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ABSTRACT 
High-frequency-of-recombination donors of P. aeruginosa strain P A 0  were generated using a 

temperature-sensitive, replication mutant of the IncP-1 plasmid R68, loaded with the transposon 
Tn252I. Fourteen donors so isolated mobilized the chromosome in a polarized manner from a 
number of different transfer origins. The donors were used to construct a time of entry map of the 
entire chromosome and this was achieved by determining the time of entry of 32 randomly dispersed 
markers in crosses using nalidixic acid to interrupt chromosome transfer. Analysis of the time of entry 
data enabled the recalibration of the chromosome map to 75 min. 

LTHOUGH over 200 genes, including those A contributing to biosynthesis, catabolism and 
pathogenicity, have been mapped in the bacterium 
Pseudomonas aeruginosa strain PAO, the precise loca- 
tion of all the genes on the chromosome has not yet 
been accomplished (HOLLOWAY and MATSUMOTO 
1984). The chief limitation has been the absence of a 
single plasmid-mediated high-frequency-of-recombi- 
nation system that was applicable for mapping genes 
around the chromosome precisely by time units in 
interrupted mating crosses. The value of a genetic 
map based on time units is well illustrated by the 
Escherichia coli K 1 2 map (BACHMANN 1983). 

A number of conjugative plasmid systems have been 
available for genetic mapping of strain PAO. The 
plasmid FP2 has only a single origin of transfer from 
which it transfers chromosome efficiently (1 O-'-l 0-4 
recombinants/donor) and this plasmid was used to 
determine marker entry times in interrupted mating 
experiments for markers less than 30 min from its 
origin (HAAS et al. 1977; HOLLOWAY, KRISHNAPILLAI 
and MORGAN 1979; HOLLOWAY and MATSUMOTO 
1984). The plasmid R68.45, a derivative of the broad 
host range, IncP-1 plasmid R68, was also used in 
mapping studies as it could mobilize all markers tested 
at a frequency of 1 OW* recombinants/donor and gen- 
erated many transfer origins around the chromosome 
(HAAS and HOLLOWAY 1978). However, it generally 
transferred only short regions of the chromosome 
(Cl0 min), and thus it was not possible to use R68.45 
for determining the time of entry of markers in min- 
utes around the whole chromosome (HAAS and HOL- 
LOWAY 1978). However, this plasmid was used in two- 
and three-factor-crosses to construct a linkage map 
and establish its circularity (ROYLE, MATSUMOTO and 
HOLLOWAY 198 1). An alternative mapping system 
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based on Tn I homology-mediated polarized chro- 
mosome transfer by the plasmid R91-5 was also used 
but this system was limited by the location of T n l  
insertions to a restricted region of the chromosome 
(KRISHNAPILLAI, ROYLE and LEHRER 198 1 ; CROCKETT 
1982; HAAS et al. 1984). 

A high-frequency-of-recombination mapping sys- 
tem remained unavailable until the isolation of tem- 
perature-sensitive replication mutants of the conju- 
gative IncP-1 plasmids RPl (HAAS et al. 1981) and 
R68 (HOLLOWAY et al. 1982). R68 has a temperature- 
sensitive mutation in the trfA gene which is essential 
for the initiation of plasmid replication, and this plas- 
mid was denoted pMO190 (HOLLOWAY et al. 1982; 
KRISHNAPILLAI, PUHLER and LANKA 1986). When 
cells harboring this mutant plasmid loaded with the 
transposon Tn252I (designated pM05 14), were 
grown at the nonpermissive temperature (43") and 
selection imposed for the transposon-encoded strep- 
tomycin resistance (Sm'), clones were obtained which 
promoted chromosome transfer from a number of 
different sites and could mediate polarized chromo- 
some transfer (O'HOY and KRISHNAPILLAI 1985). The 
present study reports the use of these donor strains 
for the recalibration of the PA0 chromosome in time 
units using data obtained from interrupted mating 
crosses. 

MATERIALS AND METHODS 

Bacterial strains, plasmid and bacteriophage: These are 
listed in Table 1 .  The isolation of the donor strains using 
pM0514 which contain Tn2521 (Cb'SmSu'Sp') were de- 
scribed previously (O'HOY and KRISHNAPILLAI 1985). The 
13 donors used were identified by the induction of auxo- 
trophic mutations. One donor, PA01498, was isolated fol- 
lowing the plating of cells at the nonpermissive temperature 
for replication of 43" (O'HOY and KRISHNAPILLAI 1985), 
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TABLE 1 

