sizes were interpolated from the standard

curve using the measured value of the distance migrated.

Concentration estimates were based on comparison with bands

containing a known amount of DNA run on the same gel.

Germ line transformation technique.

Germ line transformation of C. elegans oocytes with

cosmid and plasmid DNA was used to generate heritable

strains, in order to establish stocks suitable for

complementation analysis of lethal and visible alleles.

Transformation was accomplished by microinjection of DNA

into the distal arm of the gonad of young adult

hermaphrodites using a modification of the method described

in Mello et al. (1991). A solution of bong/u1 DNA in TE

buffer was used for microinjections. pRF4, a plasmid

carrying the dominant morphological marker rol-6(sul006),

was added to the injection solution so that transformants

could be easily identified by their Rol-6 phenotype (pRF4

was obtained from C Mello by way of M Wakarchuk at Simon

Fraser University). For C37A2 and E02D9, the relative DNA

concentration by weight/volume in the injection solutions

was 1:4 cosmid:pRF4. Lorist vectors confer kanamycin

resistance (KanR) and have little sequence identity with

pRF4. Assembly of the extrachromosomal array in the

syncytial gonad is driven by homologous recombination

between injected DNA molecules (Mello et al. 1991). To
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facilitate homologous recombination when pRF4 and Lorist

cosmids were co-injected, a third construct sharing sequence

identity to both was included. For KO1B11, T14D10 and

T21G5, a plasmid clone composed of pUC18 (Messing 1983) with

a tandem trimer of a KanR cassette (GenblockTm-Pharmacia)

inserted into the EcoRI cloning site was included in the

injection solution (plasmid kindly provided by Eshuar

Mahenthiralingum, Dept. of Paediatrics, University of

British Columbia). The relative DNA concentrations

(weight/volume) in injection solutions was 1:2:2

cosmid:pUC18[KanR]:pRF4. The progeny of injected worms were

screened for Rol-6 individuals. Such individuals were

isolated and allowed to self. Transformed worms carrying a

heritable extrachromosomal array were identified by the

presence of Rol-6 animals among their progeny. Of all

transformants, approximately one in ten carried a heritable

array. Such individuals were used to establish strains to

be used in complementation analysis

PCR analysis of extrachromosomal arrays

Incorporation of the Lorist cosmid clones into the

extrachromosomal array in transgenic worms was verified by

PCR analysis. One or two Rol-6 worms were lysed with

Proteinase K (Pharmacia), and multiplex PCR was performed on

the lysate under the conditions described in Barstead et al.

(1991). Two sets of primers were used in the reactions:

18



KRp12 and KRp14 are left and right primers that amplify a

580 base pair (bp) portion of the gene S-adenosyl

homocysteine hydrolase (AHH) (Prasad et al. 1993), which is

present in the C. elegans genome and on the cosmid clones

T14D10 (Figure 4) and T21G5 (data not shown). The band is

amplified in reactions with any worm that bears at least one

copy of AHH. The primers were included in all reactions as

a positive control, so that a failed reaction could be

eliminated as the cause for the absence of the amplification

product of KRp17 and KRp18. KRp17 and KRp18 amplify an

880bp portion of Lorist cosmid vectors. The presence of the

880bp amplification product was taken to indicate the cosmid

vector was in the sample. An additional positive control

experiment for both sets of primers was conducted by using

DNA from the cosmid T14D10 as a template for PCR. Negative

control experiments were done by performing the lysis and

subsequent steps on non-transgenic N2 worms and no worm.

The primers used in this assay are described in Table 2.
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Table 2. Primers used for PCR analysis

Primer^Sequence(5'-3')^Amplification^Target Sequence
Product

KRp12

KRp14

KRp17

KRp18

CGTCCGTTCTTGAGGGTG

CTAAGATGCTCGCCAAGG

CGTCCGGCGCACAGAAGC

GTGCTGAGCCCGGCCAAA

580bp^C. elegans AHHa

880bp^Lorist cosmidsb

as-Adenosyl homocysteine hydrolase (Prasad et al. 1993)

bSequence obtained from Cross and Little (1986)
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Determination of germ line stability of extrachromosomal

arrays

The frequency of transmission of extrachromosomal

arrays to hermaphrodite gametes was analyzed by scoring

progeny of selfed hermaphrodites. Since it was not possible

to directly determine whether self-progeny received a copy

of the array from the egg, sperm or both, the ratio of

array-bearing (Ex) gametes to non-Ex gametes was calculated

as outlined below:

p = frequency of Ex gametes

1-p = frequency of non-Ex gametes

non-Rol-6 (self-progeny)^2
X - ^ - (1 - p)

total (self-progeny)

