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ABSTRACT

The discoidin I protein has been studied extensively as a marker of early development in the
cellular slime mold Dictyostelium discoideum. However, like most other developmentally regulated
proteins in this system, no reliable information was available on the linkage of the discoidin genes
to other known genes. Analysis of the linkage of the discoidin I genes by use of restriction fragment
length polymorphisms revealed that all three discoidin I genes as well as a pseudogene are located
on linkage group II. This evidence is consistent with the discoidin I genes forming a gene cluster
that may be under the control of a single regulatory element. The discoidin 1 genes are linked to
three genetic loci (disA, motA, daxA) that affect the expression of the discoidin I protein. Linkage of
the gene family members to regulatory loci may be important in the coordinate maintenance of the
gene family and regulatory loci. A duplication affecting the entire discoidin gene family is also
linked to group II; this appears to be a small tandem duplication. This duplication was mapped
using a DNA polymorphism generated by insertion of the Tdd-3 mobile genetic element into a
Tdd-2 element flanking the y gene. A probe for Tdd-2 identified a restriction fragment length
polymorphism in strain AX3K that was consistent with generation by a previously proposed Tdd-3
insertion event. A putative duplication or rearrangement of a second Tdd-2 element on linkage
group IV of strain AX3K was also identified. This is the first linkage information available for

mobile genetic elements in D. discoideum.

HE microbial eukaryote Dictyostelium discoideum

has received considerable attention as a model
system in which to study gene expression, since
during asexual fruiting body formation D. discoideum
genes are regulated both temporally and in a cell-
type-specific manner. The discoidin genes and gene
products have been extensively characterized
(CLARKE, KavyMaN and RiLEy 1987; KAyMAaN, BIRCH-
MAN and CLARKE 1988; ALEXANDER, CIBULSKY and
CUNEO 1986; CROWLEY et al. 1985; PooLE and FIRTEL
1984; TsanG, DEVINE and WiLLiams 1981; DEVINE,
TsaNG and WiLLiams 1982; SpRINGER, COOPER and
BarONDES 1984; CooprER and BARONDES 1984). Syn-
thesis of discoidin I is induced in starving cells during
early aggregation (MAa and FIrRTEL 1978; DEVINE,
Tsanc and WiLLiaMS 1982) but also can be induced
in vegetative cells under appropriate conditions
(CLARKE, KaYyMAN and RiLEY 1987). This protein has
sequence homology to fibronectin and is proposed
to play roles in adhesion of cells to the substratum
and in cell streaming during aggregation (CROWLEY
et al. 1985; SPRINGER, COOPER and BARONDES 1984;
ALEXANDER, SHINNICK and LERNER 1983). Mutations
which affect the expression of discoidin have been
identified (ALEXANDER, CiBULSKY and CUNEO 1986;
ALEXANDER and SHINNICK 1985; ALEXANDER, SHIN-
NICK and LERNER 1983; KaymaN, BirRcHMAN and
CLARKE 1988). In strains bearing these mutations,
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expression of discoidin I is disrupted; for example,
discoidin may not be synthesized during aggregation
(ALEXANDER, CiBULSKY and CUNEO 1986; ALEXANDER,
SuinNick and LErRNER 1983) or discoidin synthesis
occurs during vegetative growth in axenic media
(KayMaN, BircHMAN and CLARKE 1988). Some of
these mutations are known to interfere with coordi-
nate transcription of discoidin-specific RNA but do
not affect the discoidin genes directly (ALEXANDER
and SHINNICK 1985). Three of the loci in which
mutations occur have been mapped to linkage group
II: disA (ALEXaNDER, CiBursky and CuNEo 1986),
motA (KaymaN, BIRCHMAN and CLARKE 1988) and
daxA (KaymaN, BircHMAN and CLARKE 1988). The
product of the disA locus is thought to cause expres-
sion of the discoidin genes; disA acts last in a proposed
regulatory pathway (ALEXANDER, CIBULSKY and
CunEeo 1986).

The use of restriction fragment length polymorph-
isms (RFLPs) for linkage analysis of D. discoideum has
recently been described (WELKER et al. 1986; DINGER-
MANN et al. 1987). DNA polymorphisms affecting the
sequences in or near genes are common in wild
isolates of D. discoideum. These isolates can be crossed
via the parasexual cycle to well-marked tester strains.
In segregant haploids derived from such crosses the
segregation of the parental DNA fragments relative
to classical genetic markers can be easily followed by
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correlating their presence in specific segregants with
the presence of established genetic markers (WELKER
et al. 1986; DINGERMANN et al. 1987). These experi-
ments require only the availability of suitable DNA
to serve as probe and of one or more strains in which
DNA polymorphisms have been identified.

