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ABSTRACT Whereas transformation of 
Dictyostelium discoideum now can be done rou- 
tinely and reliably, there is increasing demand for a 
system that allows selection of cells that have gone 
through repeated transformation cycles. Such a 
system is presented here. Selection is based on re- 
sistance to 5-fluoro-orotic-acid (5-FOA). D. discoi- 
deum is highly sensitive to this drug, and cells can 
survive only in the presence of 5-FOA if they carry 
a defective UMP-synthase gene. After transforma- 
tion with a plasmid carrying a cloned version of the 
UMP-synthase gene, 5-FOA resistant cells are ob- 
tained at high frequency. Because 5-FOA-resistant 
cells depend on exogenously added uracil, these 
cells can be taken through a second round of 
transformation. A plasmid-borne UMP-synthase 
gene renders 5-FOA-resistant cells phenotypically 
ura + . Finally, cells can be further transformed us- 
ing the standard G418 selection system. 

Key words: Transformation, Dictyostelium discoi- 
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INTRODUCTION 
Although DNA can be efficiently introduced into eu- 

karyotic cells, there are still only a few selection sys- 
tems available that allow identification of transformed 
cells that have taken up recombinant DNA molecules. 
Such selection systems are based, e.g., on thymidine 
kinase (TK) [Wilkie et al., 19791, hypoxanthine gua- 
nine phosphoribosyl transferase (HGPRT) LMulligan 
and Berg, 19811, adenoribosyl transferase (APRT) 
[Wigler et al., 19791, or dihydrofolate reductase 
(DHFR) [Alt et al., 19781. Additionally, some antibiot- 
ics can be used for selection; however, their use is 
restricted to a very small number of highly toxic com- 
pounds such as  the aminoglycoside G418 and chloram- 
phenicol. In these cases, prokaryotic gene products, i.e. 
aminoglycoside 3'-phosphotransferase [Davies and 
Smith, 19781 and chloramphenicol acetyl transferase 

[Shaw, 19671, are responsible for the detoxification of 
the drugs. 

Currently most transformation vectors which are 
used for D. discoideum transformation rely on the neo- 
mycin or kanamycin resistance genes derived either 
from Tn5 or Tn903 [Nellen et al., 1984; Knecht et al., 
19861. As transformation using G418 selection is now 
routine, there is increasingly need for additional selec- 
tion systems. Ideally these should work with any 
axenic strain, rather than specialized mutants, and 
they should not interfere with G418 selection. Such a 
system will be described. 

MATERIALS AND METHODS 
Transformation and Selection Procedures 

D. discoideum Ax-2 cells were routinely grown in 
HL5 medium [Watts and Ashworth, 19701 a t  22°C. 
Cells were transformed by standard procedures [Nellen 
et al., 1984; Early and Williams, 19871 with the follow- 
ing modifications. For 5-FOA selection, cells were al- 
ways grown in medium containing uracil (20 pg/ml). 
5-FOA (50-100 pg/ml, obtained from Sigma #F5013) 
was added when changing medium the day after trans- 
formation. Medium was replaced by fresh selection me- 
dium every second day. Primary colonies were picked 
from the Petri dish and recloned on SM-agar plates 
(containing 20 pgiml uracil) with Klebsiella aerogenes 
[Welker and Williams, 19821. After 3 to 5 days of 
growth at 22"C, single colonies were transferred to Cos- 
tar  plates and reselected in the presence of 50 to 100 
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pgiml5-FOA. Resistant cells do have a ura- phenotype 
and grow significantly slower than wild-type cells. 

For uru- complementation, deletion mutants are 
transformed with pDU3B1 or pUCPYR5-6. Transfor- 
mants can be selected in HL5 medium. However, due to 
uracil's presence in this medium, a significant amount 
of untransformed cells interferes with an easy detec- 
tion of transformants. On the day after the transfor- 
mation, the medium should be changed and not re- 
placed with fresh medium for a t  least 5 days. If clones 
become visible (usually 7-10 days after transforma- 
tion), they should be recloned on SM-agar plates with 
K. aerogenes and then reslected on Costar plates in 
HL5 medium. At this stage, ura ' cells can easily be 
distinguished from untransformed uru- cells by their 
significantly increased growth rate. Instead of HL5 me- 
dium, defined media [Franke and Kessin, 1977; 
Rahmsdorf, 19771 can be used for selection of uruf 
transformants. In  such media, selection of positively 
transformed cells is unambiguous. 