Bacterial strains, plasmid and bacteriophages 
~~ ____ ~ 

Stram/plasmid/ 
phage Genotype/phenotype Source/reference 

P. aerugmosa P A 0  strains 
PA02 
PA05 
PA0126 
PA0137 
P A 0  140 
PA0236 
PA0395 
PA0495 
PA0675 
PA0765 
PA0895 
PA0896 
PA0900 
PA090 1 
PA0928 
PA0929 
PA01278 
PA01295 
PA01479 
PA01480 
PA01483 
PA01484 
PA01485 
PA0 1486 
PA0 1487 
PA01488 
PA01489 
PA01490 
PA01493 
PA01497 
PA01498 
PA01501 
PA01531 
PA01532 
PA01724 
PA01725 
PA01727 
PA01728 
PA01777 
PA02020 
PA02023 
PA02196 
MT2072 
MT2084 

Bacteriophage 
E79tY-2 
GlOl 

Plasmid 
pM05 14 

ser-3 
trp-54 rf-5 fon-I 
pur-I36 leu-8 argB22 trp-61 ilv-230 pro-77 nul-20 
thr-9001 leu-9001 met-901 I argF23 his-20 pur-67 nalA23 
pro-66 thr-9001 argF23 leu-9001 met-901 1 pur-67 
met-28 trp-6 lysAl2 his-4 pro-82 ilv-226 nalA2 
met-28 trp-6 lysAl2 pro-82 ilv-226 hisIV59 nul-21 
pur-67 thr-9001 9s-54 fro-63 nul-33 
his-5075 nY80 
trp-54 ser-33::Tn5 $5 fon-I 
lys-61 rf-19 
pur-136 
ilv-208 
pur-66 
pyrD48 nY77 
pyrF63 r$78 
thr-9001 $125 
prototroph nul-24 
his-5075 val-2::Tn5 rif80 
trp-54 thr-59::Tn5 riy-5 fon-1 
trp-54 ser-37::pM0514 rf-5 fon-I (OriginN) 
his-5075 leu-27::pM0514 $80 (OriginH) 
trp-54 gly-I ::pM0514 rif5 fon-I (OriginB) 
trp-54 pur-I02::pM05 I4 riy5fin-I (OriginK) 
trp-54 val-3::pM0514 rf-5 fon-I (OriginP) 
trp-54 arg-58::pM05 14 $5 fon-I (OriginC) 
trp-54 ilv-243::pM0514 ~ $ 5  fon-I (OriginA) 
trp-54 thr-60::pM05 14 rf-5 fon-I (OriginF) 
trp-54 pyr-85::pM05 14 rf-5 fon-1 (OriginC) 
trp-54 arg-61 ::pM0514 $5 fon-I (OriginM) 
trp-54 $-I ::pM0514 $5 fon-I (OriginI) 
trp-54 thr-71 ::pM0514 $5 fon-I (OriginO) 
trp-54 lys-I7::pM0514 $5 fon-I (OriginL) 
his-5075 met-85::pM0514 riff-80 (OriginE) 
pro-66 thr-9001 argF23 leu-9001 met-901 I pur-67 nul-37 
cys-5605 his-5075 argAl71 pro-67 car-IO val-2::Tn5, nul-25 
catAI nar-901 I mtu-9002 tyu-9030 cys-50::Tn5 nul-38 
pur-8001 ::Tn501 str-8006 nul-39 
leu-9001 thr-9001 met-901 I pur-67 ilv-220 
cys-5605 argAl71 pro-67 hislIB52 nul-25 
cys-5605 his-5075 argAl71 pro-67 car-IO nul-25 
met-9020 catAI nar-901 I chu-9002 trp-9029 lys-9015 
pur-8001 ::Tn501 str-8006 
met-8003::Tn501 str-8006 

Cb Km Tc Sm Sp Su 

ROYLE, MATSUMOTO and HOLLOWAY (1981) 
KRISHNAPILLAI, NASH and LANKA (1984) 
ROYLE (1 980) 
ROYLE (1 980) 
ROYLE, MATSUMOTO and HOLLOWAY (198 1) 
HAAS and HOLLOWAY ( 1  976) 
CRWKETT (1 982) 
CROCKETT (1 982) 
B. HOLLOWAY collection 
O’HOY and KRISHNAPILLAI (1 985) 
B. HOLLOWAY collection 
MORGAN (1 982) 
MORGAN (1982) 
B. HOLLOWAY collection 
B. HOLLOWAY collection 
B. HOLLOWAY collection 
B. HOLLOWAY collection 
C. ZHANG 
O’HOY and KRISHNAPILLAI (1985) 
O’HOY and KRISHNAPILLAI (1985) 
Derived by pM05 14 mutagenesis of PA05 
Derived by pM05 14 mutagenesis of PA0675 
Derived by pM0514 mutagenesis of PA05 
Derived by pM05 14 mutagenesis of PA05 
Derived by pM0514 mutagenesis of PA05 
Derived by pM0514 mutagenesis of PA05 
Derived by pM0514 mutagenesis of PA05 
Derived by pM0514 mutagenesis of PA05 
Derived by pM05 14 mutagenesis of PA05 
Derived by pM05 14 mutagenesis of PA05 
Derived by pM0514 mutagenesis of PA05 
Derived from P A 0  1490 (see RESULTS) 