DNA probes for many genes whose expression
changes during aggregation and later stages of fruit-
ing body formation have been isolated, these include
probes for the discoidin I gene family. This gene
family in the type strain NC4 was shown to contain
the three genes (o, B, ) and one pseudogene (POOLE
and FIRTEL 1984; TsanG, DEvINE and WiLLIAMS
1981). The pseudogene and two of the other genes
(B and vy) are known to be closely linked (PooLE and
FirTEL 1984). However, nothing was known of the
location of the third gene family member or whether
the discoidin genes might be located near genes
involved in discoidin regulation. This work estab-
lishes that the entire discoidin I gene family maps to
linkage group II and is therefore linked to at least
three loci regulating its expression.

MATERIALS AND METHODS

Strains and growth of cells: Strains were grown at 21
= 1° either with Klebsiella aerogenes on SM media or with
Escherichia coli B/r on DM media (WELKER 1986; Sussman
1966; Pobcorski and DeerinG 1980). The wild isolates were
a set previously used to identify RFLPs associated with
actin and tRNA genes (WELKER et al. 1986; DINGERMANN et
al. 1987). NC4 derivatives AX3K and AX3L which were
known to contain RFLPs affecting the discoidin I gene
family (PooLe and FirTeL 1984) were also used. Tester
strains for the genetic crosses were HU1628 and HU1852;
these are NC4 derivatives carrying genetic markers on each
of the six known linkage groups (NewkLL 1987; WELKER et
al. 1986; WELKER and WirLLiams 1985) plus the dominant
cob-354 cobalt resistance trait.

Preparation of DNA and Southern blots: Nuclei were
prepared and DNA purified using CsCl gradients as pre-
viously described (WELKER e al. 1986; WeLkER, HirTH and
WirLiams 1985), except for inclusion of a phenol-chloro-
form extraction prior to gradient preparation. DNA was
cut with appropriate restriction enzymes, separated on 0.8%
agarose gels using Tris phosphate running buffer (36 mm
Tris, 30 mm NaHoPO4, 1 mm EDTA; pH 7.8) and blotted
to nitrocellulose. Probes were nick translated using
[**P]dATP. The probes used were pDd812, a 340-bp EcoRI-
Kpnl fragment of pDd812 that contains a portion of the «
gene, or a BgllI-EcoRI fragment of D. discoideum DNA from
pDd17 that contains a portion of the Tdd-2 mobile genetic
element (DeviNg, TsanG and WiLLiams 1982; PooLe and
FirTEL 1984). Plasmid pDd812 is a cDNA clone containing
an o gene sequence; pDd17 is a genomic DNA clone
containing a 7.0-7.2-kb insert carrying part of the y gene
sequence plus flanking DNA including the part of the
Tdd-2 element (DeviNE, TsaNG and WiLLiams 1982).

Parasexual genetic techniques: For most crosses, dip-
loids were constructed as described previously (WELKER,
Hirth and WiLLiams 1985; WELKER et al. 1986) using the
dominance of cob-354 in conjunction with a recessive con-
ditional lethal mutation (bsgB500, bsgA5 or couA351). For
these constructions a wild isolate or other strain containing
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FiGURe 1.—Restriction fragment length polymorphisms in wild
isolates of D. discoideum using genomic DNA cut with EcoRI and
as probe a 340-bp fragment of pDd812 that contains a portion of
the discoidin a gene. Lanes are: 1, OHIO; 2, DD61; 3, HU182; 4,
HU188; 5, WS380B; 6, WS472; 7, WS576; 8, WS583; 9, WS1956.
Sizes and relative positions of NC4 fragments are shown on the
left.

an identified RFLP was crossed to one of the tester strains,
HU1628 or HUI1852. In the cross of HUD239 with
HUD377 the recessive conditional lethal mutations bsgA>5
and couA351 were used. Haploid segregants were selected
from the diploids constructed in the crosses using 2 pg/ml
thiabendazole (WELkErR and WirLiams 1980). From these,
sets of segregants with mixtures of chromosomes from the
two parents were chosen on the basis of the presence or
absence of the known genetic markers. Correlation of the
presence of specific DNA fragments with the presence or
absence of the genetic markers allows assignment of genes
to linkage groups.

RESULTS

Identification of restriction fragment length po-
lymorphisms associated with the discoidin I gene
family: Polymorphisms were readily identified in the
length of EcoRI restriction fragments carrying DNA
sequences homologous to a discoidin I gene probe.
PooLe and FIrTEL (1984) identified several in wild
isolates and also in laboratory derivatives of the NC4
type strain. The latter polymorphisms were attributed
to insertion of copies of a repeated DNA sequence
(Tdd-3) into DNA flanking the discoidin I vy gene.
Analysis of a set of wild isolates confirmed that
polymorphisms affecting the length of EcoRI frag-
ments were common (Figure 1). POOLE and FIRTEL
(1984) identified five EcoRI restriction fragments in
the NC4 type strain (10, 7.2, 5.6, 1.8 and 1.4 kb).
Polymorphisms affecting all but the 1.4-kb fragment,
which contains portions of the B and y genes plus
spacer DNA between these genes, were identified
(Figure 1).