Preparation of DNA and RNA 
Genomic DNA was prepared from isolated nuclei 

[Dingermann et ul., 19871. Nuclei were lysed at 65°C in 
8 ml buffer containing 200 mM EDTA, pH 8.4, and 2% 
sarcosyl. CsCl (8 g) plus 200 p1 ethidium bromide (10 
mg/ml) were added; after centrifugation (42,000 rpm, 
2WC, 48 h), DNA was collected and ethanol precipi- 
tated and dissolved in Low TE buffer (10 mM TrisiHCl 
pH 8, 0.1 mM EDTA). 

Total cellular RNA was prepared from 5 x lo7 to 1 
x 10' washed cells. Cells were lysed in 3.5 ml 4M 
guanidinium isothiocyanate and RNA pelleted through 
a cushion of 1.5 ml of 4.7M CsCl(35,OOO rpm, 18"C, 16 
h) dissolved in 360 pl TES buffer (10 mM TrisiHCl, pH 
7.4,5 mM EDTA, 1% SDS). After precipitation with 2.5 
volumes of ethanol at -8O"C, the purified RNA was 
stored in sterile water at -80°C. 

RESULTS AND DISCUSSION 
Theoretical Basis for 5-FOA Selection 

Initial selection is based on resistance to 5-fluoro- 
orotic acid (5-FOA). This compound is toxic for nearly 
every organism. In normal cells, this drug is metabo- 
lized by UMP synthase, yielding 5-fluoro-uridine 
monophosphate (UMP), which covalently and irrevers- 
ibly binds thymidylate-synthase (Fig. 1). This reaction 
is called suicide inhibition, because the enzyme is in- 
activated by binding to its substrate, and inactivation 
of thymidylate-synthase eventually causes cell death. 
However, cells lacking UMP-synthase activity are re- 
sistant to 5-FOA because the compound cannot be con- 
verted to 5F-dUMP, the substrate for thymidylate-syn- 
thase. Due to the UMP-synthase defect, cells need to be 
complemented with exogenously added uracil, which is 
converted by salvage pathways to UMP and further by 

snuoro UYP UYP + 4 + t 
I thymldylete 

T h  P 

Fig. 1. Suicide inhibition. A Orotic acid is one intermediate re- 
quired for TMP biosynthesis. It is converted by two enzymatic activ- 
ities (orotate phosphoribosyl transferase and orotidylate decarboxy- 
lase) yielding UMP. In D. discoideurn both activities are represented 
by a single bifunctional enzyme referred to as UMP synthase. UMP is 
further converted via dUMP to thymidine monophosphate (TMP) by 
the enzyme thymidylate synthase. B: In the presence of 5-FOA, UMP 
synthase converts this compound to 5-fluoro-UMP, which after reduc- 
tion to 5F-dUMP also acts as a substrate for thymidylate synthase. C: 
Thymidylate synthase is irreversibly inhibited by 5F-dUMP. Because 
F' cannot be abstracted from F-dUMP by the enzyme, catalysis is 
blocked at the stage of the covalent complex formed by F-dUMP, me- 
thylenetetrahydrofolate, and the sulfhydryl group of the enzyme. 
Cells are rapidly depleted of active enzyme and die. This effect of 
5-FOA, known as suicide inhibition, can be prevented if cells are 
unable to convert 5-FOA to 5F-UMP, i.e., if they do not contain a 
functional UMP synthase. 

the action of thymidylate synthase to thymidine mono- 
phosphate (TMP). 