Derived by pM0514 mutagenesis of PA05 
Derived by pM0514 mutagenesis of PA0675 
This study 
This study 
This study 
This study 
ROYLE, MATSUMOTO and HOLLOWAY (1 98 1 )  
FYFE and GOVAN (1 980) 
FYFE and GOVAN (1 980) 
MARTIN et al. (1 986) 
M. TSUDA 
M. TSUDA 

MORGAN (1 979) 
HOLLOWAY, KRISHNAPILLAI and MORGAN (1 979) 

O’Hou and KRISHNAPILLAI (1 985) 
R68trfA(Ts)::Tn2521 

Bacterial gene symbols are according to BACHMANN (1983) and HOLLOWAY and MATSUMOTO (1984), except fon (resistance to phage 
F116L). Plasmid symbols are according to NOVICK et al. (1976). 

a n d  replica plating these colonies onto selective plates pre- 
spread with recipients that contained mutant  markers (e.g., 
catabolic or auxotrophic) in the  40-95-min region of  the 
chromosome (HOLLOWAY and MATSUMOTO 1984). As the 
transfer origin of p M 0 5 1 4  in P A 0 1 4 9 8  was not from a n  
identifiable biosynthetic gene but was mapped in inter- 
rupted mating experiments a t  59 min (see RESULTS), the 

nomenclature proposal of  CHUMLEY, MENZEL and ROTH 
(1 979) was used t o  designate the site of chromosome transfer 
as z f j - I .  

Media, antibiotics and carbon sources: Nutrient agar, 
minimal medium, nutrient yeast broth, liquid minimal broth 
and medium P have been described elsewhere (LEISINGER, 
HAAS and HEGARTY 1972; STANISICH and HOLLOWAY 
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1972). Antibiotics were used in nutrient agar and in minimal 
media at final concentrations of 250 pg/ml for carbenicillin; 
500 pg/ml, kanamycin; 200 pg/ml, tetracycline and 250 pg/ 
ml for streptomycin. Strains containing Tn5 were plated on 
nutrient agar supplemented with 300 pg/ml of kanamycin 
and 100 Kg/ml of streptomycin. Sodium benzoate and man- 
nitol were used as carbon sources in medium P at a final 
concentration of 0.1 ?6 (w/v) (ROYLE, MATSUMOTO and HOL- 

Genetic mapping techniques: Transductional analysis, 
spot matings and plate matings were described previously 
(ROYLE, MATSUMOTO and HOLLOWAY 1981; MORGAN 
1982). 

The interrupted mating technique performed at 37 was 
modified from that of DEAN and MORGAN (1983). Nalidixic 
acid was used to interrupt chromosome transfer because of 
its inhibition of DNA gyrase function (MILLER and SCUR- 
LOCK 1983). Nalidixic acid-sensitive donors and nalidixic 
acid-resistant recipients were used in interrupted matings. 
The Nal' recipients were isolated for resistance to nalidixic 
acid at 1000 pg/ml or 500 pg/ml as two unlinked genetic 
loci, nalA (39 min) and naZE (20 min), respectively, control 
these resistance levels (RELLA and HAAS 1982). nalA and 
nalB recipients were used appropriately depending on the 
region of chromosome to be mapped. 

Conjugational matings were initiated by the deposition of 
60 pI of the recipient and 60 pl of the donor after absorption 
of the recipient, onto a series of membrane filters (Gelman 
Metricel GA-6, 25 mm; product no. 60172) placed onto 
absorbent pads (Gelman absorbent pad kit, 47 mm; product 
no. 66025) on the surface of minimal agar plates. At I-min 
intervals, filters were removed and placed in a tube contain- 
ing 0.3 ml of nalidixic acid (200 pg/ml) and vortexed for 15 
sec to separate mating aggregates and interrupt chromo- 
some transfer. The total volume was plated onto appropriate 
growth factor supplemented minimal media containing nal- 
idixic acid (600 pg/ml) when the recipient was nalA or 150 
pg/ml when the recipient was nalB. To determine the con- 
centration of nalidixic acid necessary to prevent chroma- 
some transfer the donor and recipient were plated onto 
appropriately supplemented minimal media with varying 
concentrations of nalidixic acid. 

LOWAY 1981). 