Linkage analyses of the discoidin I gene family:
The discoidin I o gene was mapped using segregants
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TABLE

1

with tester strain HU1852

Polymorphic restriction

Linkage group

fragments

Strain (kb) 1 11 I v VI VII
HU1852 1.8,7.2 cycAl acrA1836 whiB355 bwnAl manA2 bsgB500
OHIO 1.7, 5.1 cyeA™ acrA™ whiB ™ bwnA™ manA ™ bsgB ™
HUDI179 1.7; 51 + + + + + +
HUDI180 1.7, 5.1 + + whiB355 + manA2 +
HUDIS8I 18, 72 + acrA1836 whiB355 + manA2 bsgB500
HUD182 1.8,7.2 cycAl acrA1836 + + + +
HUDI183 1.7, bl + + + + + bsgB500
HUDI185 1.8,7.2 cycAl acrA1836 oo bwnAl + bsgB500
HUDI187 1.8,7.2 cycAl acrA1836 whiB355 + manA2 +
HUDI188 1.8, 7.2 cycAl acrA1836 whiB355 + manA2 bsgB500
HUDI&9 1.7, 5.1 cycAl - whiB355 + manA2 +
HUDI191 1.7, 5.1 cycAl + + bwnAl + bsgB500

Portions of the HU1852 (NC4) a and vy genes are located on EcoRI restriction fragments of 1.8 and 7.2 kb, respectively. The OHIO «
gene is located on the 1.7-kb fragment (Figure 2). Note that segregant HUD189 has a restriction fragment of nonparental size that replaces
a 5.6 kb fragment. For segregant genotypes wild isolate alleles are designated +; the full genotype for HU1852 is given elsewhere (WELKER
1986). Genetic markers used in this work for segregant characterization were: ¢ycAl, cycloheximide resistance; acrA1823, acrA1836 and
acrA2108, methanol resistance; whiB355 and whiC351, white spore heads; bunAl, brown spore heads; manA2, a-mannosidase-1 deficient;

bsgA5 and bsgB500, unable to grow with Bacillus subtilis as food source; couA351, coumarin and temperature sensitivity.

derived from crosses of wild isolate OHIO with tester
strain HU1852 (Table 1, Figure 2) and of wild isolate
HU188 with tester strain HU1628 (Table 2). This
gene can be mapped using polymorphisms affecting
either the 1.8-kb or the 10-kb fragment. While the
tester strains have patterns of restriction fragments
identical to that of NC4, the wild isolate OHIO lacks
the NC4 1.8-kb fragment, and isolate HU188 lacks
the 10-kb fragment in the NC4 pattern. These frag-
ments are replaced in OHIO and HU188 by frag-
ments of different size. For example, OHIO has a
1.7-kb fragment that apparently replaces the NC4
1.8-kb fragment. With both sets of segregants the
DNA markers segregated with linkage group II. In
the segregants from the OHIO cross, the 1.8-kb
fragment segregated with the acrAI836 mutation
from the tester strain, while the 1.7-kb fragment was
present only in the acrA ™ segregants that carry the
OHIO linkage group II. In the segregants from the
HU 188 cross, the acrA ™ segregants lacked the 10 kb
fragment, while all but one of the acrA1823 segre-
gants had the 10-kb fragment from HU1628 (Table
2). The exceptional segregant, HUD87, may be a
mitotic recombinant. Linkage group II seems prone
to recombination events in crosses of wild isolates to
NC4 derivatives; two other reports exist of recom-
binants involving linkage group II (WELKER et al.
1986; WiLLiaMs, RoBsoN and WELKER 1980).

The discoidin B and vy genes as well as the pseu-
dogene were mapped using segregants derived from
crosses of wild isolate WS380B with HU1628 (Table
3), of HU188 with HU1628 (Table 2), and of OHIO
with HU1852 (Table 1). Portions of these genes are
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FiGURE 2.—Analysis of EcoRI restriction fragments in segre-
gants of a cross of wild isolate OHIO with tester strain HU1852
using as probe plasmid pDd812 which contains a portion of the
discoidin « gene (see Table 1). Lanes are: 1, OHIO pattern; 2,
HU1852 pattern; 3, HUD179; 4, HUDI180; 5, HUDIS8I; 6,
HUDI182; 7, HUD183; 8, HUDI185; 9, HUDI187; 10, HUDI188;
11, HUDI189, 12, HUDI191. The parental OHIO and HU1852
patterns and approximate sizes of the polymorphic fragments are
indicated on the left.