Conversion of orotic acid to UMP is generally 
achieved by the action of two enzymatic activities: oro- 
tate phosphoribosyl transferase (EC 2.4.2.10) and oro- 
tidine-5I-phosphate carboxy-lyase ( = orotidylate decar- 
boxylase) (EC 4.1.1.23). Whereas in prokaryotes-but 
also in some lower eukaryotes like S. cereuisiae-each 
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Fig. 2. Growth inhibition of D. discoideum cells by 5-FOA. Ax-2 
cells were grown in shaking cultures at 22°C. Indicated amounts of 
5-FOA were added to the cultures, and cells were counted a t  indicated 
intervals. Cells grown on Petri dishes are slightly less sensitive to 
5-FOA than cells grown in shaking cultures (data not shown). 

activity represents a separate enzyme, D. discoideum as 
well as  Drosophila melanogaster and mammals encode 
both enzymatic activities on a single gene. This gene 
was isolated from D. discoideum by screening a genomic 
library in a ura3 defective background of Saccharomy- 
ces cerevisiae [Boy-Marcotte and Jacquet, 19821. The 
gene is 1.8 kb long and is also able to complement a uru5  
mutation in yeast [Boy-Marcotte et al., 19841. In addi- 
tion to this genetic evidence, significant homologies on 
the amino acid level confirmed the suggestion that in D. 
discoideum UMP-synthase is encoded by a single gene 
[Jacquet et al., 19881. 

Selection of 5-FOA Resistant Ax-2 Cells After 
Transformation With a Plasmid Carrying the 
DdPYR5-6 gene. D. discoideum cells are highly sen- 
sitive to 5-FOA. In the presence of 50 to 100 pg 5- 
FOA/ml HL5-medium, cell growth is completely inhib- 
ited in shaking cultures (Fig. 2). Obviously, D. 
discoideum is much more sensitive to the drug than, 
e.g., S. cereuisiae, where concentrations of 2 mg/ml are 
needed for efficient growth inhibition [Boeke et al., 
19841. It should be pointed out, however, that cells 
grown in Petri dishes seem to be slightly less sensitive. 
In this case, the addition of 100 pg 5-FOA per ml HL5- 
medium is required for complete growth inhibition. 

To isolate mutants carrying a defective UMP-syn- 
thase gene, cells were transformed with pDU3B1 [Boy- 
Marcotte et al., 19841, a plasmid containing the entire 
UMP-synthase gene (Fig. 3). Transformation was done 
following the standard protocols [Nellen and Firtel, 
1985; Nellen et al., 1984, 1986; Early and Williams, 
19871, with the exception that all media contained 20 
pg/ml uracil and that the day following the transfor- 
mation 100 pgiml 5-FOA was added. Medium was 
changed every second day, and resistant cells were vis- 
ible at around day 5 to day 7 after transformation. 
Selection was continued for another 7 days, and appar- 
ently resistant cells were cloned on bacterial plates. 

A EcoAl 
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Fig. 3. Schematic drawings of plasmids pDU3Bl and pUCPYR5-6. 
The construction of pDU3B1 is described in detail in Boy-Marcotte et  
al. (1984). The plasmid contains a ClaI fragment of about 3.7kb, which 
encodes the entire UMP-synthase gene. Note that the CZuI site, which 
is flanked by EcoRI and Hind111 restriction sites, originates from 
vector sequences and does not represent genomic DNA. The location 
of the promoter and the transcription direction is indicated. Plasmid 
pUCPYR5-6 was constructed by a blunt-end ligation of the Cia1 frag- 
ment from pDU3B1 into a PuuII digested pUC vector. pUCPYR5-6 
contains a unique PuuII site within the coding region. This can con- 
veniently be used to insert a DNA fragment, which may be directed 
into the DdPYR5-6 site of the D. discoLdeum genome. 

Careful recloning is very im.portant. In the presence of 
100 pgiml 5-FOA, many untransformed cells are not 
killed; instead, they are only growth inhibited. This is 
the reason for high background levels during 5-FOA 
selection. These untransformed cells start growing 
again as the drug is removed and quickly overgrow 
mutant cells. Therefore, clones picked from a bacterial 
plate have to be reselected in 5-FOA selection medium. 
This time false-positive transformants are readily de- 
tectable and can be discarded. 