This equation was derived to:^p = 1 - )1-7

The value x is the proportion of the total self-progeny

that did not receive the extrachromosomal array, the only

phenotypic class of known genotype. The frequency of

individuals in this class is equal to the probability of

syngamy between two non-Ex gametes, or (1-p) X (1-p). The

derived form of this equation was used to calculate the

value p, which represents the fraction of gametes that bear

the array.
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The above formula provided an average estimate for

array-bearing gametes but does not take into account

differing transmission frequencies for hermaphroditic sperm

and oocytes. The fraction of sperm and oocytes that carried

the extrachromosomal array was calculated by comparing the

frequencies of array transmission in self- and cross-

progeny. Transgenic hermaphrodites were mated with non-

transgenic males. Only cross progeny were scored. The

frequency of array-bearing oocytes was calculated as

follows:

Rol-6 (cross-progeny)
Ex oocytes -^ - P'

total (cross-progeny)

The frequency of array-bearing hermaphrodite sperm was

calculated using the following formula:

Ex sperm = 2p - p'

Complementation testing of lethal mutations with cosmid

clones

The complementation protocol used for most lethal

alleles is outlined in Figure 3. Homozygous dpy-14 males

grown at 16°C were crossed to hermaphrodites carrying a

lethal allele balanced by a free duplication. All but one

of the lethal strains were of the genotype dpy-5 let-x unc-

13(I); sDp2(I;f). The exceptional strain was dpy-14 let-86
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unc-13; szDp1 (I;X;f). Wild-type F1 male cross progeny that

did not receive the free duplication (+ + dpy-14 +/dpy-5

let-x + unc-13) were phenotypically distinct. Such males

were selected and crossed to transgenic Lon-2 Rol-6

hermaphrodites (lon-2 X; hExn(rol-63). Non-Lon Rol-6

hermaphrodite progeny (dpy-5 let-x unc-13/+ + +; lon-2/+;

hExn[rol-6]) were isolated and allowed to self. Those that

produced Dpy-14 progeny were discarded. In the progeny of

those remaining, complementation was demonstrated by the

presence of viable and fecund Dpy-5 Unc-13 individuals.

Testing of let-86 was carried out in a similar manner,

except that dpy-14 males were crossed to the lethal stock at

16°C, so that F1 male progeny (dpy-14 + +/dpy-14 let-86 unc-

13) were wild-type in phenotype. Presence of the

extrachromosomal array in putative rescued individuals was

confirmed by crossing Dpy-5 Unc-13 worms to N2 males and

scoring for Rol-6 animals among the cross progeny. dpy-

14(e188) was also tested for complementation by crossing +

dpy-14/dpy-5 dpy-14 males grown at 16°C to transgenic

hermaphrodites as above. Complementation was determined by

the presence of non-recombinant Dpy-5 animals among the

self-progeny of dpy-5 dpy-14/+ +; ion-21+; hExn[rol-6]

hermaphrodites.
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dpy-14 males X dpy-5 let-x unc-13; sDp2 hermaphrodites

i Select Wt male progeny

+ + dpy-14 +/dpy-5 let-x + unc-13 males X +/+; lon-2; hExn[rol-6]

i Select non-Lon Rol-6 hermaphrodite
Progeny

+ + +/dpy-5 let-x unc-13; lon-2/+; hExn[rol-6]^or^+/dpy-14; lon-2/+; hExn[rol-6]

Self i^ ISell

Wt, Lon-2, Rol-6, Lon-2 Rol-6,^ Wt, Lon-2, Rol-6, Lon-2 Rol-6, Dpy-14,

+/- Dpy-5 Unc-13
(dpy-5 let-x unc-13; hExn[Ro1-6; let-x(+)] )

Dpy-14 Rol-6

Figure 3. Protocol for complementation of lethal alleles.
Boxed phenotype/genotype is the diagnostic class for
complementation.
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RESULTS

Physical map of the unc-87-sP1 interval.

Five overlapping cosmids spanning the unc-87 to sP1

interval were used to construct transgenic strains. The

total amount of genomic DNA contained in these was estimated

based in part on the C. elegans physical map (Coulson et al.

