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The phylogenetic relationships of bacterial symbionts from three gall-bearing species in the marine red algal
genus Prionitis (Rhodophyta) were inferred from 16S rDNA sequence analysis and compared to host phylogeny
also inferred from sequence comparisons (nuclear ribosomal internal-transcribed-spacer region). Gall forma-
tion has been described previously on two species of Prionitis, P. lanceolata (from central California) and P.
decipiens (from Peru). This investigation reports gall formation on a third related host, Prionitis filiformis.
Phylogenetic analyses based on sequence comparisons place the bacteria as a single lineage within the
Roseobacter grouping of the a subclass of the division Proteobacteria (99.4 to 98.25% sequence identity among
phylotypes). Comparison of symbiont and host molecular phylogenies confirms the presence of three gall-
bearing algal lineages and is consistent with the hypothesis that these red seaweeds and their bacterial
symbionts are coevolving. The species specificity of these associations was investigated in nature by whole-cell
hybridization of gall bacteria and in the laboratory by using cross-inoculation trials. Whole-cell in situ
hybridization confirmed that a single bacterial symbiont phylotype is present in galls on each host. In
laboratory trials, bacterial symbionts were incapable of inducing galls on alternate hosts (including two
non-gall-bearing species). Symbiont-host specificity in Prionitis gall formation indicates an effective ecological
separation between these closely related symbiont phylotypes and provides an example of a biological context
in which to consider the organismic significance of 16S rDNA sequence variation.

Marine bacteria are associated with gall formation (tumor-
igenesis) on a number of species of red algae, although only
two reports detail the specific causation of an algal gall by an
identified bacterium (5, 10). This probably reflects the general
situation encountered when attempting to cultivate, or isolate
in pure culture, symbiotic microbes (10, 33, 44). In the red algal
genus Prionitis (Rhodophyta, Halymeniaceae, Gigartinales)
gall formation is known from at least four species world wide
and is, in the case of Prionitis lanceolata (from central Califor-
nia), associated with the presence of a specific microorganism
(5). Despite attempts by several authors, this bacterium has yet
to be cultivated or isolated in pure culture (3–5). No physio-
logical function of these bacterially induced Prionitis galls has
been determined, nor is it apparent what, if any, benefit is
derived by algal host or bacterial invader. This organismic
relationship is termed a symbiosis sensu DeBary as used by
Smith, meaning simply the living together of differently named
organisms (43). The 16S rDNA phylotype of this eubacterium
has been determined from its complete small-subunit ribo-
somal DNA sequence and whole-cell hybridization used to
confirm the inductive role of this symbiont in gall formation
(5).

The purpose of this investigation was to determine if bacte-
rial gall formation on different members of the genus Prionitis
is species specific and to investigate the possibility of coevolu-
tion occurring between these bacterial symbionts and their red
algal hosts. To address this, the molecular phylogenetic rela-
tionships of the eubacterial symbionts from P. lanceolata, Prio-
nitis filiformis, and Prionitis decipiens galls were compared to
that of their algal hosts and bacterial phylotype-specificity was
investigated both in nature and in the laboratory. Bacterial

phylogeny was inferred from 16S sequence comparisons, and
host phylogeny was inferred from comparisons of the algal
nuclear internal-transcribed-spacer regions (ITS) of P. lanceo-
lata, P. filiformis, P. decipiens, Prionitis lyalli, and Prionitis sp.
(from Mission Bay). The relative branching orders of both host
and symbiont lineages were compared.