Transformation efficiencies were unexpectedly high. 
Usually, 50 or more independent transformants are ob- 
tained per lo7 input cells, which in our hands is not 
significantly less than obtained after G418 selection. 
This was surprising, as  5-FOA selection depends on 
gene targeting and subsequent gene inactivation while 
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Fig. 4. Growth characteristics of Ax-2 cells and of the N1-2 deletion 
mutant in HL5-medium and in defined medium (insert). Ax-2 cells 
(closed circles) grow identically in HL5-Medium or in defined medium 
whether or not uracil at a concentration of 20 pgiml is present. N1-2 
cells, however, depend very much on exogenously added uracil. In 
HL5-medium plus uracil (20 pg/ml), N1-2 cells grow significantly 

more slowly than Ax-2 cells, but they eventually reach similar cell 
densities (open circles). If uracil is omitted, N1-2 cells grow even more 
slowly and stop growing a t  about 2 x lo6 cells/ml (open squares). In 
defined medium, N1-2 cells grow slowly in the presence of uracil (in- 
sert, open circles) but start immediately dying if cultured in uracil- 
free defined medium (insert, open squares). 

the neor gene can integrate anywhere in the genome. 
On the other hand, G418 resistance usually requires 
amplification of the neor gene, which seems to be a rare 
event as well (unpublished observation). 

Although vectors used in this study are not real “dis- 
ruption plasmids,” 5-FOA-resistant cells seem to be the 
result of gene disruption through specific targeting by 
the transformation plasmid. From mock transforma- 
tions and from transformations with plasmids carrying 
no DNA fragments homologous to the UMP-synthase 
locus, only rarely are 5-FOA-resistant cells obtained. 
We speculate that plasmids integrate into the UMP- 
synthase gene first. In the presence of 5-FOA, clones 
are then selected that have deleted this DNA together 
with parts of the resident gene. Experiments with “dis- 
ruption plasmids” are currently in progress. 

Phenotypic analysis of mutants confirmed the sug- 
gestion that 5-FOA-resistant cells also exhibit an ura- 
phenotype. Furthermore, growth rate is greatly re- 
duced. In the presence of 20 pgiml uracil, 5-FOA-re- 
sistant cells grow with a generation time of about 16 
hours, but finally reach cell densities of untransformed 
Ax-2 cells (Fig. 4). Without uracil added to the HL5 
medium, 5-FOA-resistant cells stop growing in shak- 
ing cultures at a cell density of about 2 x 106 celldm1 
(Fig. 4). The ura- phenotype is even more obvious if 
cells are grown in defined medium [Rahmsdorf, 1977; 
Franke and Kessin, 19771. If this medium is not sup- 
plemented with uracil, cells start dying immediately 
(Fig. 4, insert). 

Selection of uru + cells Following Transforma- 
tion of 5-FOA-resistant cells With a Plasmid Car- 
rying the DdPYR5-6 gene. The obvious ura- phe- 
notype of 5-FOA-resistant cells suggested another 
selection scheme after a second round of transforma- 
tion. Cells were transformed with pDU3B1, and trans- 

formants were selected either in defined medium or in 
HL5 medium without any uracil added. Although se- 
lection in defined medium was unambiguous and effec- 
tive, selection in HL5 medium was slightly complicated 
by the fact that untransformed ura- cells were able to 
grow in this medium to some degree. In this case, me- 
dium should be changed only every 5th day, and clones 
that become detectable after about 10 days need to be 
carefully rescreened by recloning on K. aerogenes fol- 
lowed by growth in HL5 medium without uracil. Re- 
sulting transformants are clearly distinguishable from 
ura- cells not only because of their ura+ phenotype, 
but also because of growth characteristics comparable 
to those of wild-type cells. 

Genotypic Analysis of Ax-2 cells, 5-FOA Resis- 
tant Transformants and ura+ Supertransfor- 
mants. To gain insight into the genetic changes that 
led to the two new phenotypes, genomic DNA as well as  
RNA were isolated from Ax-2 cells, from cells selected 
based on 5-FOA resistance, and from cells obtained in 
a secoud round of transformation based on ura+ selec- 
tion. A comprehensive analysis is shown in Figure 5. 
Genomic DNAs were digested with KpnI or with KpnIi 
PvuII and, after size fractionation and transfer to ni- 
trocellulose, filters were hybridized with nick-trans- 
lated pDU3B1 plasmid (Fig. 5A). I t  is obvious that 
signal intensities of most DNA fragments are compa- 
rable, indicating that significant gene amplification 
did not occur. Furthermore, it is obvious that the signal 
pattern in all three analyzed DNAs is different, indi- 
cating that some genomic rearrangement has taken 
place. 