present in NC4 on the 7.2-kb (y), 5.6-kb (B and
pseudogene), and 1.4-kb (B and vy) fragments.
WS380B and HU188 did not contain 7.2- and 5.6-
kb fragments, while OHIO lacked a 7.2-kb fragment
but had a 5.6-kb fragment. As noted above, all three
wild isolates retained a 1.4-kb fragment. These wild
isolates contain fragments potentially homologous to
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TABLE 2

with tester strain HU1628

Polymorphic restriction

Linkage group

fragments

Strain (kb) 1 11 111 v VI VII
HU1628 5.6, 7.2, 10 cycAl acrAl1823 bsgAS whiC351 manA2 couA351
HU188 4,5,12 cycA™ acrA™ bsgA™ whiC™* manA ™ coud™
HUDS86 5.6, 7.2, 10 + acrA1823 bsgAS + manA2 +
HUD87 4,5,12 + acrAl1823 + + + +
HUDS8 5.6, 7.2, 10 cycAl acrAl823 + + + +
HUD90 4,5, 12 cycAl + + whiC351 + +
HUD91 4,5, 12 cycAl + + + + +
HUD92 4,5,12 + + + + + +
HUDY%4 4,5,12 cyeAl + bsgAS whiC351 manA2 couA351
HUD95 5.6, 7.2, 10 + acrAl1823 bsgA5 whiC351 manA2 +

Portions of the HU1628 (NC4) discoidin I «, B, v, and pseudogene are located on EcoRI restriction fragments of 10, 5.6, 7.2 and 5.6
kb, respectively. Note that segregant HUD87 has a linkage pattern inconsistent with the others; this segregant may be the product of a
mitotic recombination event. For segregant genotypes wild isolate alleles are designated +; full genotype of HU1628 is given elsewhere

(WELKER and WiLLiams 1985; DINGERMANN et al. 1987; WELKER et al. 1986). Genetic markers are described in Table 1.

TABLE

3

Linkage analysis of the discoidin I B, v and pseudogene using segregant haploids produced by crossing wild isolate WS380B

with tester strain HU1628

Polymaorphic restriction

Linkage group

fragments
Strain {kb) 1 11 111 v VI VIl

HU1628 5.6, 7.2 cycAl acrAl823 bsgAS whiC351 manA2 couA35]
WS380B 3,5 cycA™ acrA™ bsgA™ whiC™* manA* couA™
HUD47 5.6, 7.2 cycAl acrAl823 bsgA5 + manA2 couA351
HUD48 5.6, 7.2 + acrAl823 bsgAS + manA2 +
HUDA49 5.6, 7.2 + acrA1823 bsgA5 + manA2 couA351
HUDb53 5.6,7.2 + acrA1823 + + + couA351
HUD54 3,5 + + + + + +
HUDb55 3,5 cycAl + bsgAS + manA2 +
HUD58 3,5 cycAl + + whiC351 + couA35l
HUD59 3,5 cycAl + bsgAS5 + manA2 couA351
HUD60 3,5 + + + whiC351 + couA35l
HUD62 5.6, 7.2 cycAl acrAl1823 + + + couA3sl

Portions of the HU1628 (NC4) discoidin I B, v, and pseudogene are located on EcoRI restriction fragments of 5.6, 7.2 and 5.6 kb,
respectively. In WS380B, the 5.6-kb fragment is replaced by one of 5 kb and the 7.2-kb fragment by one of 3 kb (Figure 3). For segregant
genotypes wild isolate alleles are designated +. Genetic markers are described in Table 1.

the 7.2- and 5.6-kb fragments. In HU188 there are
fragments of about 12, 5 and 4 kb; in OHIO there
is a fragment of 5.1 kb; and in WS380B there are
fragments of 5 and 3 kb. In particular, on the basis
of the relative amounts of hybridization seen, the
WS380B 5-kb fragment replaces the NC4 5.6-kb
fragment and the 3-kb fragment replaces the 7.2-kb
fragment (Figure 3). In segregants of the WS380B
cross, the 7.2- and 5.6-kb fragments segregated with
the acrA1823 mutation from HU1628 while the po-
lymorphic fragments from the wild isolate segregated
with the acrA + linkage group 11 (Figure 3, Table 3).
Linkage of the 7.2-kb fragment in the segregants of
the cross involving wild isolate OHIO is consistent
with this result (Figure 2, Table 1), as is the data

from the HU188 cross (Table 2) with HUD87 again
being exceptional. Cosegregation of B, vy and the
pseudogene was expected from the map of the DNA
region in which these genes are located (PooLE and
FIRTEL 1984).

