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As part of our research to determine phylogenetic re-
lationships of organisms within the phytobacterial spe-
cies Xanthomonas campestris, we have examined the
use of the random amplified polymorphic DNA (RAPD)
technique. The objective of this aspect of our research
was to determine if a valid cladistic character analysis
could be carried out by direct comparison of RAPD
products separated on ethidium bromide-stained agar-
ose gels. RAPD products were amplified from 47 Xan-
thomonas campestris DNA templates using a single oli-
gonucleotide primer. These RAPD products were
compared and variation was characterized by South-
ern analysis of both RAPD products and genomic DNA
of the 47 bacterial strains using two cloned RAPD prod-
ucts as probes. Analysis of the data set revealed that
the RAPD products were not necessarily homologous
or independent, crucial prerequisites for characters to
be analyzed in a cladistic phylogenetic analysis. It has
been commonly assumed that RAPD variation occurs
due to insertion/deletion events or alterations in the
primer binding site. Within our data set, we demon-
strate absence phenotypes arising from the apparent
absence of corresponding loci and also due to the pre-
ferred synthesis of alternative RAPD products from un-
related loci. These different types of variation are a re-
flection of different types of genotypic variation, and
direct examination of RAPD products did not allow us
to distinguish by which mechanism a particular ab-
sence phenotype arose. Although this may not be im-
portant for phenetic analyses, for analyses of homolo-
gous characters using a cladistic approach it is critical.
We also detected unrelated, co-migrating RAPD prod-
ucts and multiple related RAPD products within reac-
tion mixtures. These could both contribute to errors in
estimates of similarity, important in any phylogenetic
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analysis. All of these characteristics of RAPD products
should be taken into consideration when RAPD prod-
ucts are used for phylogenetic comparisons.
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INTRODUCTION

The random amplified polymorphic DNA technique
(RAPD; Williams et al., 1990) and the closely related
arbitrarily primed polymerase chain reaction (AP-
PCR; Welsh and McClelland, 1990) have come into
broad use (see Hadrys et al., 1992; Williams et al.,
1993, for reviews). These techniques have been suc-
cessfully applied to the production of genetic linkage
maps (Williams et al., 1990; Klein-Lankhorst et al.,
1991) and the identification of genetic markers linked
to certain phenotypes (Martin et al., 1991; Michelmore
et al., 1991; Paran et al., 1991). In addition, several
workers have adapted the techniques for organism
identification (Caetano-Anolles et al., 1991; Goodwin
and Annis, 1991) and resolution of taxonomic groups
(Crowhurst et al., 1991; Welsh et al., 1992). However,
since the nature of the variation uncovered using
RAPD is not well characterized or understood (Hed-
rick, 1992), how to best use RAPD data for some appli-
cations, such as paternity determinations (Riedy et al.,
1992) and phylogenetic analyses (Welsh et al., 1992;
Kambhampati et al., 1992; Tibayrenc et al., 1993), re-
mains a subject of debate.

We are interested in phylogenetic relationships
within Xanthomonas campestris, a phytopathogenic
bacterial species that is classified below the species
level into more than 125 pathovars (pathogenic vari-
ants or pv.; Bradbury, 1984). We are studying these
relationships in X. campestris pv. poannua (pv. nov,;
Roberts et al., in preparation), a bacterium that causes
systemic wilt in annual bluegrass (Poa annua L.). Sev-
eral strains of X. campestris pv. poannua are being
developed in the United States for use as bioherbicides.
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It is therefore of interest to establish the phylogenetic
placement of X.c. pv. poannua within X. campestris,
identify the closest relatives of X.c. pv. poannua, and
determine the potential for host range expansion of
various X.c. pv. poannua strains.

This study was undertaken to determine how the
RAPD technique might be used for these purposes.
Most published phylogenetic analyses using RAPD
data have used a phenetic approach; i.e., the data are
used to establish pairwise similarity scores (genetic
distances) between taxa (Kambhampati et al., 1992;
Grajal-Martin et al., 1993; Joshi and Nguyen, 1993;
Kazan et al., 1993; Tibayrenc et al., 1993; Williams and
St. Clair, 1993; Yang and Quiros, 1993). However, in
two published studies (Welsh et al., 1992; Landry et
al., 1993), a cladistic approach was taken, using RAPD
bands as character data. Phylogenetic analysis in the
cladistic sense requires the comparison of independent,
homologous characters with genetically based varia-
tion (Hillis and Moritz, 1990; Wiley, 1981). We there-
fore sought to determine if RAPD products had these
characteristics by obtaining data pertaining to the ori-
gin of the variation in RAPD banding patterns.

Our approach was to amplify DNA fragments from
a collection of 47 X. campestris strains using a single
oligonucleotide primer, RWII (5'-GGCCACCGTC-3').
Two of the resulting RAPD products were cloned and
used as hybridization probes in Southern analyses of
PCR products and genomic DNA. By restricting our
analysis to a single primer and a relatively small num-
ber of strains, we have been able to characterize a set
of RAPD products in some detail. By establishing the
relationships of some of the RAPD products to each
other, we obtained information about the nature of
RAPD variation pertinent to the use of RAPD data in
phylogenetic analysis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Forty-
seven X. campestris strains were used in this study
(Table 1); these included eight isolates of X.c. pv. poan-
nua from geographically distinct locations in seven
states, two nonpathogenic X. campestris strains iso-
lated from P. annua L., 23 strains of 12 other X. camp-
estris pathovars that infect grasses, and 14 strains of
X. campestris from nongramineae plant hosts. Bacteria
were grown either on agar plates or in liquid culture
in nutrient broth/yeast extract (NBY; Vidaver, 1967)
medium at 28—30°C. Freezer stocks of cultures derived
from single colony isolates were maintained at —70°C
in NBY medium containing 15%(v/v) glycerol.