RESULTS 

Isolation of chromosome transfer donors and 
identification of their transfer origins by recombi- 
nation frequencies: T h e  use of plasmid pMO 190 to 
isolate chromosome mobilizing donors of P. aerugi- 
noxa strain P A 0  was reported previously (HOLLOWAY 
et al. 1982). A number of lines of evidence confirmed 
that donor ability was due to integration of the plas- 
mid including the induction of auxotrophy, co-trans- 
ductional linkage between plasmid and chromosome 
markers and by Southern hybridization analysis (HOL- 
LOWAY et al. 1982). By the same procedure 14 donors 
were generated from pMO 190 loaded with the trans- 
poson Tn2521, designated p M 0 5  14 (O'HOY and 
KRISHNAPILLAI 1985). These mutants were chosen for 
further analysis with 13  of them which had acquired 
additional auxotrophies plus one not having gained a 
detectable mutation, i . e . ,  P A 0  1498 (see MATERIALS 
AND METHODS). They are  PAO1489, 1486, 1487, 
1485, 1531, 1497, 1488, 1483, 1532, 1490, 1484, 

TABLE 2 

Identification of the origins of transfer of high frequency of 
recombination donors estimated from recombination 

frequencies of proximal and distal markers 

Recombination 
frequency (re- 

combinants per 
Donor Recipient Selected markef donor) 

P A 0  1489 

PA01486 

P A 0  1487 

P A 0  1485 

PA01  53 1 

P A 0  1497 

P A 0  1488 

PA01483 

PA01532 

P A 0  1490 

PA01501 

PA01493 

PA01484 

PA01498 

PAOZ(pM0514) 

PA0495 
PA0236 
PA0236 
MT2072 
PA02023 
PA02023 
PA0236 
PA0765 
P A 0  126 
PA0236 
PA0236 
P A 0  1 26 
PA0896 
P A 0  126 
P A 0  126 
PA02  
PA0901 
MT2084 
PA0236 
PA01777 
PA02  196 
P A 0  1480 
P A 0  140 
P A 0  140 
PA01777 
P A 0  1777 
PA0495 
PA0495 
PA0236 

pro-63+ (7 1) 
ilu-226+ (0) 
i l~-226+ (0)  
PUT-8001 + (2-3) 
car-lO+ (1) 
pro-67+ (71) 

ser-33+ (4) 
argB22+ (1 1) 
lysA12+ (10) 
l y sA12+(10)  
argB22+ (1 1) 
pur-136+ (1 2- 13) 
argBZZ+ (1 1) 
trp-61+ (1 4) 
ser-3+ (19) 
pur-66+ (31) 
met-8003+ (20) 
pro-82+ (26) 
thr-9001+ (31) 

h i ~ - 4 +  (7) 

l y ~ - 9 0 1 5 +  (33-34) 
thr-59+ (31) 
met-901 1' (40) 

thr-9001+ (3 1) 
leu-9001' (40) 

argFZ3+ (34) 

~ y ~ - 5 4 +  (56) 
pur-67+ (66) 
lysAl2+ (10) 

2 x 
<5 x 

5 x 10-2 
<5 x 

1 x 10-3 
<5 x lo+ 

3 x 10-9 
<5 x 

5 x 10-3 
<5 x 10-8 

6 X 
<5 x 

6 X 
2 x  IO+ 

<5 x 10-8 

<5 x 

<5 x 
2 x 
1 x 10-6 

<5 x 10- 

<5 x 10-8 
2 x 

<5 x 10-8 
<5 x 

2 x 10-3 

2 x 1 0 - ~  

4 x 10-3 

2 x 10-3 

1 x 10-3 

~ 

Donor strains were spot mated to a range of auxotrophic recip- 
ients to determine markers that were proximal and distal to the 
respective donor transfer origins. The control cross of 
PAOZ(pM0514) X PA0236 was done to determine if the plasmid 
in the autonomous state could mediate chromosome mobilization 
at 28". Markers that have previously been shown by transductional 
analysis to be allelic or closely linked are: pro-63, pro-67 and proB; 
ilv-226 and ilvB,C; car-10 and car-9; his-4 and hislIB; trp-61 and 
trpA,B; pro-82 and proA; thr-9001, thr-59 and thr-48; leu-9001 and 
leu-10; pur-67 and pur-70 (ROYLE, MATSUMOTO and HOLLOWAY 
1981; SOLDATI et al. 1984; and unpublished data). 

The numbers in parentheses indicate marker locations in min- 
utes (see Figure 4). 

1493, 1501 and 1498. PA01501 was derived from 
P A 0  1490 after two cycles of purification on nutrient 
agar at 28 O , followed by two cycles of purification on 
nutrient agar a t  43" to cure the auxotrophic strain 
(PA01490) of the plasmid (TSUDA, HARAYAMA and 
IINO 1984). However, PA01501 still retained the 
plasmid but the direction of chromosome transfer was 
found to be opposite to that of P A 0  1490 (see below). 
To test these donors for chromosome mobilization, 
they were used in crosses with a number of recipients 
auxotrophic for markers with dispersed locations 
around the P A 0  genome (HOLLOWAY and MATSU- 
MOTO 1984) (Table 2). They displayed a characteristic 
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high frequency of recombination, showing a gradient 
of marker transfer, i .e. ,  proximal markers were trans- 
ferred at a higher rate (1 O-*- lo-’ recombinants/do- 
nor) compared with distal markers recombi- 
nants/donor) and markers in between were trans- 
ferred at intermediate levels (data not shown). Anal- 
ysis of this data identified the approximate location of 
their chromosome transfer origins and indicated their 
direction of transfer. 