Use of a transposon generated DNA polymorph-
ism to study linkage of the discoidin I gene family:
In strains derived from the NC4 type strain, POOLE
and FIrTEL identified two DNA polymorphisms af-
fecting EcoRI fragments homologous to a discoidin I
gene probe (PooLE and FIRTEL 1984). PooLE and
FirTEL (1984) showed that these polymorphisms were
due to integration of a mobile genetic element, Tdd-
3, into a Tdd-2 element in the region near the vy
gene. In the AX3K strain the NC4 7.2-kb fragment
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TABLE 4

Linkage analysis of the discoidin I y gene and Tdd-2 elements using segregant haploids produced by crossing strain AX3K with
tester strain HU1852

Polymorphic restriction
fragments
(kb)

Linkage group

111 v VI

Strain EcoRI HindIIl 1 11 VII
HU1852 7.2 15 cycAl acrA1836 whiB355 bwnAl manA2 bsgB500
AX3K 5.1 7.5, 16 cycA™ acrA” whiB ™ bunA™ manA ™" bsgB ™
HUDI132 5.1 16 + + + bunAl + bsgB500
HUDI133 5.1 7.5, 16 + + + + manA2 bsgB500
HUDI134 7.2 15 + acrA1836 + bwnAl + +
HUDI138 5.1 7.5, 16 cycAl + whiB355 + + bsgB500
HUDI140 7.2 15 + acrA1836 whiB355 bwnAl + bsgB500
HUDI143 5.1 7.5, 16 cycAl + + + manA2 ¥
HUDI145 5.1 7.5, 16 + + whiB355 + manA2 bsgB500
HUD148 7.2 15 + acrA1836 + bwnAl manA2 bsgB500
HUDI150 72 7.5, 15 + acrA1836 whiB355 + + bsgB500
HUDI152 5.1 7.5, 16 cycAl + + + + *

A portion of the HU1852 (NC4) discoidin vy gene is located on an EcoRI fragment of 7.2 kb, in AX3K this fragment is replaced by one
of 5.1 kb. The EcoRI polymorphism was detected using the pDd812 EcoRI-Kpnl 340 bp fragment; the Tdd-2 elements were mapped using
HindIII polymorphisms detected with a BglII-EcoRI fragment from pDd17 that contains Tdd-2 sequences from the region flanking the
discoidin I y gene (Figure 5). For segregant genotypes AX3K alleles are designated +. Genetic markers are described in Table 1.
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FIGURE 3.—Analysis of EcoRI restriction fragments in segre-
gants of a cross of wild isolate WS380B with tester strain HU1628
using as probe a 340 bp fragment of pDd812 that contains a
portion of the discoidin « gene (see Table 3). Lanes are: 1, WS380B;
2, HU1628; 3, HUDA47; 4, HUDA48; 5, HUD49, 6, HUD33; 7,
HUDb54; 8, HUD55; 9, HUD58; 10, HUD59; 11, HUD60; 12,
HUDG62. Approximate sizes of polymorphic fragments are indi-
cated on the left.

is replaced by a 5.1-kb fragment. Thus the linkage
of the y gene can be confirmed using this polymorph-
ism. Data obtained with segregants of a cross of
AX3K with HU1852 was consistent with the linkage
group II location; in these segregants the 5.1-kb
fragment always segregated with the AX3K linkage
group II and no linkage to the other groups was seen
(Table 4).

Analysis of a duplication affecting the discoidin
I gene family: The AX3L strain has a duplication
that was known to affect at least B, y and the

pseudogene. A diagnostic 3.0-kb fragment bearing a
portion of one copy of the y gene replaces one copy
of the 7.2-kb fragment and can be used to determine
the linkage of the duplicated genes. In the analyses
of the duplication in AX3L a complicated result was
initially obtained. The stock of AX3L used appears
to have been a diploid at the time of crossing to
HU1628 and to HU1852. The products of both of
these crosses were homozygous for at least two of the
AX3L linkage groups. DUDI13 (AX3L x HUI1852)
was homozygous for the AX3L linkage groups I and
IV; DUD21 (AX3L x HU1628) was homozygous for
the AX3L linkage groups III and VI. Segregants of
DUD13 and DUD21 never expressed genetic markers
for these linkage groups that were present in the
tester strain parent. This result can be explained if
the initial products of the crosses were unstable
triploids that lost chromosomes by nondisjunction to
form stable diploids from which the segregants were
then isolated. Despite this complication, data obtained
in the analysis of segregants of DUD13 and DUD21
was consistent with linkage of the duplication to
linkage group II. The 3 kb fragment was always
present in segregants having the AX3L acrA ™ linkage
group II and no linkage of the duplication to groups
I, III, IV, VI or VII was seen.