DNA isolation from X. campestris. Total genomic
DNA was isolated from X. campestris using a modifi-
cation of the protocol published by Meade et al. (1982).
Cells from a 40-ml log-phase culture were washed
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twice with 1 M NaCl and resuspended in 5 ml of TEE
buffer (10 mm Tris—-HCI, pH 8.0, 25 mm EDTA). One
milliliter of 10% (w/v) N-lauroyl sarcosine (Sigma) and
1 ml of Pronase (Boehringer Mannheim, 5 mg/ml, pre-
digested at 37°C for 1 h) were added and incubated for
1 h at 37°C. One milliliter of 5 M NaCl and 1 ml of
10% (w/v) CTAB (cetyltrimethylammonium bromide,
Sigma) dissolved in 0.7 M NaCl were added, mixed
well, and incubated at 65°C for 10 min. Organic con-
taminants were removed from the cell lysate by one
extraction with 5 ml of CHCI; and then several extrac-
tions with 5-ml aliquots of phenol-CHCIl; (1:1; v/v).
Nucleic acids were precipitated with 0.6 vol of isopro-
pyl alcohol. The DNA was spooled out with a glass rod
and dissolved in TE (10 mm Tris—-HCI, pH 8.0, 1 mm
EDTA). The persistence of polysaccharide made some
DNA samples highly viscous, and hence difficult to pi-
pet accurately for quantitation. Some samples were
therefore purified further by CsCl gradient centrifuga-
tion. This additional purification step had no obvious
effect on the RAPD profile of a given strain.

In earlier stages of the work, DNA was quantitated
spectrophotometrically (A, and on ethidium bro-
mide-stained agarose gels by comparison to standards
of known mass. However, consistent quantitation was
only achieved in later stages of the work, when DNA
was quantitated by spectrofluorimetry at excitation
and emission wavelengths of 365 and 460 nm, respec-
tively, using the DNA-specific dye Hoechst 33258
{Hoefer Scientific) and a Model TKO-100 minifluori-
meter (Hoefer Scientific) as specified by the manufac-
turer.

Polymerase chain reaction. PCR was carried out in
a PE 9600 thermal cycler (Perkin—Elmer—Cetus) pro-
grammed as follows: 92°C, 4 min; 45 cycles of 92°C, 15
8;37°C, 15 5; 72°C, 70 s; 72°C, 6 min 10 s. PCR reactions
were performed in 25 pl containing 25 ng template
DNA, 1.0 uM primer, 0.2 mM each dNTP, 0.8 x Ampli-
Taq buffer (8 mm Tris, pH 8.3, 40 mM KCl, 1.2 mm
MgCl,, and 1.25 units AmpliTag DNA polymerase
(Perkin—Elmer—Cetus). These incubation times were
recomrnended by Perkin—Elmer—Cetus technical sup-
port staff to mimic conditions used during preliminary
reactions using a thermal cycler 480, which were those
of Williams et al. (1990). A positive (enzyme) control
was included in each set of reactions, containing 25 pg
of A DNA and a 1.0 puM concentration of each of two
14-nucleotide primers (primer 1, nucleotides 7142—
7155 of (+) strand; primer 2, nucleotides 76067619
of (—) strand), which led to amplification of 500-bp
fragment of A DNA. A negative control was also in-
cluded in each set of reactions using primer in the ab-
sence of DNA template.

Primers used in initial experiments were DDI, 5'-
CGTACAAGAC-3’; JKI, 5-TGACTCCGAG-3'; KSI,
5-AGTGCCAGAG-3'; RWI, 5-GTGCGAAGAC-3’;