1986, 1988, 1991) as displayed on ACEDB and cosmid size

estimates in Starr (1989). The order, from left to right,

of the clones used was KO1B11, C37A2, E02D9, T14D10, T21G5.

Although it is not shown on the physical map, Starr (1989)

demonstrated that the clones T14D10 and T21G5 overlap.

Southern analysis revealed that the cosmid C37A2 overlaps

with both KO1B11 and T14D10 (data not shown), verifying that

genomic DNA from the region is entirely present in cosmid

clones. Approximately two thirds of the region is

represented with at least two-fold redundancy.

Transgenic Strains

Construction

Stable transformants identified by transmission of the

Rol-6 phenotype to subsequent generations were used to

establish genetic stocks to be used for complementation

testing. Strains bearing a total of 10 different

extrachromosomal arrays were generated, of which 9 were

retained for further analysis. The clone K01B11 is in hEx17
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and hEx18, E02D9 in hEx19, T14D10 in hEx21 and hEx22, T21G5

in hEx23 and hEx24 and C37A2 in hEx25. It was not

determined whether the entire cosmid clones were represented

in extrachromosomal arrays (see discussion). Strains

constructed are described in Table 3.

Germ line stability of extrachromosomal arrays

The self-progeny of hermaphrodites from six of the

transgenic lines were scored for transmission of the

extrachromosomal array. For the strains tested, transgenic

hermaphrodites passed on the Rol-6 phenotype to between 16%

and 36% of their self-progeny. The fraction of Rol-6

progeny was used to calculate the gametic frequency of

transmission (Table 4). The frequency of transmission of

arrays to hermaphrodite gametes was found to vary from 8% to

20%.

The calculation for gametic frequency of transmission

assumed an equal contribution from sperm and oocyte. A

marked drop in transmission frequency to progeny was

observed when transgenic hermaphrodites were mated with non-

transgenic males. The fraction of oocytes carrying the

extrachromosomal array was determined by scoring the cross-

progeny produced by such matings (Table 5). Since the sperm

were derived from non-transgenic males, the frequency of
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Table 3. Strains constructed in this study

Strain Method Genotype Clone

KR2377 Trans.
a +/+;^hEx17 KO1B11

KR2378 Trans. +/+;^hEx18 K01811

KR2379 Trans. unc-11(e47);hEx19 E0209

KR2380 Trans. +/+;^hEx20 T13C1

KR2381 Trans. +/+;^hEx21 T14010

KR2382 Trans. +/+;^hEx22 T14010

KR2383 Trans. lon-2(e678);hEx23 T21G5

KR2384 Trans. lon-2(e678);hEx24 T21G5

KR2410 Trans. lon-2(e678);hEx25 C37A2

KR2411 Cross
b

lon-2(e678);hEx21 T14010

KR2412 Cross lon-2(e678);hEx17 KO1B11

aConstructed by germ-line transformation with a mixture of
plasmid and cosmid DNA

bConstructed by crossing the marked chromosome into a strain
bearing a stably inherited extrachromosomal array
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Table 4. Extrachromosomal Array Stability I

Array Self-progeny Freq.
Rol-6

Freq.
Ex gametesRol-6 Non-Rol-6

hEx17a

hEx20a

hEx21a

^94^495

^

149^349

^

129^231

0.16

0.29

0.36

0.08

0.16

0.20

awild-type genetic background.

Table 5. Extrachromosomal Array Stability II

Array Rol-6 Non-Rol-6
Freq. of Arravb
oocytes^sperm

hExl7a 6 197 0.03 0.13
hEx20a 6 137 0.04 0.28
hEx21a 20 329 0.06 0.34

across: +/+; hExnfrol-61 hermaphrodites X dpy-14 males. Only cross-
progeny were scored.

bData from Table 4 used to calculate this value.
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array-bearing progeny was equivalent to the frequency of

oocytes that received the array. For all of the arrays

examined, the frequency of Ex oocytes is lower than the

average gametic frequency. The fraction of hermaphroditic

sperm carrying the array was determined by comparing the

progeny arising from transgenic hermaphrodites that were

selfed to those that were mated to non-transgenic males.

The arrays were observed to be present at a significantly

(four- to seven-fold) higher frequency in hermaphroditic

sperm than in oocytes. These results suggest that the

primary mode of germ line transmission of arrays is through

hermaphroditic sperm.