To further resolve the linkage of the duplication,
an additional experiment was carried out. Haploid
HUD239, which contains the AX3K linkage group
I1, was crossed to strain HUD377, which contains an
AX3L linkage group II on which a new acA
mutation was selected. Segregants of the resulting
diploid confirmed the linkage of the duplication to
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TABLE 5

Linkage analysis of a discoidin gene duplication using segregant haploids produced by crossing strains HUD239 and HUD377

Polymorphic restriction

Linkage group

fragments

Strain (kb) I 11 v VI VII
HUD239 5.1 cycAl acrA™ bsgA5 whiC™ manA2 couA ™
HUD377 3,72 cycA™ acrA2108 bsgA™ whiC351 manA ™ couA351
HUD381 5.1 + bsgA5 + + +
HUD382 5.1 + bsgA5 whiC351 manA2 +
HUD384 3,72 + acrA2108 + + manA2 couA351
HUD386 5:1 cycAl bsgA5 + + +
HUD387 5.1 cycAl bsgA5 + manA2 +
HUD391 5.1 cyeAl bsgA5 whiC351 manA2 +
HUD393 3,72 cycAl acrA2108 bsgA5 + manA2 +
HUD394 8,72 + acrA2108 + whiC351 manA2 +
HUD395 3, 7.2 cycAl acrA2108 bsgA>5 + + +
HUD398 L cycAl bsgA5 whiC351 + +
HUD403 5.1 + + whiC351 + couA351

Insertion of a copy of the Tdd-3 element into DNA flanking one of the y genes of AX3L generated a polymorphic 3 kb EcoRI fragment.
AX3L and its derivatives (HUD377) therefore have both a 7.2 and a 3 kb fragment. In AX3K and its derivatives (HUD239) the NC4 7.2
kb fragment is replaced by one of 5.1 kb. Thus in this cross it is possible to follow both gene copies from the duplication-bearing strain,
HUD377 (Figure 4). HUD239 is a segregant of a cross of AX3K with HU1628; HUD377 is a methanol resistant mutant of HUD166, a
segregant of a cross of AX3L with HU1628. Genetic markers are described in Table 1.
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FiGUrE 4.—Analysis of EcoRI restriction fragments in segre-
gants of a cross of HUD239 with HUD377 using as probe pDd812,
a plasmid that contains a portion of the discoidin a gene (see Table
5). Lanes are: 1, HUD239; 2, HUD377; 3, HUD381; 4, HUD382;
5, HUD384; 6, HUD386; 7, HUD387; 8, HUD391; 9, HUD393;
10, HUD394; 11, HUD395; 12, HUD398; 13, HUD403. Sizes of
polymorphic fragments are indicated on the left.

linkage group II (Figure 4, Table 5). Segregants of
the two parental classes, with respect to linkage group
II markers, were obtained: (1) acrA © with the AX3K
5.1-kb fragment or (2) acrA2108 with the AX3L 7.2-
and 3.0-kb fragments.

These strains can also be used to determine
whether or not the a gene is duplicated in AX3L.
Fortuitously the hybridization to the 1.4-kb and 1.8-
kb EcoRI fragments is approximately the same in the
segregants containing the AX3K linkage group IIL

The ratio of the hybridization to the 1.8-kb ()
fragment relative to the hybridization to the 1.4-kb
(B-y) fragment ranged from 0.82 to 0.94 for DNA
from HUD239 and segregants that bear the AX3K
linkage group II. This corresponds to a situation
where there are single copies of the a gene and the
rest of the gene family. If the o gene is duplicated
in AX3L, then with DNA from strains bearing the
AX3L linkage group II the ratio of the hybridization
to these bands should be similar to that observed
with strains bearing the AX3K linkage group II. This
corresponds to two copies of both the a gene and
the rest of the gene family. Conversely if the a gene
is not duplicated the ratio should not be similar to
that observed with the strains carrying the AX3K
linkage group II. This would reflect hybridization to
a single 1.8-kb fragment and to two copies of the 1.4-
kb fragment. The ratios of the hybridization to the
1.8-kb fragment relative to that to the 1.4-kb fragment
for DNA from strains bearing the AX3L linkage
group II were similar to those obtained with DNA
from segregants bearing the AX3K linkage group II.
The ratios ranged from 0.84 to 0.93. This indicates
that the a gene is duplicated in AX3L.

Linkage analysis of Tdd-2 mobile genetic ele-
ments using DNA polymorphisms: A prediction of
the insertion of the Tdd-3 element into a Tdd-2
element in the DNA flanking the discoidin gene
family in AX3K is that this will generate DNA poly-
morphisms detectable using a probe for the Tdd-2
element. With HindIII digested genomic DNA of the
segregants from the AX3K cross with HU1852, a
polymorphic restriction fragment was detected that
segregated as expected for a linkage group II marker.



Discoidin Gene Family Organization 577

123 4 5 6 7 8 9 10 11 12

16

FIGURE 5.—Analysis of HindIII restriction fragments in segre-
gants of a cross of AX3K with tester strain HU1852 using as probe
an EcoRI-Bglll fragment of pDd17 that contains a portion of the
Tdd-2 sequence (see Table 4). Lanes are: 1, HU1852; 2, AX3K;
3, HUD132; 4, HUDI133; 5, HUD134; 6, HUD138; 7, HUDI140;
8, HUD143; 9, HUDI145; 10, HUD148; 11, HUD150; 12, HUD152.
Approximate sizes of polymorphic fragments are indicated on the
left.