Mapping of the pM0514-induced auxotrophic 
mutations in the donors: From the pM05 14-induced 
auxotrophic mutations of the 13 donors and the ap- 
proximate location of their transfer origins, it was 
possible to identify the location of the respective aux- 
otrophic mutations, assuming that the origin of trans- 
fer was at the site of the mutation. The site of insertion 
of 11 of these donors was mapped by linkage analysis 
or allelic tests using prototroph reduction by trans- 
duction with the transducing phage E79tv-2 (MORGAN 
1979) or G10 1 (HOLLOWAY, KRISHNAPILLAI and 
MORGAN 19’79). Phage lysates prepared on the donor 
strains and the prototrophic strain P A 0  1295 were 
used to transduce P A 0  recipients with phenotypically 
similar auxotrophic mutations, with known map loca- 
tions. A dramatic reduction in the transduction fre- 
quency using the phage lysate propagated on the 
donor strains as compared with transduction frequen- 
cies with the wild type strain P A 0  1295 for the same 
selected marker (Table 3) was interpreted as indicat- 
ing allelism of the donors’ auxotrophic mutation with 
previously mapped markers (HOLLOWAY and MATSU- 
MOTO 1984). Lysates of the 11 donor strains and 
PAOl 295 were also used to transduce an unlinked 
marker in the same recipient or in some cases a 
different recipient as a control to check the transduc- 
ing ability of the lysates (data not shown). Of the 11 
mutations tested, nine were allelic with previously 
mapped mutations except for pyr-85 and thr-60. The 
latter mutation is distinguishable from thr-48 by the 
host requiring threonine and homoserine or threo- 
nine and methionine instead of threonine. Thus the 
transfer origins of these donors map at the auxo- 
trophic marker loci. The origins of chromosome 
transfer of these donors were then mapped precisely 
in time units in interrupted mating crosses using nal- 
idixic acid to interrupt chromosome transfer. 

Time of entry of markers determined during in- 
terrupted mating crosses: The 14 donor strains with 
different origins of transfer were next used to recali- 
brate the P A 0  chromosome in time units. The map- 
ping strategy was to use donors that transferred bac- 
terial chromosome in a clockwise or anticlockwise 
direction and markers were selected that were not 
more than approximately 15 min away from the 
origins of transfer. Thus this mapping had a dual 
purpose, to first map the origins of transfer for all 14 

TABLE 3 

Correspondence between pM0514-induced auxotrophic 
mutations and previously mapped loci 

DonoP 

PA01489 
(ilv-243) 

P A 0  1295 
PA01486 

PA01295 
PA01487’ 

(ual-3) 
P A 0  1 295’ 
PAO1485’ 

PA01295’ 
P A 0  153 1 

P A 0  1295 
PA01483 

(ser-37) 
PA01295 
PAOl 532’ 

(met-85) 
PAOl 295’ 
P A 0  1490 

(thr-60) 
PA01295 
PAOl 501 

(thr-71 j 
P A 0  1295 
P A 0  1493 

PA01295 

PA01484’ 
(leu-27) 

PAOl 295’ 

(pur-102) 

W Y - 1 )  

(1~s-  I 7 )  

(PYr-88 

Recipient 

PA0900 

PA0900 
MT2072 

MT2072 
PA01479 

P A 0  1479 
PA0765 

PA0765 
PA0895 

PA0895 
PA02  

PA02 
MT2084 

MT2084 
PA01278 

PA01278 
PA01480 

P A 0  1480 
PA0928 
PA0929 
PA0928 
PA0929 
PA0137 

PA0137 

Selected 
marker 

ilv-208+ 

ilv-208+ 
pur-8001+ 

pur-8001+ 
val-2+ 

val-2+ 
ser-33+ 

ser-33+ 
lys-6 I + 

~YS-6 I + 

ser-3+ 

ser-3+ 
met-8003’ 

met-8003+ 
thr-9001+ 

thr-9001’ 
thr-59+ 

thr-59+ 
pyrD48+ 
pyrF63+ 
pyrD48+ 
pyrF63+ 
leu-9001+ 

leu-9001’ 

Transduction 
frequency 

(transductants 
per p.f.u.) 