Verification of Lorist cosmid incorporation into the

extrachromosomal array

Worms from each of the canonical transgenic lines

containing Lorist cosmid clones were analyzed by PCR. Of

the eight transgenic strains tested for the presence of

cosmid sequence, seven produced an 880bp amplification

product corresponding to the predicted size for the target

sequence of the primers, KRp17 and KRp18 (Figure 4). As

expected, the 880bp amplification product was not detected

in the reactions containing N2 worms or no worm. The 580bp

amplification product of KRp12 and KRp14 was detected in all

except the no-worm reaction. The combination of screening

for the marker phenotype conferred by pRF4 and PCR detection

of Lorist vectors has allowed us to isolate strains carrying
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the desired arrays reliably and efficiently despite the lack

of sequence identity between the marker plasmid and Lorist

vectors.

Complementation of lethal and visible alleles with

extrachromosomal arrays

The results of complementation tests of lethal alleles

against extrachromosomal arrays are summarized in Table 6.

Of the five cosmids represented in different transgenic

strains, four were shown to partially or completely rescue

lethal mutations of genes in the dpy-14 region.^The

extrachromosomal array hEx17 (K01811) partially rescued /et-

398(h257). Presence of the array allowed Dpy-5 Let-398 Unc-

13 individuals to develop into viable adults that laid eggs,

which did not hatch.^Normally, h257 homozygotes arrest

development in the mid-larval stage (McKim et al. 1992). To

eliminate the possibility that the observed phenotype of

rescued individuals was due to loss or modification of the

lethal allele, the rescue was repeated twice with fresh

isolates from the balanced let-398 stock. Four putatively

rescued adult Dpy-5 Unc-13 worms were mated to N2 males. Of

these, one produced a single viable progeny of genotype, + +

+/dpy-5 let-398 unc-13; hEx17(rol-6]. In addition, two
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Figure 4 Whole worm multiplex PCR were carried out using
the primers KRp12, KRp14, KRp17 and KRp18. lane a: KR2377
(hEx17), b: KR2378 (hEx18), c: T13C1 transgenic #2 (not
retained). d: KR2380 (hEx20), e: KR2381 (hEx21), f: KR2382
(hEx22), g: KR2383 (hEx23), h: KR2384 (hEx24), i: N2, j:
Reaction with no worm, k: T14D10 DNA
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other adult Dpy-5 Unc-13 worms were subjected to PCR

analysis as described in Materials and Methods. Both tested

positive for the presence of Lorist vector sequences (data

not shown). Taken together, these data strongly suggest a

correlation between the presence of the array and survival

to adulthood. If the incomplete complementation of the

allele were caused by a truncation of the gene at the right

end of the cosmid insert, a clone containing a complete copy

would be expected to completely rescue the mutation. The

cosmid C37A2 overlaps the right end of KO1B11 but does not

cause a change in the let-398 terminal phenotype, suggesting

that the complete gene is not contained within the region

common to both cosmids. let-394(h262) was fully

complemented by hEx19 (E02D9), hEx21 (T14D10), and hEx24

(T21G5). let-534(h260) was rescued by hEx21 and hEx24, and

let-545(h842) was rescued by hEx24 alone. S. Prasad (pers.

comm.) observed a transient rescue of dpy-14 by germ line

transformation with the cosmid T14D10. The assignment of

dpy-14 to this cosmid was confirmed in this study by

complementation testing against hEx21, which produced a

heritable rescue. hEx24 also complemented dpy-14. Rescue

by overlapping cosmids and three-factor genetic mapping

(McKim et al. 1992) have made it possible to determine the

order of all five genes. From left to right, the order is

let-398, let-394, let-534, dpy-14 and let-545. A map of the

dpy-14 region, showing the physical assignments of rescued

lethal alleles, is shown in Figure 5.
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Table 6. Cosmid Rescue of Lethal Alleles

hEx17^hEx25^hEx19
K011311^C37A2^E02D9

hEx21
T14D10

hEx24
T21G5

let -385

let-394

let-397

-^-^-

-^-^+

-^-^-

-

+

-

-

+

-

let-398 +/-^-^- - -

let-399 -^-^- - -

let-521 -^-^- - -

let-529 -^-^- - -

let-534 -^-^- + +

let-543 -^-^- - -

let-544 -^-^- - -

let-545 -^-^- - +

let-605 _^_^_ _ _

dpy-14 -^-^- + +

let-86 -^-^- - -

+ = rescue
- = failure to complement

+/- = partial rescue (later arrest stage)
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let-398^ let-545
uncc87^ let-394 let-534 dpy-I4 sP1