Description of Xanthomonas Strains Used in This Study

Xanthomonas campestris RAPDs

TABLE 1

137

Strain Identity Host plant Source (designation)
1 X. campestris pv. poannua,* MI Poa annua (annual bluegrass) D. Roberts; Mycogen Corp.®
2 X.c. pv. poannua,* PA Poa annua (annual bluegrass) Mycogen Corp.’
3 X.c. pv. poannua,* CA Poa annua (annual bluegrass) Mycogen Corp.
4 X.c. pv. poannua,* TN Poa annua (annual bluegrass) Mycogen Corp.
5. X.c. pv. poannua,* TX (Dallas) Poa annua (annual bluegrass) Mycogen Corp.
6 X.c. pv. poannua,* NY Poa annua (annual bluegrass) Mycogen Corp.
7 X.c. pv. poannua,* TX (Tyler) Poa annua (annual bluegrass) Mycogen Corp.
8 X.c. pv. poannua,* MO Poa annua (annual bluegrass) Mycogen Corp.
9 X.c. from Poa annua, AL Mycogen Corp.
10 X.c. from Poa annua, LA Mycogen Corp.
11. X.c. pv. poae Poa trivialis ATCC (33804); Mycogen Corp.©
12 X.c. pv. graminis (X. graminis) Dactylis glomerata (orchard grass) ATCC (29091); Mycogen Corp.
13 X.c. pv. graminis Dactylis glomerata (orchard grass) ATCC (29087)¢
14 X.c. pv. graminis Arrhenatherum elatius (oat grass) ATCC (29090)
15 X.c. pv. graminis Festuca pratensis (fescue) D. Roberts (Xg723)°
16 X.c. pv. graminis Lolium multiflorum (It. rye grass) D. Roberts (Xg726)
17 X.c. pv. graminis Phleum pratense (timothy) D. Roberts (Xg729)
18 X.c. pv. digitarit,* W1 Digitaria sp. (crabgrass) Mycogen Corp.
19 X.c. pv. agrostis,* IL (St. Charles) Agrostis sp. (cr. bentgrass) D. Roberts
20 X.c. pv. agrostis,* 1L (Chicago) Agrostis sp. (cr. bentgrass) D. Roberts
21 X.c. pv. agrostis,* OH (Dublin) Agrostis sp. (cr. bentgrass) D. Roberts
22 X.c. pv. translucens Unknown ATCC (9000)
23 X.c. pv. translucens Hordeum vulgare (barley) ATCC (10731)
24 X.c. pv. translucens Hordeum vulgare (barley) ATCC (10770)
25 X.c. pv. translucens Triticum sp. (wheat) ATCC (10771)
26 X.c. pv. translucens Secale sp. (rye) ATCC (10772)
27 X.c. pv. arrhenatheri Arrhenatherum elatius (oat grass) ATCC (33803); Mycogen Corp.
28 X.c. pv. holcicola Holcus sp. (velvet grass) ATCC (13461); Mycogen Corp.
29 X.c. pv. phlei Phleum pratense (timothy) ATCC (33805); Mycogen Corp.
30 X.c. pv. secalis Secale sp. (rye) ATCC (49078)
31 X.c. pv. oryzae Oryza sativa (rice) ATCC 43837
32 X.c. pv. oryzicola Oryza sativa (rice) ATCC (439072)
33 X.c. pv. vasculorum Saccharum officinarum (sugar cane) ATCC (35938)
34 X.c. pv. dieffenbachiae Dieffenbachia sp. J. Hartung (X11)/
35 X.c. pv. campestris Brassica oleraceae var. gemmifera ATCC (33913)
36 X.c. pv. campestris Brassica sp. J. Hartung (X86)
37 X.c. pv. phaseoli Phaseolus vulgaris (beam) ATCC (9563
38 X.c. pv. phaseoli Phaseolus vulgaris (bean) J. Hartung (X35)
39 X.c. pv. alfalfae Medicago sativa (alfalfa) J. Hartung (X60)
40 X.c. pv. vesicatoria Lycopersicon lycopersicum (tomato) ATCC (35937); Mycogen Corp.
41 X.c. pv. begoniae Begonia sp. J. Hartung (X3)
42 X.c. from Bilvae J. Hartung (X32)
43 X.c. from Feronia J. Hartung (X33)
44 X.c. pv. citri “A” Citrus sp. J. Hartung (XC62)
45 X.c. pv. citri “B” Citrus sp. J. Hartung (XC84)
46 X.c. pv. fici Fiscus sp. J. Hartung (X151)
47 X.c. pv. malvacearum Gossypium sp. J. Hartung (X203)

* Pathovar names are tentative.
¢ Bacterial culture obtained either directly from D. Roberts (Plant Path., Mich. St.) or from D. Roberts via Mycogen.
b Bacterial culture obtained from Mycogen Corp., San Diego, CA.

¢ Bacterial culture obtained either directly from ATCC or from ATCC via Mycogen.
4 Bacterial culture obtained from ATCC.

¢ Bacterial culture obtained from D. Roberts.
! Bacterial DNA obtained from J. Hartung (USDA, Beltsville, MD).
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and RWII, 5'-GGCCACCGTC-3'. These were the kind
gift of Rick Ward in the Crop and Soil Science Depart-
ment at Michigan State University. Additional prim-
ers were later synthesized for us at the MSU Macromo-
lecular Structure and Sequence Facility.

If PCR products were to be cloned, the thermal cycler
program was appended, immediately following the 6
min 10 s elongation at 72°C, to include a 5-min inacti-
vation of the Tag polymerase at 99°C. DNA was then
reannealed by cooling to 25°C over a 30-min period.
The ends of the PCR products were made blunt by rais-
ing the MgCl, concentration to 5 mM, adding 1 unit of
the Klenow fragment of DNA polymerase (Boehringer
Mannheim), and incubating the resulting mixture for
30 min at RT. The Klenow fragment was then heat
inactivated at 65°C for 10 min and the reaction placed
on ice.

Cloning of PCR products. PCR products for cloning
were gel-purified by electroelution (Sambrook et al.,
1989), precipitated with EtOH, resuspended in TE, and
quantitated. Products were then cloned by blunt-end
ligation to Smal-digested phagemid pBSII KS™ (Stra-
tagene) with 1 unit of T4 DNA ligase (Boehringer
Mannheim) using 200 ng of gel-purified PCR product
and 100 ng of Smal-digested vector in a 20-pl reaction.
The ligation reaction products were used to transform
Escherichia coli (DH5«; Gibco BRL), and putative posi-
tive clones were screened for inserts of the appropriate
molecular weight. Cloning of the 1.2 and 1.8-kb RAPD
products from the MI strain of X.c. pv. poannua yielded
the recombinant plasmids pJRL100 and pJRL200, re-
spectively.