<2.5 X lo-’ 

2.2 x lo+ 
<2.5 X lo-’ 

3.7 x 
8.0 x 10-9 

8.1 x 10-7 
~ 1 . 0  x 10-9 

8.0 x io-’ 
<2.5 X lo-’ 

4.0 X 
<2.5 X lo-’ 

6.6 X 
<i.o x 10-9 

7.8 X lo-’ 
2.5 X lo-’ 

1.5 X 
7.0 x 10-9 

5.2 X 

4.8 X 
7.0 X 

1.0 x 
3.2 X 

<LO x 10-9 

4.7 x lo-’ 

Closely 
linked or al- 
lelic marker 

ilvB,C 

pur-8001 

val-2 

ser-33 

lysA 

ser-3 

met-8003 

thr-48 

thr-59 

leu-IO 

All donors except PA01488 and PA01497 were used in pro- 
totroph reduction transductional crosses with a range of auxo- 
trophic recipients to establish linkage or allelism of the auxotrophic 
mutations of the donors with previously mapped auxotrophic loci 
(ROYLE, MATSUMOTO and HOLLOWAY 1981; HOLLOWAY and MAT- 
SUMOTO 1984). The auxotrophic mutations in PA01488 and 
PA01497 were mapped by using them as donors in spot mating 
crosses with an argB recipient rather than by transduction analysis 
(Table 2). All transductional analysis were performed with either 
phage E79hr-2 or G101. EysA was previously designated lys-12 (MAR- 
TIN et al. 1986). 

a Donor strain and its induced auxotrophy. 
Transductional analysis was performed with phage GlOl.  

donors and second to precisely map existing markers 
with a single plasmid mapping system. 

Figure 1 shows graphs of time of entry of markers 
during interrupted mating crosses for argAl71 ,  his- 
IIB52, catAl ,  and mtu-9002 with P A 0  1487 (OriginP), 
PA01497 (OriginM), PA01493 (OriginG) and 
PA01498 (OriginI). PA01487 and PA01497 mobi- - .  
lize the chromosome in opposite directions. These 
donors were crossed with the same recipient, 
PA02020, selecting for hisIIB52+ and argAl71+ re- 
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T w o  T w o  

C d 

Tw (mh) TIK (mh) 

FIGURE 1.-Time of entry data for the markers; hisIZB52, 
argAl71, cutA1 and mtu-9002 determined from interrupted mating 
crosses: (a) PA01487 (OriginP) X PA02020, (b) PA01497 
(OriginM) X PA02020, (c) PA01493 (OriginG) X PA01727, (d) 
PA01498 (OriginI) X PA01727. Cl, hisIIB; 0, argA; H, catA and 0 
mtu-9002. 

combinants. In experiments with P A 0  1487, his- 
IIB52' entered at 8 min, and argAl71+ at 9 min with 
an error of +1 min estimated from an average of two 
experiments. P A 0  1497 which transferred chromo- 
some in a clockwise direction, transferred hisZIB52' 
at 4 min and argA171' at 3 min (average of two 
experiments), relative to its transfer origin. These 
results indicate a I-min difference between these two 
markers. 

The late region of the P A 0  chromosome relative 
to the FP2 origin of transfer (HOLLOWAY and MAT- 
SUMOTO 1984) has not been mapped accurately in 
time units due to the low recovery of recombinants 
for this region with FP2-mediated recombination 
(HAAS et al. 1977). Tnl-homology-mediated recom- 
bination using R9 1-5 in interrupted mating crosses 
were unsuccessful for the selection of recombinants 
for catabolic markers in this region due to technical 
difficulties with the precipitation of the nalidixic acid 
in the media (CROCKETT 1982). Two donors, 
P A 0  1493 and PA01 498, were crossed with the mul- 
tiply mutant recipient, PAO1727, in order to map the 
catabolic markers catA1 and mtu-9002, both chromo- 
somal markers in this region. These donors also mo- 
bilize the bacterial chromosome from different origins 
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FIGURE 2.-Marker time of entry from interrupted mating 
crosses for the 69-20 min region. This linear map was revised from 
that previously described (HOLLOWAY and MATSUMOTO 1984) using 
the data from eight different donors and mapping the chromosome 
region spanning 9 s - 5 9  to met-8003. nalB and met-28 are 1.8% co- 
transducible (RELLA and HAAS 1982). Seventeen markers were 
mapped in this region including the transfer origins of these donors. 
The numbers on the left-hand side refer to the following crosses: 
1, PA01489 (OriginA) X PA01725; 2, PA01486 (OriginK) X 
PAOl725; 3, PA01487 (OriginP) X PA01725; 4, PA01487 X 
PAOl728; 5, PA01487 X PA02020; 6, PA01497 (OriginM) X 
PA02020; 7, PA01487 X PAO395; 8, PA01485 (OriginB) X 
PA0395; 9, PA01497 X PA0395; 10, PA01488 (OriginC) X 
PA0395 and 11, PA01483 (OriginN) X PA0126. The arrowhead 
specifies the marker selected in interrupted mating crosses while 
the end of the arrow designates the transfer origin of the donor 
strains. 