!^ I

C37A2
T14D10

# I,

KO1B11 T2 1G5
E02D9

10kb

Figure 5 A simplified physical and genetic map of the dpy-
14 region. Vertical lines represent anchor points between
the two maps. unc-87 data is from S. Goetinck (pers.
comm.). The order of dpy-14 and let-534 is based on three-
factor recombination map data presented in McKim et al.
(1992).
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DISCUSSION

The use of extrachromosomal arrays as free duplications

for complementation mapping of genes in C. elegans has the

dual advantages of providing both a genetic map with a

resolution of 100 genes per map unit and the assignment of

genetically characterized loci to previously cloned

fragments of genomic DNA. The work described in this thesis

has demonstrated that it is possible to achieve good

alignment of genetic and physical maps in a defined interval

by germ line transformation with a serial array of genomic

clones. Such analysis is a useful tool for geneticists and

molecular biologists alike, making possible the

understanding of both the molecular structure and biological

function of a gene or group of genes in a living organism.

Stability of extrachromosomal arrays in the germ line

Considerable variation was observed in the germ line

stability of extrachromosomal arrays.^The frequency of

transmission of the arrays to self-progeny varied from 16%

to 37%. The variation in array stability could be due to a

variety of causes,^including differences in size,

replication or copy number. Mello et al. (1991) suggested

that array size has the greatest influence on stability. It

was estimated that a minimum array size of approximately 100

plasmid molecules is needed for germ line transmission of

extrachromosomal arrays.
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The arrays were transmitted to oocytes between two- and

seven-fold less often than to hermaphroditic sperm. This

phenomenon was also observed with free duplications of

chromosome I material by McKim and Rose (1990). In the C.

elegans gonad, sperm are made for a brief period early in

gametogenesis and undergo relatively few mitotic cell

divisions. Approximately 300 sperm are produced, which then

migrate to the spermatheca (Kimble and White 1981). After

the sperm have formed, oogenesis begins. Unlike sperm, pre-

meiotic oocyte precursor nuclei undergo a series of mitotic

divisions before meiosis. Stinchcomb et al. (1985)

estimated the frequency of loss of extrachromosomal arrays

to be on the order of 5% per cell division. Thus, it seems

likely that most array loss in the germ line occurs during

the mitotic component of oogenesis.

Co-incorporation of cosmid clones into extrachromosomal

arrays

Of the ten stable extrachromosomal arrays that were

isolated in this study, eight were the result of

transformation with Lorist cosmids, making it possible to

verify the presence of cosmid sequences in seven of them by

PCR analysis. The other two clones were in the pJB8 cosmid

vector, which shares sequence identity with pRF4. Since

assembly of extrachromosomal arrays in the syncytial gonad

is in large part driven by homologous recombination, it is

very likely that these cosmids were co-incorporated with the
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marker plasmid into the arrays. Direct evidence that the

genomic insert of cosmid clones was incorporated into hEx17,

hEx19, hEx21 and hEx24 was provided by complementation of

lethal alleles. Four of the five extrachromosomal arrays

used in complementation studies rescued at least one lethal

mutation, indicating that the insert DNA sequence is intact

with respect to the coding region of the gene in question.

Because the presence of the entire genomic insert of

the cosmid clones was not verified in this study, failure to

complement lethal alleles could not be considered

informative with regard to physical location of the genes.

Failure to complement could be due to a number of causes,

including loss of insert sequences upon array assembly, non-

homologous recombination disrupting gene structure,

inadequate or absent expression of some or all genes present

on the array, somatic loss of the array in tissues where the

gene is expressed and truncated coding regions that span the

terminal restriction site of the DNA insert fragment in

cosmid clones. An example of an ambiguous result that may

be due to improper expression of a gene on an

extrachromosomal array is the partial but reproducible

rescue of let-398 by KO1B11. The presence of the array made

it possible for let-398 homozygotes, which normally arrest

development in the second larval stage, to achieve adulthood

and lay eggs that did not hatch. The partial rescue is

unlikely to have been brought about by the presence of pRF4

or the KanR cassette in the array, as none of the other four
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arrays tested had this effect. One possible explanation is

that the gene may be truncated at the 5' end, omitting

control elements that specify temporal or tissue specific

expression patterns, resulting in inadequate or ectopic

expression.