Digoxygenin labeling of DNA. DNA inserts from
pJRL100 and pJRL200 were gel-purified by electroelu-
tion after double digestion with Hindlll and Notl. Pu-
rified DNA inserts (100 ng) were labeled with digoxy-
genin-dUTP by the random primer method (Feinberg
and Vogelstein, 1984) using a commercially available
kit (Boehringer Mannheim). Total yield from the label-
ing reaction (80 pl volume) was calculated to be 100-
150 ng of labeled DNA using the yield chart in Boeh-
ringer Mannheim Technical Bulletin 9009962/5M
(January 1991).

Southern analysis. EcoRI-digested genomic DNA
fragments were separated by agarose gel electrophore-
sis and transferred to a GeneScreen hybridization
membrane (DuPont, Inc.) using the procedure de-
scribed in Sambrook et al. (1989). Blots were treated
with hybridization buffer [5x SSC, 1% (w/v) casein
(Sigma C5890), 0.1% (w/v)N-lauroyl sarcosine, and
0.2% (w/v) SDS] for 2—4 h, and then hybridization was
carried out for 12—-16 h in fresh buffer containing ap-
proximately 5 ng labeled DNA/m]. Blots were washed
twice at RT for 5 min with 2 x SSC/0.1% SDS and then
twice for 15 min at various stringencies (see figure leg-
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ends). Hybridized DNA was detected by exposing blots
to Kodak XAR-5 film after incubation with the anti-
digoxygenin alkaline phosphatase conjugate (50 mU/
ml) arnd LumiPhos substrate of the Genius System
(Boehringer Mannheim) using the protocol outlined in
the Boehringer Mannheim Technical Bulletin for
LumiPhos 530 (900264R3/10M; January 1991), substi-
tuting casein for blocking reagent. When blots were to
be reprobed, probes were stripped by boiling for 30 min
in 0.01 x SSPE/1.0% SDS.

RESULTS

RAPD Products and RAPD Product Profiles

In preliminary experiments, we tested five arbi-
trarily chosen 10-bp oligonucleotides for RAPD ampli-
fication of DNA from X.c. pv. poannua. Two of the five
primers (DDI and RWII) yielded measurable products,
and RWII was chosen for use in the experiments de-
scribed below.

Amplification of DNA fragments was observed in all
47 X. campestris strains when RWII was used as
primer (Fig. 1). In most strains, one or two major prod-
ucts dominated the profile, with several minor prod-
ucts a'so appearing (e.g., X.c. pv. poannua, strains
1-8). However, in some cases, a single product stood
out (e.g., X.c. pv. agrostis, strains 19-21; X. campestris
from Feronia sp., strain 43; and X.c. pv. citri “B,” strain
45) or many products were amplified with none pre-
dominating (e.g., X.c. pv. graminis, strains 15 and 16;
X.c. pv. campestris, strain 36; X.c. pv. vesicatoria,
strain 40; and X.c. pv. citri “A,” strain 44). Differences
as well as similarities were observed in profiles from
strains of the same pathovar, in particular X.c. pv.
gramiris (strains 12-17), X.c. pv. translucens (strains
22-26), and X.c. pv. poannua (strains 1-8).

Interestingly, X.c. pv. graminis (strain 14) and X.c.
pv. arrhenatheri (strain 27), both isolated from Arrhen-
atherum elatius, had almost identical RWII-primed
RAPD products (Fig. 1). Likewise, X.c. pv. graminis
(strain 17) and X.c. pv. phlei (strain 29), both isolated
from Phleum pratense, had almost identical RWII-
primed RAPD products, as did X.c. pv. translucens
(strain 26) and X.c. pv. secalis (strain 30}, both isolated
from Secale sp.

Two distinct RAPD product patterns were observed
in the eight X.c. pv. poannua strains (Fig. 1); in five
strains a 1.8-kb product predominated, while in the
other three strains, the 1.8-kb product was absent and
a 1.2-kb DNA predominated. To study the relationship
of these two RAPD products to each other and to the
other RAPD products amplified from the other X.
campestris strains, the 1.2 and 1.8-kb RAPD products
were isolated from X.c. pv. poannua (strain 1) and
cloned to yield the plasmids pJRL100 and pJRL200,
respectively.
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FIG. 1. Random amplified polymorphic DNA (RAPD) products from 47 Xanthomonas campestris strains. Agarose gel (1.2%) of DNA
products obtained upon RWII priming of the PCR with 47 bacterial DNA templates. Sample load was 5 wl/25 ul total reaction. Lanes
(numbers also refer to Table 1): 1-8, X.c. pv. poannua,; 9 and 10, X. campestris from Poa annua L.; 11, X. campestris pv. poae; 12-17, X.
campestris pv. graminis; 18, X. campestris pv. digitarii; 19-21, X. campestris pv. agrostis; 22-26, X. campestris pv. translucens; 27,
X. campestris pv. arrhenatheri; 28, X. campestris pv. holcicola; 29, X. campestris pv. phlei; 30, X. campestris pv. secalis; 31, X. campestris
pv. oryzae; 32, X. campestris pv. oryzicola; 33, X. campestris pv. vasculorum; 34, X. campestris pv. dieffenbachiae; 35 and 36, X. campestris
pv. campestris; 37 and 38, X. campestris pv. phaseoli; 39, X. campestris pv. alfalfae; 40, X. campestris pv. vesicatoria; 41, X. campestris pv.
begoniae; 42, X. campestris from Bilvae; 43, X. campestris from Feronia; 44 and 45, X. campestris pv. citri; 46, X. campestris pv. fici; 47,
X. campestris pv. malvacearum; S, MW standards, a mixture of Hindlll-digested A DNA and PstI-digested A DNA; ( +), positive control, A
DNA amplified with A\ DNA primers designed to give a 500-bp product; ( —), negative control using RWII primers with buffer only as
template.