and in different directions. The  results from both 
these experiments indicated a 1 -2-min difference be- 
tween catAl and mtu-9002 with an error of f l  min 
estimated from three separate experiments with each 
donor (Figure 1). Thus these donors proved useful in 
mapping the previously inaccessible regions of the 
chromosome. The mapping by one donor and the 
confirmation of marker separation by another provide 
confidence in mapping with these new donor strains 
and it was now possible to map all regions of the 
chromosome. 
Recalibration of the P A 0  chromosome: The 14 

donors described above were used in interrupted mat- 
ing crosses with a range of different recipients. Thirty- 
two markers with dispersed locations around the P A 0  
chromosome were mapped this way and this is shown 
in Figures 2 and 3 with the appropriate donor transfer 
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FIGURE 3.-Marker time of entry from interrupted mating crosses for the 20-75-min region. This linear map was revised from that 
previously described (HOLLOWAY and MATSUMOTO 1984) using data from seven donors and mapping the chromosome region spanning ilvD 
to ilvB,C. nalA and leu-IO are 1.2% co-transducible (RELLA and HAAS 1982). Seventeen markers were mapped in this region including the 
transfer origins of the donors. The numbers on the left-hand side refer to the following crosses: 12, PA01532 (OriginE) X PA0236; 13, 
PA01490 (OriginF) X PA01724; 14, PA01490 X PA0126; 15, PA01501 (OriginO) X PA0137; 16, PA01484 (OriginH) X PA01724; 
17, PA01493 (OriginC) X PAO137; 18, PA01484 X PA0236; 19, PA01493 X PA01727; 20, PA01498 (OriginI) X PA0495; 21, 
PA01498 X PA01727 and 22, PA01489 (OriginA) X PA0495. The arrowhead specifies the selected marker in interrupted mating crosses 
and the end of the arrow is the site from which the donors mobilize the chromosome. 

origins. In Figure 2, crosses 1-11 map the region 
designated 69-20 min (which is shown in Figure 4). 
As can be seen, eight different donors were used to 
map this region and their dispersed transfer origins 
with opposing directions of chromosome transfer have 
enabled the mapping of markers and in most cases 
confirm their locations from a second origin. An 
adjustment was made when the time of entry data did 
not coincide with other genetic analysis. For example, 
although the distance between 1ysA and argB is ap- 
proximately 2 min, these two markers were linked by 
transductional analysis (approximately 2% co-trans- 
ducible) (HAAS et al. 1977). LOW (1973) has suggested 
that the difficulty in mapping markers approximately 
1 min from the transfer origin may be due to the low 
probability of incorporation of donor DNA into re- 
combinants. From the mapping of closely linked mark- 
ers such as cys-59 and hisl (approximately 9 1 % co- 
transducible) (SOLDATI et al. 1984), and leu-10 and 
met-9011 (approximately 4 1 % co-transducible) 
(ROYLE, MATSUMOTO and HOLLOWAY 1981), it ap- 
pears that co-transducible markers have a time of 
entry difference of <1 min (Figures 2 and 3). The 
time of entry difference between lysA and argB was 
therefore adjusted to 1 min, which also coincides with 
the time distance obtained from FP2-mediated inter- 
rupted mating analysis (HAAS et al. 1977). 

A linear map of the 20-75-min region of the P A 0  
chromosome is shown in Figure 3. The 60-75 min 

region of the chromosome (Figure 4) does not contain 
an appropriate transfer origin which mobilizes chro- 
mosome in an anticlockwise direction so as to verify 
the results of cross 22. However, marker time of entry 
results using R91-5 overcame this problem, since it 
was possible to compare the separation of markers in 
time units using plasmids FP2, R91-5 and pM0514 
as the rates of chromosome transfer by all these plas- 
mids were the same (CROCKETT 1982) (see DISCUS- 
SION). Time of entry data, using R91-5 indicated that 
the markers cys-54 and pur-70 were separated by 
approximately 10 min, and pur-70 and proB were 
separated by approximately 6 min (CROCKETT 1982), 
which coincides with the marker separation times 
found in this study with an error of 2 1  min (Figure 

This extensive time of entry data (Figures 2 and 3) 
has enabled the recalibration of the P A 0  chromosome 
map in time units. A comparison of the previously 
published P A 0  map (HOLLOWAY and MATSUMOTO 
1984), and that obtained in this study is shown in 
Figure 4. The zero time was allocated to ilvB,C com- 
pared with the previous map where the zero time was 
the FP2 transfer origin (HOLLOWAY and MATSUMOTO 
1984). This change was made as a comparison of the 
two maps showed that the time differences between 
markers proximal to the FP2 transfer origin in the 
previous map differed from those determined here 
(as shown in Figure 4) and thus it was not possible to 
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As- 

FIGURE 4.-Recalibrated time map of P. aeruginosa PAO. The 
outer map was constructed from data presented in Figures 2 and 
3. The arrowheads specify the 14 transfer origins and their direc- 
tions of chromosome transfer and the donors were also designated 
the letters A-P: PA01483 (OriginN), PA01484 (OriginH), 
PA01485 (OriginB), PA01486 (OriginK), PA01487 (OriginP), 
PA01488 (OriginC), PA01489 (OriginA), PA01490 (OriginF), 
PA01493 (OriginC), PA01497 (OriginM), PA01498 (OriginI), 
PA01501 (OriginO), PA01531 (OriginL), and PA01532 
(OriginE). The markers on the outside are those that were mapped 
in this study and curved lines indicate the markers are cotrans 
ducible. The inner map was adapted from the previous map (HOL- 
LOWAY and MATSUMOTO 1984) and it is included for comparison. 
The zero time was changed to iluB,C in the present study. 

designate the location of the FP2 transfer origin in 
the recalibrated map. The P A 0  chromosome map has 
now been revised to 75 min. 