Genetic and physical organization of the dpy-14 region

The 0.05 map unit genetic interval between unc-87 and

sP1 is entirely represented in a group of five overlapping

cosmid clones spanning approximately 90 kb of genomic DNA.

This contiguous array has been anchored at either end by

unc-87 and sP1. The cosmid rescues of dpy-14, let-394, let-

398, let-534 and let-545 have produced five new anchor

points between the physical and genetic maps in this

interval. The five rescued genes occur at a frequency of

approximately 1 gene per 18 kb of genomic DNA.

McDowall (1990) observed a clustering of essential

genes whose lethal alleles caused arrest at similar times in

development. The three adjacent genes mapped to T14D10 all

appear to be required in the early larval stages of the C.

elegans life cycle, as they cause developmental arrest at

this time. Combined with the observed clustering of genes

with similar phenotypes, this leads to the question of

whether there is a correlation between the proximity of

these genes and their function.
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Gene Density in the dpy-14 region

Work is currently underway to sequence the entire C.

elegans genome (Sulston et al. 1992). Analysis of

preliminary results from the chromosome III gene cluster

have revealed the density of potential coding regions to be

approximately one coding region per 3-4 kb, or a total of

more than 15,000 in the genome. This estimate is

considerably higher than current genetic estimates of

between 4,000 and 8,000 essential loci. (Clark et al. 1988;

Howell and Rose 1990; Johnsen and Baillie 1991). Based on

the unc-87-sP1 interval, we estimate the amount of DNA per

map unit to be approximately 1800 kb in the dpy-14 region of

the chromosome I gene cluster. Although the estimate is

approximately twice that of Greenwald et al. (1987) for the

lin-12 region, it is in good agreement with the 1500 kb per

map unit estimated by Sulston et al. (1992) for the

chromosome III gene cluster. The density of essential genes

genetically and physically mapped within the unc-87-sP1

interval is roughly seven-fold lower than the expected

number based on extrapolation from chromosome III sequence

data, suggesting that there are genes in this region that

have not been identified.

The difference between molecular and genetic estimates

of gene number can be explained in part by an

underestimation of gene number by genetic means. Classical

genetic approaches rely heavily upon screening for mutations

that produce an overt phenotype. Genes whose products have
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redundant or dispensable functions may not be discovered in

mutant screens. Also, genes that are less accessible for

mutagenesis due to small size may not be detectable by

standard genetic methods. For example, the C. elegans tRNA

gene sup-5 is a physically small locus that has a forward

mutation rate of <<10-5 at a dose of 0.05mM EMS (Waterston

and Brenner 1978). In contrast, unc-22, a large genetic

locus, and has a forward mutation rate of 5 X 10-2 at the

same dosage (Moerman 1980).

The dpy-14 region is not saturated for mutations in

essential genes. Genes in regions saturated for mutations

are expected to be defined by several mutant alleles. There

are seven identified mutant alleles of let-394, but let-534

is represented by only two and let-398, dpy-14 and let-545

are each defined by a single mutant allele. Since three out

of five genes in the region are each represented by a single

mutant allele, it is likely that there are other loci in the

immediate vicinity that have not been identified by

mutation.

The difference between estimates may also be due in

part to an overestimation of gene number by sequence

analysis. Not all of the putative coding regions may be

expressed genes. For example, chromosome III in

Saccharomyces cerevisiae has been sequenced in its entirety

(Oliver et al. 1992). Sequence analysis has revealed that

the 315 kb chromosome contains 182 open reading frames for

proteins of greater than 100 amino acids, or an average
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density of one putative gene per 1.7 kb of DNA. 55 of the

182 putative coding regions on the chromosome have been

analyzed by gene disruption. Of the 55 putative genes

tested, only 17 produced an overt knock-out phenotype.

(Oliver et al. 1992). The failure of the remaining 28

putative coding regions to affect the phenotype when

disrupted suggests that at least some of them are without

function.

Correlating expressed genes with C. elegans genetic loci

The extensive collection of mutant alleles of essential

genes on chromosome I has facilitated the construction of a

finely detailed genetic map. Each of these loci represents

a gene whose function is required to ensure the nematode's

survival. Weaker alleles of genes initially identified by

lethal mutations on other chromosomes have been used to

dissect genetic pathways, such as the control of vulval cell

induction (Ferguson and Horvitz 1985), involving homologues

from vertebrate systems: let-60 (Rogalski et al. 1982) and

let-23 (Herman 1978) have been identified as a C. elegans

ras homologue and an epidermal growth factor receptor,

respectively (Aroian et al. 1990; Han et al. 1990).