Characterization of pJRLI100 and pJRL200

Southern blots of the RAPD products from the Xan-
thomonas strains demonstrated the correct identity
and uniqueness of the cloned 1.2-kb (pJRL100) and 1.8-
kb (pJRL200) RAPD products from X.c. pv. poannua
(Fig. 2). The pJRL100 insert hybridized to the RAPD
products of all eight X.c. pv. poannua strains (Fig. 2b).
This was somewhat surprising, since the presence of

a 1.2-kb band was not obvious from examination of
EtBr-stained agarose gels (Fig. 1 and Fig. 2a). How-
ever, closer examination of these gels reveals a band
of the correct MW in X.c. pv. poannua strains 1, 2, 4,
6, and 7), and the Southern hybridization signal tended
to approximate the intensity of the EtBr-stained band
(Fig. 2b). The pJRL200 insert hybridized to the RAPD
products only from X.c. pv. poannua strains 1, 2, 4, 6,

X. c. pv. poannua X. ¢. pv. poannua X. c. pv. poannua
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FIG. 2. Southern analysis of RAPD products from eight X.c. pv. poannua strains. RAPD products were blotted and probed with either
the pJRL100 or pJRL200 insert. (a) Agarose gel of RAPD products. (b) Probe with the pJRL100 insert. Note hybridization to at least two
DNA fragments in all eight X.c. pv. poannua strains. (c) Probe with the pJRL200 insert. Note hybridization to at least three different DNA
fragments, and in only five of the eight X.c. pv. poannua strains. Neither probe hybridized to any fragments in the positive or negative
control lanes. Samples: (a) 5 ul/25 ul total reaction in each lane; (b) and (c) 0.5 ul/25 ul total reaction. Standards: A, a mixture of
HindIll-digested A DNA and Pstl-digested A DNA; 123, 123-bp ladder (Gibco BRL); (+), positive control, A DNA amplified with A DNA
primers designed to give a 500 bp product; (- ), negative control using RWII primers with buffer only as template. Hybridization, 65°C;
washes, 0.2 x 8SC/0.1% SDS, 65°C; film exposures, 1 min.
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and 7 (Fig. 2¢) and not at all to the RAPD products of
X.c. pv. poannua strains 3, 5, and 8. This pattern mim-
ics exactly the pattern observed on the EtBr-stained
agarose gel (Fig. 2a).

The pJRL100 insert hybridized only to the RAPD
products of the X.c. pv. poannua strains. It did not hy-
bridize at all to the RAPD products from the other 39
X. campestris strains (negative results not shown). On
the other hand, in addition to hybridizing to the RAPD
products of five of the eight X.c. pv. poannua strains,
the pJRL200 insert hybridized to the RAPD products
of X. campestris from P. annua, strain 9; X.c. pv. gra-
minis, strain 13; X.c. pv. dieffenbachiae, strain 34; X.c.
pv. campestris, strain 36; and X.c. pv. phaseoli, strain
37 (not shown).

The pJRL100 and pJRL200 inserts were also charac-
terized by hybridization to more than one RAPD prod-
uct. pJRL100 hybridized not only to the RAPD product
at 1.2 kb but also to another at approximately 0.7 kb
(Fig. 2b), while pJRL200 hybridized to at least two
products (approximately 1.3 and 0.8 kb) in addition to
the 1.8-kb product (Fig. 2¢). Significantly, these hy-
bridizing sets of RAPD products did not intersect; indi-
vidual RAPD products hybridized to either the
pJRL100 insert or the pJRL200 insert, but no RAPD
product hybridized to both probes (cf. Figs. 2b and 20¢).
Thus, we concluded that the pJRL100 and pJRL200
inserts were unique DNA fragments, representing
DNA amplification from two separate genome loca-
tions.

Preliminary Southern analysis of chromosomal and
purified plasmid DNA from X.c. pv. poannua suggested
that both the 1.2-kb pJRL100 insert and the 1.8-kb
pJRL200 insert are on the bacterial chromosome and
not plasmid-borne (not shown).