DISCUSSION 

The 14 donors isolated in this study using the 
conjugative plasmid pM05 14 fulfill the basic require- 
ments for the successful and precise genetic mapping 
of the bacterial genes of P. aeruginosa strain PAO. 
These donors display: (1) stability, (2) high efficiency 
of chromosome mobilization, and (3) a range of dif- 
ferent transfer origins dispersed around the chromo- 
some with either polarity, thus permitting their use in 
mapping in less than 15-min intervals with each donor. 
Similar donors were also isolated using a temperature- 
sensitive trfA mutant of the related plasmid RP1 (REI- 
MANN and HAAS 1986). However, of the six isolated, 
five transferred the P A 0  chromosome in a counter- 
clockwise direction with only one mobilizing chro- 
mosome in a clockwise direction. 

Time of entry of markers derived from donors with 
opposing directions of chromosome mobilization has 
also confirmed that there were no detectable differ- 
ences in the rates of chromosome transfer between 

different donors in various regions of the chromo- 
some. For example, PA01487 and PA01497 crossed 
with the same recipient PA02020 showed a l-min 
time difference between hisZZB and argA (Figures 1 
and 2). Similarly catA and mtu-9002 were separated 
by 1-2 min regardless of whether PA01493 or 
P A 0  1498 was crossed with the recipient PA01 727 
(Figures 1 and 3). It was also possible to exclude the 
effects of differential rates of conjugal bridge forma- 
tion on initiation of chromosome transfer by different 
donors. For example, OriginP which mapped at val-2 
was 4 min from pur-8001, in turn OriginK which 
mapped at pur-8001 was also 4 min away from val-2 
(crosses 2 and 4, respectively; Figure 2). 

The rates of chromosome transfer mediated by 
plasmids pM0514, FP2 and R91-5 were analyzed by 
comparison of interrupted mating data. It has previ- 
ously been shown that FP2 and R91-5 have very 
similar rates (CROCKETT 1982). In FP2-mediated 
crosses, argA127 and his-# (allelic with hisZZB; ROYLE, 
MATSUMOTO and HOLLOWAY 198 1) are separated by 
1-2 min, h i s 4  and lys-61 (allelic with ZysAl2) (ROYLE, 
MATSUMOTO and HOLLOWAY 1981) by 3 min and 
argA127 and lys-61 by 1-2 min (HAAS et al. 1977; 
HAAS and HOLLOWAY 1978). In pM05 14-mediated 
crosses, using P A 0  1487 (OriginP) and two different 
recipients, hisZZB52 and argA171 are separated by 1 
min, hisZZB52 and lysAl2 by 3 min and argA171 and 
lysA12 by 2 min (Figure 2, crosses 5 and 7). Thus the 
rates of chromosome transfer mediated by pM05 14 
and FP2 are extremely similar for this region of the 
chromosome. 

These donors were used to recalibrate the P. aeru- 
ginosa P A 0  chromosome in time units following in- 
terrupted mating crosses. Thirty-two markers were 
chosen which from previous analysis were known to 
be dispersed around the map (HOLLOWAY and MAT- 
SUMOTO 1984) and these were purposefully selected 
so as to cover all regions of the chromosome. The 
time map which resulted from the mapping of these 
32 markers with the 14 donors has now been revised 
to 75 min, and this is in contrast to the 95-min linkage 
map of HOLLOWAY and MATSUMOTO (1984). The  
difference in map sizes can be accounted for by the 
previous inability to precisely map all regions of the 
P A 0  chromosome in time units in interrupted mating 
crosses using a single plasmid conjugation system. 

The current P A 0  map consists of approximately 
200 markers (HOLLOWAY and MATSUMOTO 1984) and 
until now it was not possible to map all these genes in 
time units. The donors described in this study and 
those isolated by REIMMANN and HAAS (1986) will 
enable all these and any new markers to be mapped 
more precisely by interrupted mating crosses to ex- 
pand the map that was constructed in this study. Such 
a precisely calibrated map will be particularly valuable 
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in the genetic and molecular analysis of genes contrib- 
uting to the human pathogenicity of P. aeruginosa 
(DARZINS et al. 1985) and it is also essential for the 
comparative analysis of the genetic organization of 
the genomes of Pseudomonas species such as P. aeru- 
ginosa, P. putida, P. solanacearum and P. syringae (HOL- 
LOWAY and MORGAN 1986). 
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