As a companion effort to the C. elegans genome

sequencing project, expressed sequences in the form of

representative cDNA clones are undergoing partial sequence

analysis (Waterston et al. 1992). So far, 30% of the cDNAs

analyzed show homology to previously characterized genes
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from other organisms.^McCombie et al. (1992) are using

expressed sequence tags from cDNA clones to identify new C.

elegans genes and locate them in the genome. The rapidly

increasing number of genes identified in C. elegans by

sequence analysis opens up many new avenues for studying

the role of known and novel genes in vivo. The first step

in the identification of mutant alleles of such genes is to

align the genetic and physical maps, so that genetic loci

can be correlated with sequenced coding regions.

Extrachromosomal arrays as genetic and physical mapping

tools

Extrachromosomal arrays containing cosmid clones can be

used as free duplications for fine scale genetic mapping,

making it possible to easily separate loci so tightly linked

that they are difficult to separate by recombination and

other classical genetic means. This is especially true of

lethal alleles, which can often be mapped by recombination

with respect to visible markers but not with respect to each

other. At the same time, this type of complementation

analysis can be used to assign genes to individual cosmid

clones, narrowing their physical position to within 30-40

kb. The rescue of mutations in five genes within the unc-

87-sP1 interval has increased the physical map resolution in

the dpy-14 region to an average of one gene per cosmid clone

tested. This analysis of the dpy-14 region has demonstrated

that the use of extrachromosomal arrays as free duplications

42



is a useful adjunct to standard genetic mapping, while

providing a means of achieving a better alignment for the

physical and genetic maps of the C. elegans genome.
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APPENDIX 1

Strains Used

Straina Genotypeb Origin

BC23 unc-22(s7) Moerman, D.

C847 unc-11(e47) Brenner, S.

CB188 dpy-14(e188ts) Brenner, S.

CB444 unc-52(e444) Brenner, S.

CB678 lon-2 (e678) Brenner, S.

KR354 dpy-5(e61) let-385(h85)

sDp2

unc-13(e450)/ Rose, A.b

KR542 dpy-5(e61) let-397(h228)

sDp2

unc-13(e450)/ Rose, A.b

KR552 dpy-5(e61) let-529(h238)

sDp2

unc-13(e450)/ Rose, A.b

KR598 dpy-5(e61) let-398(h257)

sDp2

unc-13(e450)/ Rose, A.b

KR601 dpy-5(e61) let-534(h260)

sDp2

unc-13(e450) Rose, A.b

KR603 dpy-5(e61) let-394(h262)

sDp2

unc-13(e450)/ Rose, A.b

KR614 dpy-5(e61) let-399(h273)

sDp2

unc-13(e450)/ Rose, A.b

KR646 dpy-5(e61) let-605(h312)

sDp2

unc-13(e450)/ Rose, A.b
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APPENDIX 1 (cont 'd) 

Straina^Genotypeb
^

Origin

KR1331^dpy-5(e61) let-544(h692) unc-13(e450);^Rose, A.d

sDp2

KR1345^dpy-5(e61) let-521(h704) unc-13(e450);^Rose, A.d

sDp2

KR1435^dpy-5(e61) let-543(h792) unc-13(e450);^Rose, A.d

sDp2

KR1504^dpy-5(e61) let-545(h842) unc-13(e450);^Rose, A.d

sDp2

KR1458^unc-11(e47)dpy-14(e188);szT1(I);^McKim, K.

+;szT1flon-2(e678)1(X)

KR1848^dpy-14(e188) let-86(s141) unc-13;szDp1^McKim, K.

KR367^dpy-5(e61) + dpy-14(e188);^ Rattray, B.

+ unc-87(e1459)

N2^wild-type^ Brenner, S.

aThe upper case letters preceding the strain number indicate the
laboratory of origin. For example, 'KR' is the designation for the
laboratory of A. M. Rose

bThe lower case letter preceding the allele number indicates the
laboratory of origin. For example, 'e' is the allele designation for
the laboratory of S. Brenner.

cAlso: A.M. Howell, L. Harris, B. Rattray, J.S. Kim, K. McNeil, N.
Mawji, and D. Baillie.

dAlso: A.M. Howell, K. McKim J. McDowall, T. Starr, J. Babity, K.
Peters, and M.C. Zetka.
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