Genomic Southern Analysis

To attempt to determine the basis of the observed
variation in the RAPD banding patterns, Southern
blots of EcoRI-digested total genomic DNA from the 47
bacterial strains were probed with the purified inserts
from pJRL100 and pJRL200 (Fig. 3). This analysis al-
lowed us to distinguish between band absence arising
from complete absence of a given RAPD locus and ab-
sence due to primer binding site differences, insertion/
deletion events, or other causes (such as competition;
see below). The pJRL100 insert hybridized to an ap-
proximately 23-kb EcoRI fragment in the DNA of all
eight X.c. pv. poannua strains (7 of 8 shown in Fig. 3b).
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This result showed that the reduction in band intensity
(and sometimes complete absence) of the 1.2-kb frag-
ment in the RAPD products from X.c. pv. poannua
strains 1, 2, 4, 6, and 7 was not due to the absence of
a potentially amplifiable fragment from the genomes
of these strains. On the other hand, the pJRL100 insert
did not hybridize to the genomic DNA of any of the
other 39 bacterial strains (negative results not shown),
suggesting that a homologous DNA fragment corre-
sponding to the 1.2-kb RAPD product was either ab-
sent firom the genomic DNAs of these strains or has
diverged to a degree such that it no longer hybridizes
to the pJRL100 insert.

Genomic Southern analysis with the pJRL200 probe
(Fig. 3¢) divided the eight X.c. pv. poannua strains into
three categories: those with a hybridizing EcoRI frag-
ment of 4.6 kb (strains 1, 4, 6, and 7); those with a
fragment of 9.4 kb (strain 2); and those lacking a hy-
bridizing fragment (strains 3, 5, and 8). Thus, the ab-
sence of a 1.8-kb RAPD product in X.c. pv. poannua
strains 3, 5, and 8 was most likely due to the absence
of a potentially amplifiable DNA fragment in these
genormes.

The pJRL200 insert also hybridized, depending upon
stringency, to EcoRI fragments of X. campestris from
P. annua, strain 9 (Fig. 3c¢); X.c. pv. graminis, strains
12 and 13; X.c. pv. holcicola, strain 28; X.c. pv. oryzi-
cola, strain 32; X.c. pv. dieffenbachiae, strain 34; X.c.
pv. campestris, strain 36; X.c. pv. phaseoli, strains 37
and 38; X.c. pv. alfalfae, strain 39; X.c. pv. begoniae,
strain 41; X.c. pv. citri “A,” strain 44; and X.c. pv.
malvacearum, strain 47 (not shown). Only a subset of
these strains yielded RAPD products that hybridized
to the pJRL200 probe (see above).

To verify the identity of certain strains as X. cam-
pestris, some Southern blots were probed with a 9.6-kb
Hindl'I-BamHI fragment from pIG102 (Fig. 3d),
which encodes part of a gene cluster involved in xan-
thomonadin biosynthesis (Poplawsky et al., 1993). All
eight X.c. pv. poannua strains contained EcoRI frag-
ments that hybridized to this fragment, as did the two
nonpathogenic X. campestris strains from P. annua.

Genomic DNA Mixing Experiment

The above results suggested that a DNA fragment
corresponding to the 1.2-kb RAPD product was present
in the genomes of X.c. pv. poannua strains 1, 2, 4, 6,
and 7 (Fig. 3b), and that it could be amplified (Fig. 2b).
Yet for some reason, amplification of this fragment in

FIG. 3. Genomic Southern analysis of nine Xanthomonas campestris strains isolated from Poa annua. Seven of the nine strains shown
(1-7) are pathogenic on Poa annua (X.c. pv. poannua). The two other strains (3 and 10) are nonpathogenic X. campestris from Poa annua.
(a) Agarose gel (0.7%) of EcoRI-digested total genomic DNA (~ 2.5 pg). (b) Southern blot probed with the pJRL100 insert shows specificity
of this DNA fragment for X.c. pv. poannua. Hybridization, 68°C; washes, 0.1 > SSC/0.5% SDS, 68°C; film exposure, 3 min. (¢) Blot in (b)
stripped and reprobed with the pJRL200 insert. Hybridization, 68°C; washes, 0.1 x S8C/0.5% SDS, 68°C; film exposure, 15 min. (d) Blot in
(c) stripped and reprobed with a DNA fragment encoding part of the xanthomonadin gene of X. campestris pv. campestris. Hybridization,

63°C; washes, 0.2 x 88C/0.1% SDS, 63°C; film exposure, 3 h.
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FIG.4. Genomic DNA mixing experiment. DNA from X.c. pv. poannua (strain 1), which has a strong 1.8-kb band, was mixed in different
proportions with DNA from X.c. pv. poannua (strain 3), which has a strong 1.2-kb band. Ethidium bromide-stained agarose gel shows
RAPD products amplified under standard conditions (i.e., 25 ng template DNA total) using primer RWIIL. Lanes 1 through 13 contained
100, 99, 90, 80, 70, 60, 50, 40, 30, 20, 10, 1, and 0% DNA from strain 1, respectively, and 0, 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, 99, and
100% DNA from strain 3, respectively. S, MW standards, a mixture of HindIlI-digested and Pst¢I-digested A DNA.

X.c. pv. poannua strains 1, 2, 4, 6, and 7 was greatly
reduced compared to amplification in X.c. pv. poannua
strains 3, 5, and 8. Heun and Helentjaris (1993) and
Williams et al. (1993) pointed out that the formation
of a given RAPD product is subject to competition. For
example, Heun and Helentjaris (1993) demonstrated
that amplification of a given RAPD product can depend
upon the genetic background in which it is located,
even though the primer binding site remains unal-
tered. We hypothesize that in strains with potential to
produce both a 1.2 and 1.8-kb RAPD product (i.e., X.c.
pv. poannua strains 1, 2, 4, 6, and 7), the 1.8-kb product
is the preferred product because it outcompetes the 1.2-
kb product.