From extensive analyses we can conclude that in the 
analyzed 5-FOA-resistant mutant N1-2 a 0.7 kb span- 
ning deletion occurred, most likely resulting from ho- 
mologous recombination with pDU3B1 and subsequent 
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Fig. 5. A Southern blot analysis of KpnI- and KpnIiPuuII-digested 
nuclear DNA from Ax-2 cells, 5-FOA’ N1-2 cells, and uru+ selected 
N1-PIC1 cells. As control, pDU3B1 plasmid DNA was analyzed as 
well. Blots were hybridized with nick-translated pDUJB1 plasmid 
DNA. According to these and additional analyses, N1-2 cells are char- 
acterized by a deletion of about 0.7 kb within the DdPYRS-6 locus 
(shown in C). There is no indication of any integrated plasmid DNA. 
N1-2IC1 cells, which were selected based on uru complementation, 
most likely contain, in addition to the genomic deletion, one pDU3B1 

imperfect deletion of the integrated and probably am- 
plified plasmid DNA. This deletion effects the N-ter- 
minal coding part of the DdPYR5-6 gene, possibly in- 
cluding the promoter region (Fig. 5C), as both the 
internal KpnI site and the internal PuuII site are de- 
leted in the mutant. As a consequence, 3.8 kb genomic 
DNA fragments can be detected in KpnI as  well as in 
KpnIiPuuII digested N1-2 DNA. Corresponding restric- 
tions of Ax-2 control DNA result in fragments of 2.45 
kbi2.05 kb and 2.45 kbi1.6 kbi0.45 kb, respectively. Un- 
affected, however, is the C-terminal part of the gene as 
well as sequences upstream of the coding region, as the 
right-most KpnI site and the left-most CZuI site located 
on pDUSB1 are still present in the genome (data not 
shown). Clone N1-2 does not contain any plasmid DNA 
(Fig. 5A). 

From the fragment pattern of clone N1-2IC1, i t  is 
obvious that  both the wild-type and the deletion pat- 
tern appear to be superimposed. This result indicates 

plasmid integrated into the genome. Sizes of restriction fragments are 
given in kilobase pairs. Restriction fragments resulting from pDU3B1 
are indicated by outlined lettering. B: Northern blot analysis of RNA 
isolated from Ax-2 cells, N1-2 cells, and N1-2IC1 cells. Ax-2 cells 
express a DdPYR5-6 mRNA of about 1.6 kb. The N1-2 deletion clone 
contains marginal amounts of a 0.5 kb mRNA, which hybridizes with 
the probe; N1-PIC1 contain both the intact 1.6 kb mRNA and the 
truncated 0.5 kb message. 

that the uraf  phenotype does not result from a gene 
conversion at the deleted DdPYR5-6 locus. Rather, a 
new DdPYR5-6 gene copy has been reintroduced into 
the mutant genome. This copy is present on the 
pDU3B1 plasmid, which has been entirely integrated 
into the mutant genome. Although slightly stronger 
signal intensities might suggest amplification of the 
integrated plasmid DNA, the following facts argue in 
favor of a single-copy integration. As a result of ampli- 
fication of pDU3B1 DNA, the genomic restriction pat- 
tern should be identical to the pattern of correspond- 
ingly digested plasmid DNA; this is not observed. In 
addition to the predicted 7.95 kb and 2.05 kb KpnI 
fragments, N1-2iC1 DNA contains another fragment of 
about 8.5 kb, which is of an  intensity similar to all the 
other fragments, with the exception of the 3.8 kb frag- 
ment. This 3.8 kb fragment, however, carries the ge- 
nomic deletion, which causes less efficient hybridiza- 
tion with the radioactive probe. Similarly the patterns 
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General Applicability of 5-FOA Selection for D. 
discoideum. In addition to the described procedures 
that allow the identification of transformed and super- 
transformed D. discoideum cells, 5-FOA selection and 
uru- complementation offer a wide spectrum of sophis- 
ticated genetic analyses in D. discoideum. 