HU1852 and segregants with the HU1852 linkage
group II had a doublet of about 15 kb, while segre-
gants with the AX3K linkage group II had a pair of
fragments one of about 16 kb and one of 15 kb
(Figure 5, Table 4). In addition, a second poly-
morphic HindIIl fragment of about 7.5 kb that
segregates with the AX3K linkage group IV, was
detected (Figure 5, Table 4). This must reflect a
second independent Tdd-2 insertion or rearrange-
ment event in AX3K.

DISCUSSION

Restriction fragment length polymorphisms allow
rapid analysis of the linkage and organization of
developmentally regulated gene families in D. discoi-
deum. The experiments presented here establish that
the entire discoidin I gene family is located on a
single linkage group, linkage group II. It was known
that the B, y and pseudogene were clustered (POOLE
and FIrRTEL 1984) but no information on linkage to
genetic markers was previously available. This work
made use of RFLP analysis and parasexual crosses
involving tester strains that carried genetic markers
for each of the six known linkage groups. Similar
analyses have been used to map actin and tRNA
genes of D. discoideum (WELKER et al. 1986; DINGER-
MANN et al. 1987). DNA polymorphisms affecting
restriction fragments carrying discoidin I genes were
common in wild isolates, much more so than was
seen in the study of the actin gene family (WELKER
et al. 1986). This may reflect the nonessential nature
of the discoidin I protein. Discoidin I is not required
either for vegetative cell viability or for fruiting body
formation.

Linkage of genes to their regulatory loci is poten-
tially important for both the actual mechanism of
regulation and the evolution of the regulatory pro-

cess. The a gene may be clustered with the other
discoidin I genes since it is duplicated along with the
rest of the gene family in AX3L. Thus the gene
family may be controlled by a common regulatory
process, for example, one based on the presence of
an enhancer or on regional chromatin changes at the
time of transcription. Furthermore the gene family
may be located near other loci that have been shown
to influence discoidin I expression. Mutants in disA,
a locus on group II, fail to express discoidin I, which
has been taken to indicate disA involvement in a trans-
acting regulatory network (ALEXANDER, CIBULSKY and
CuNeo 1986). Two additional loci (motA and daxA)
that affect discoidin I expression have also been
mapped to linkage group II (KaymaN, BIRCHMAN
and CLARKE 1988). This linkage may be important
in the coordinate maintenance through evolution of
the regulatory elements and the gene family.

A duplication of the entire gene family was mapped
to linkage group II. It is probable that this is a
tandem duplication and that the duplicated genes lie
near the normal gene family. Only one D. discoideum
duplication other than those resulting from aneu-
ploidy has been reported, this is a tandem duplication
(WELKER, METZ and WiLLiaMs 1982). One difference
from the known tandem duplication is the apparent
stability of the discoidin I duplication. No instability
was observed with this duplication, whereas with the
previously characterized tandem duplication fre-
quent sectoring of colonies associated with loss of the
duplication was observed. A second difference is the
apparent absence of adverse gene dosage effects on
growth with the discoidin gene duplication. These
effects suggest that the discoidin gene duplication is
relatively small in comparison to the previously char-
acterized tandem duplication.

In addition to the results with the discoidin I gene
family, a probe for the Tdd-2 mobile genetic element
detected and allowed linkage analysis of two poly-
morphisms. One was linked to group II and probably
is the product of a known insertion of a Tdd-3
element into a Tdd-2 element near the AX3K dis-
coidin gene (PoorLt and FIrTEL 1984). The other
maps to linkage group IV and must be the result
either of movement of a Tdd-2 element or of a DNA
rearrangement affecting a Tdd-2 element. These
results are the first mapping of putative transposable
elements in D. discoideum. This ability to follow trans-
posable elements will undoubtedly be employed in
future mutation experiments involving transposon
tagging of developmentally regulated genes, a pow-
erful technique in other eukaryotic systems.

I thank S. C. Kaymax for communication of unpublished results,

J. E. HugHes for her comments and advice, I. Corxia for technical

assistance and M. LARGENT for typing the manuscript. This work
was supported by the American Cancer Society (BC535) and a
Faculty Grant from Utah State University.



578 D. L. Welker

LITERATURE CITED

ALEXANDER, S., and T. M. SHINNICK, 1985 Specific regulation of
transcription of the discoidin gene family in Dictyostelium
discoideum. Mol. Cell. Biol. 5: 984-990.

ALEXANDER, S., A. M. CiBuLsky and S. D. Cunko, 1986 Multiple
regulatory genes control expression of a gene family during
development of Dictyostelium discoideum. Mol. Cell. Biol. 6:
4353-4361.