This hypothesis was tested by means of a genomic
DNA mixing experiment (Fig. 4), similar to the one
carried out by Williams et al. (see Fig. 9A in Williams
et al., 1993). Genomic DNA from X.c. pv. poannua
strain 1, which yields both a 1.8 and a 1.2-kb RAPD
product, was mixed with DNA from X.c. pv. poannua
strain 3, which yields only the 1.2-kb product. If the
two products are equally favored, one would expect to
see a linear increase in the 1.2-kb product with a corre-

sponding decrease in the 1.8-kb product as the ratio of
X.c. pv. poannua strain 1 DNA to X.c. pv. poannua
strain 3 DNA decreases. Furthermore, the relative in-
tensities of the bands should be equivalent when each
DNA template is present as 50% of the total. This is
not what we observed. The intensity of the band repre-
senting the 1.8-kb product was equivalent to the inten-
sity of the band representing the 1.2-kb product when
the reaction mixture contained only 10% X.c. pv. poan-
nua sirain 1 DNA, and the 1.8-kb product was the dom-
inant product when the percentage of X.c. pv. poannua
strain 1 DNA reached 20%. These data support the
hypothesis that the 1.8-kb RAPD product is favored in
direct competition with the 1.2-kb product.

Influence of Reaction Conditions on RAPD Profiles

Many workers have observed a dependency of RAPD
profiles on reaction conditions. For example, Ellsworth
et al. (1993) showed that RAPD profiles were particu-
larly prone to change at low template concentrations.
We made similar observations. In the five X.c. pv.
poannua strains with both a 1.8 and a 1.2-kb RAPD
product, the relative amounts of the 1.8 and 1.2-kb
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FIG. 5. Effect of template and primer concentration on RAPD products amplified from X.c. pv. poannua. Keeping all other PCR
conditions constant, either template DNA from X.c. pv. poannua (strain 1) was varied from 2.5 to 50 ng (0.1 x -2.0 x standard amount) or
primer concentration was varied from 1.0 to 3.0 pM (1.0 x-3.0 x ). RAPD products were blotted and probed with either the pJRL100 or the
pJRL200 insert. (a) Agarose gel of RAPD products showing shift of the major RAPD product from the 1.2-kb product at 2.5 ng template to
the 1.8-kb product at higher template amounts. (b} Southern blot with the pJRL100 insert shows presence of the 1.2-kb product in all
samples. (c) Southern blot with the pJRL200 insert shows presence of the 1.8-kb product in all samples. The preferential amplification of
either the 1.2-kb product at low template concentration or the 1.8-kb product at high template concentration is reflected by the presence
of higher molecular weight bands in the respective Southern blots. Sample: 0.5 u1/25 ul total reaction in each lane. Standards: A, a mixture
of HindIll-digested A DNA and PstI-digested A DNA; 123, 123-bp ladder (Gibco BRL). Hybridization, 66°C; washes, 0.1 x 8SC/0.5% SDS,

68°C; film exposures, (b) 5 min; (c) 2 min.

products were dependent upon reaction conditions, in
particular, template concentration (Fig. 5). A 10-fold
decrease in template concentration led to a change of
the major RAPD product in these strains from the 1.8-
kb DNA to the 1.2-kb DNA product. Changing the
primer concentration 2- or 3-fold did not produce major
differences in the RAPD product profiles (Fig. 5).

One plausible explanation for the switch in the pre-
ferred RAPD product from the 1.8-kb product to the
1.2-kb product at very low template concentration is
that the genomic template for the 1.8-kb product has
better matched primer binding sites than the 1.2-kb
product. Even if the primer binding site match is im-
perfect in the genomic DNA, in the PCR products the
match becomes perfect. Under low initial template
DNA conditions (few target DNA molecules), the pro-
portion of template DNA molecules for the 1.2-kb prod-
uct with perfect primer binding site matches becomes
high early in the PCR. The presence of such templates
would then allow the 1.2-kb product to be preferen-
tially amplified over the 1.8-kb product, due either to
kinetic or to thermodynamic considerations. However,
an alternative explanation, that the primer binding
site of the 1.2-kb product is different in X.c. pv. poan-

nua strains 1, 2, 4, 6, and 7 than in X.c. pv. poannua
strains 3, 5, and 8, cannot be ruled out without further
experimentation.

DISCUSSION

RAPD Variation and Its Use in Phylogenetic Analysis

Characterization of a set of RAPD products, obtained
using a single primer to amplify DNA from 47 Xantho-
monas strains, has provided information about the na-
ture of the variation uncovered by the RAPD technique
and how this measure of variation might best be used
in comparative biology.

Phylogenetic analysis can be carried out using either
a phenetic approach based on the analysis of overall
similarity or a cladistic approach, in which relation-
ships are based on or inferred from shared derived
characters. It is beyond the scope of this paper to argue
the relative merits of the two approaches, but for our
own work, in which we wish to determine relationships
between organisms, we prefer the cladistic approach.
In phylogenetic analysis using a cladistic approach,
hypotheses are proposed after analysis of characters
that are either assumed or demonstrated to be homolo-
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gous, independent, and variable (Swofford and Olsen,
1990). If these conditions are not met, the analysis will
not yield valid results.