AX-2 
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J 
5-FOA 

ura- ( pDUJB1 j 
pUCPYR5-6 

\\ 
G418 

pDU3Bl 
pUCPYR5-6 

5-FOA' / t 
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pB1osx A1 5T 1 ( pUCPYR5-6 pDU3Bls j 
5-FOA 

G418 ura+ 

Fig. 6. A complex scheme which allows selection for D. discoideurn 
transformants after repeated rounds of transformation. Starting from 
Ax-2 cells, initial transformants can be selected based on either G418 
resistance or on 5-FOA resistance. 5-FOA-resistant cells, which are 
additionally characterized by a uru- phenotype, can be supertrans- 
formed with pDU3B1 or pUCPYR5-6, and transformants can be se- 
lected based on their uru+ phenotype. Mostly one and only one copy of 
the plasmid is integrated into the genome, which seems sufficient to 
complement the uru- phenotype. Such strains (indicated by *) can be 
taken through another round of DdPYR5-6 gene disruption and uru 
complementation. 

of pDU3B1 plasmid DNA and N1-SIC1 genomic DNA 
are different after KpnIIPuuII double digest. 

Similar results have been obtained with indepen- 
dently isolated transformants. All 5-FOA-resistant 
clones analyzed to date were characterized by a dis- 
rupted DdPYR5-6 gene and never contained any plas- 
mid DNA. All analyzed clones obtained by uru+ selec- 
tion showed a mosaic genotype, and the majority 
contained one and only one copy of pDU3B1 integrated 
in the genome. 

The DNA data are confirmed by RNA analyses. Al- 
though wild-type cells express a 1.6 kb message de- 
rived from the DdPYR5-6 gene, mRNA isolated from 
the 5-FOA resistant mutant N1-2 contains marginal 
amounts of a 0.5 kb mRNA (Fig. 5B). This supports the 
notion that the delection in the N1-2 genome affects 
the promoter region as well. N1-2/C1 cells, on the other 
hand, express-in addition to the abnormally sized 
mutant mRNA-significant amounts of DdPYR5-6 
mRNA (Fig. 5B). 

These results suggest the possibility of using these 
ura+ transformants to start a new round of 5-FOA se- 
lection, allowing subsequent introduction of different 
genetic elements into a single D. discoideum cells. Fi- 
nally, these cells can be transformed with plasmids 
that confer G418 resistance, as  G418 resistant strains 
can be transformed with pDUBB1-like plasmids fol- 
lowed by 5-FOA selection (Fig. 6). 

1. It should be possible to guide genes of interest as  
single copies into the DdPYR5-6 locus if these genes 
are integrated, e.g., into the unique PuuII site of the 
DdPYR5-6-containing fragment. For such a purpose, 
we constructed plasmid pUCPYR5-6, which carries the 
CZaI fragment from pDU3B1 blunt-end-ligated into a 
pUC-vector digested with PuuII (Fig. 3B). 

2. Because complementation of a ura- phenotype 
seems to require only one copy of an  intact UMP-syn- 
thase gene, this gene can serve as  selection marker in 
order to target other genes in a specific way. The CZuI 
cassette of pDU3B1 can be integrated into the coding 
region of any gene of interest, and this construct can be 
transformed into an uru- background. Based on uru+ 
selection transformants with specifically disrupted or 
converted genes should be obtained with reasonable 
frequencies. 

3. Extrachromosomal vectors can be constructed 
containing the UMP-synthase gene. Such vectors can 
be transformed into ura- cells, resulting in an  uru' 
phenotype. Cells can be effectively cured of those plas- 
mids if they are taken to a medium containing 5-FOA. 

4. The UMP-synthase gene can be expressed under 
the control of an inducible promoter. Such constructs 
can serve as lethal reporters in cisitruns assays. Mu- 
tants can be selected that are affected in transact- 
ivating factors for the inducible promoter. Under 
conditions in which this promoter is normally transac- 
tivated, only those cells that carry a mutated transac- 
tivation factor can survive a 5-FOA selection. 

5. Finally, 5-FOA resistance can be used as  one dom- 
inant marker for the construction of diploids. 
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