ALEXANDER, S., T. M. SHinNIcK and R. A. LERNER, 1983 Mutants
of Dictyostelium discoideum blocked in expression of all members
of the developmentally regulated discoidin multigene family.
Cell 34: 467-475.

CLARKE, M., S. C. KaymaN and K. RiLEY, 1987 Density-dependent
induction of discoidin I synthesis in exponentially growing
cells of Dictyostelium discoideum. Differentiation 34: 79-87.

Coorer, D. N. W,, and S. H. BaronDes, 1984 Colocalization of
discoidin-binding ligands with discoidin in developing Dictyos-
telium discoideum. Dev. Biol. 105: 59-70.

CrowLEy, T. E.,, W. NELLEN, R. H. GoMmER and R. A. FIRTEL,
1985 Phenocopy of discoidin I-minus mutants by antisense
transformation in Dictyostelium. Cell 43: 633—-641.

DEVINE, J. M., A. S. Tsanc and J. G. WiLLiams, 1982 Differential
expression of the members of the discoidin I multigene family
during growth and development of Dictyostelium discoideum.
Cell 28: 793-800.

DiNnGerMANN, T., E. AMmon, K. L. WiLLiaMs and D. L. WELKER,
1987 Chromosomal mapping of tRNA genes from Dictyoste-
ltum discoideum. Mol. Gen. Genet. 207: 176—187.

KavMman, S. C., R. BirRcHimaN and M. CLARKE, 1988 motA1552, a
mutation of Dictyostelium discoideum having pleiotropic effects
on motility and discoidin I regulation. Genetics 118: 425—436.

Ma, G. C. L, and R. A. FirtEL, 1978 Regulation of the synthesis
of two carbohydrate-binding proteins in Dictyostelium discoi-
deum. J. Biol. Chem. 253: 3924-3932.

NewerL, P. C., 1987 Genetic loci of the cellular slime mold
Dictyostelium discoideum. pp 298-301. In: Genetic Maps 1987,
Edited by S. J. O'Brien. Cold Spring Harbor Press, Cold
Spring Harbor, N.Y.

Popcorski, G., and R. A. DEerING, 1980 Quantitation of induced
mutation in Dictyostelium discoideum. Characterization and use

of a methanol-resistance mutation assay. Mutat. Res. 74: 459-
468.

Poork, S. J., and R. A. FIRTEL, 1984 Genomic instability and
mobile genetic elements in regions surrounding two discoidin
1 genes of Dictyostelium discoideum. Mol. Cell Biol. 4: 671-680.

SPRINGER, W. R., D. N. W. Coorer and S. H. BARONDEs,
1984 Discoidin I is implicated in cell-substratum attachment
and ordered cell migration of Dictyostelium discoideum and
resembles fibronectin. Cell 39: 557-564.

SussmaN, M., 1966 Biochemical and genetic methods in the study
of cellular slime mold development. Methods Cell Physiol. 2:
397-410.

Tsang, A.S., J. M. DEviNE and J. G. WiLL1aMs, 1981  The multiple
subunits of discoidin I are encoded by different genes. Dev.
Biol. 84: 212-217.

WELKER, D. L., 1986 Linkage analysis of nystatin resistance
mutations in Dictyostelium discoideum. Genetics 113: 53—62.
WELKER, D. L., and K. L. WiLLiams, 1980 Mitotic arrest and
chromosome doubling using thiabendazole, cambendazole,
nocodazole and benlate in the slime mould Dictyostelium discoi-

deum. J. Gen. Microbiol. 116: 397-407.

WELKER, D. L., and K. L. WiLLiams, 1985 Translocations in
Dictyostelium discoideum. Genetics 109: 341-364.

WELKER, D. L., K. P. HIrTH and K. L. WiLL1aMs, 1985 Inheritance
of extrachromosomal ribosomal DNA during the asexual life
cycle of Dictyostelium discoideum: examination by use of DNA
polymorphisms. Mol. Cell. Biol. 5: 273-280.

WEeLKER, D. L., B. A. Metrz and K. L. WILLIAMS,
1982 Chromosome rearrangements in Dictyostelium discoi-
deum. Genetics 102: 711-723.

WELKER, D. L., K. P. HIrTH, P. RomMaNs, A. NOEGEL, R. A. FIRTEL
and K. L. WiLiiams, 1986 The use of restriction fragment
length polymorphisms and DNA duplications to study the
organization of the actin multigene family in Dictyostelium
discotdeum. Genetics 112: 27-42.

WirLiams, K. L., G. E. Roeson and D. L. WELKER, 1980 Chromo-
some fragments in Dictyostelium discoideum obtained from par-
asexual crosses between strains of different genetic back-
ground. Genetics 95: 289-304.

Communicating editor: S. L. ALLEN