By direct examination of ethidium bromide-stained
agarose gels, it was difficult to determine if the RAPD
products obtained using the primer RWII to amplify
DNA from 47 X. campestris strains were homologous
and independent. For example, the 1.2-kb RAPD prod-
uct from X.c. pv. poannua strains 1, 2, 4, 6, and 7 was
often very faint or absent on agarose gels (Figs. la
and 2a). Southern analysis, however, revealed that the
1.2-kb product was amplified in all X.c. pv. poannua
strains (Fig. 2b), but at times to levels below the detec-
tion threshold for visualization by ethidium bromide
staining. Although routine Southern analysis of all
RAPD products would lessen the attractiveness of this
technique, our results make it clear that in important
instances such further efforts are essential if valid con-
clusions are to be reached.

A second problem arises when RAPD products of
similar molecular weight are observed on gels but are
not the products of amplification from homologous
DNA segments. For example, the X.c. pv. poannua
strains and the three strains of X.c. pv. agrostis all
yield a RAPD product of 1.2 kb (Figs. 1 and 3b). These
apparent homologies were invalid, however, since nei-
ther the RAPD products nor the genomic DNA of the
three X.c. pv. agrostis strains hybridized to cloned 1.2-
kb RAPD product (pJRL100) from X.c. pv. poannua
(not shown). A possible solution to this problem would
be to run longer gels in order to improve the resolution
of DNA fragments. Alternatively, the RAPD products
could be digested with a restriction endonuclease with
a four-base recognition site and restricted RAPD prod-
ucts analyzed by gel electrophoresis. This second step
would reveal which RAPD products shared restriction
sites and were thus more likely to be homologous.

A third possible source of error arises when the pres-
ence or absence of some RAPD products is dependent
upon the presence or absence of other RAPD products.
This lack of independence was seen in our experiments
and examined more closely using the data presented
in Fig. 4. The presence of the 1.2-kb RAPD product
from X.c. pv. poannua strains is apparently dependent
on the absence of the 1.8-kb RAPD product, since when
genomic DNA from X.c. pv. poannua strain 1 (produces
strong 1.8-kb band) was mixed with an equal amount
of DNA from X.c. pv. poannua strain 3 (produces 1.2-kb
band and no 1.8-kb band), the 1.8-kb band predomi-
nated (Fig. 4, lane 6). Apparently, equal amounts of
the two RAPD products were produced only when the
strain 3 DNA was present in a ninefold excess over
strain 1 DNA. These two RAPD products are clearly
not synthesized in an independent manner and demon-
strate the effect that genetic background has on the
appearance of RAPD products, as documented by Heun
and Helentjaris (1993). This lack of independence can-
not easily be overcome technically, but the scoring of
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many primers might possibly reduce this problem to
an acceptable level.

A final difficulty encountered in our experiments
was the presence of multiple related PCR products in
a single reaction. The pJRL100 insert hybridized to at
least two products and pJRL200 to at least three
products in each hybridizing X.c. pv. poannua strain
(Fig. 2). If single bands are used as characters, the
presence of multiple related products could lead to an
overestimation of between-strain similarities and dif-
ferences. These bands could have arisen from multiple
primirg sites within the 1.2 and 1.8-kb DNA frag-
ments or may represent alternative molecular forms
of the RAPD products. One possible way to circumvent
the problem of these multiple products would be to
score the entire pattern as a single character or to score
only a single band from each reaction.

The above discussion does not mean to imply that
RAPD products have no place in phylogenetic studies.
Numerous studies have been published recently using
RAPD banding patterns to establish phenetic relation-
ships (Kambhampati et al., 1992; Grajal-Martin et al.,
1993; Joshi and Nguyen, 1993; Kazan et al., 1993; Ti-
bayrenc et al., 1993; Williams and St. Clair, 1993;
Yang and Quiros, 1993). For workers performing such
analyses, however, we suggest that some of the prob-
lems encountered in our experiments are not likely to
be unique to our system and that care must be taken
to ensure that the use of RAPD products as characters
in phylogenetic studies produces valid results.

Pathovar Specificity of pJRL100

RFLP analysis, using cloned RAPD products as hy-
bridization probes, is another potentially useful appli-
cation. The RFLP patterns we obtained using RAPD
products as probes were simple (Fig. 3), and assump-
tions cf character homology are likely to be correct.
In addition, fragment distributions within a sample
should be informative. For example, the 1.2-kb RAPD
product amplified from the X.c. pv. poannua strains is
apparently unique to them and may serve as a diagnos-
tic, pathovar-specific DNA marker. The pJRL100 in-
sert hybridized only to the genomic DNA and RAPD
products of the eight X.c. pv. poannua strains, and not
to any of the other strains. Significantly, these eight
X.c. pv. poannua strains originated from eight distinct
geographical locations in seven states (Table 1). In ad-
dition, pJRL100 did not hybridize to the genomic DNA
of the two nonpathogenic X. campestris strains that
were isolated from P. annua L., while hybridization
with the xanthomonadin probe (Fig. 3d) showed correct
identification as X. campestris. DNA from X.c. pv.
poae, whose host plant, Poa trivialis L., is more closely
related to P. annua L. than the host plants of the other
strains in the collection, also did not hybridize to
pJRL100. However, definitive proof of pathovar speci-
ficity will require testing the pJRL100 insert with an
expanded collection of bacterial strains.
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