Recent work in molecular microbial ecology has focused on
the delineation of molecular phylotypes based on differences in
the small subunit of rRNA (SSU) sequence variation (9, 14,
25–27, 30, 37, 44). This has raised the following question in a
number of different ecological contexts: to what extent does
SSU rDNA sequence variation (especially among closely re-
lated organisms) reflect underlying biological differences (natural
history, physiology, ecology, etc.). A recent investigation of ma-
rine photosynthetic bacterioplankton has revealed ecotypic vari-
ation not apparent by direct comparison of rDNA sequences and
illustrates how minor variations in the sequences of these genes
can mask wholesale physiological differences (35). Our inves-
tigation of host-symbiont specificity in gall-bearing species of
Prionitis was carried out using whole-cell hybridization of
rRNA in bacteria from galls in nature and by laboratory
cross-inoculation trials. The intercellular symbionts from P.
lanceolata, P. decipiens, and P. filiformis galls were assayed
from field-collected material using the species-specific oligode-
oxynucleotide probes, S-S-P.l.sym-0949-a-A-25 and S-S-P.f/d
.sym-0949-a-A-25 (7). Laboratory cross-inoculation trials using
bacteria from galls on P. lanceolata and P. filiformis were then
carried out as an assay for the potential of symbionts from a
given host species to induce new gall formation on alternate
gall- and non-gall-bearing host species.

The evidence presented here from molecular phylogeny,
laboratory cross-inoculation trials, and whole-cell hybridiza-
tion experiments with gall bacteria from nature shows that
bacterial gall formation in the genus Prionitis is species specific.
In particular, the results of molecular phylogenetic analyses
are confirmed by laboratory cross-inoculation trials that show
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an effective biological separation of symbiont molecular phy-
lotypes. The basis of this separation, including the mechanisms
of symbiont recognition that must operate in these species-
specific associations, remains unknown (43). The effective bi-
ological separation of symbiont phylotypes suggests that these
lineages, at least in terms of their symbiotic ecology, may be
considered different species. The combination of molecular
phylogenetic analyses and host-symbiont specificity studies
serves to illustrate that, in this system, extremely low levels of
16S rDNA sequence variation (ca. 1%) can reflect significant
biological differences between organisms.

MATERIALS AND METHODS

Field collection of Prionitis sp. Gall-bearing thalli of P. lanceolata, P. filiformis,
and P. decipiens were collected from 11 intertidal and 2 subtidal locations along
the Pacific coasts of North and South America (Table 1). Non-gall-bearing thalli
of Prionitis lyalli and P. filiformis were collected from the Pacific Coast of central
California (Table 1). Algae were transported in damp newspaper on ice and
processed within several hours of collection. P. lanceolata and P. filiformis were
maintained in robust condition for up to 5 months in high flow indoor tanks with
ca. 1% ambient light levels and vigorous aeration. Living P. decipiens (from Peru)
was obtained directly from the type locality via 2-day air express (Table 1) and
was processed immediately upon arrival.

Phylogenetic analysis of Prionitis gall symbionts. DNA extraction-amplifica-
tion-cloning and sequencing. Total DNA was isolated from galls on P. filiformis
(Lufenholtz population) and P. decipiens and from the thalli of P. filiformis
(Lufenholtz population), P. filiformis (Carmel population), P. decipiens, P. lyalli,
and Prionitis sp. (Mission Bay) by using Chelex-100 extraction (Bio-Rad, Rich-
mond, Calif.) as described previously (6, 24). Amplification of 16S rDNA gene
sequences and algal ITS sequences by PCR, cloning, and initial screening of
amplification products was also carried out as described previously (6, 24).
Plasmid DNA was prepared for sequencing by Wizard miniprep following the
manufacturer’s recommendations (Promega, Madison, Wis.). Cloned 16S rDNA
genes (one amplicon from each of three PCRs) were sequenced entirely along
both strands by using an ABI 373 automated sequencer with dye termination
chemistry (ABI; Perkin-Elmer).

Phylogenetic analyses were performed as follows. Selected full-length 16S
rDNA sequences from the Proteobacteria were obtained as a subalignment from
the Ribosomal Database Project by using the SUBALIGN command and a
user-defined ID LIST (36). Prionitis symbiont sequences and additional se-
quences of environmental clones (obtained as nucleotide sequences from Gen-

Bank by using the Entrez browser) related to the a subclass of the division
Proteobacteria were manually aligned to this subalignment in the DNA sequence
editor GDE 2.2 (provided by Steve Smith). Cloned symbiont amplicons from P.
filiformis and P. decipiens were shown to be nonchimeric by comparison to the
previously determined P. lanceolata symbiont sequence (7). A sequence mask
was applied in McClade 3.0 that excluded gaps and all positions of uncertain
alignment with final analyses performed on a 16S data set consisting of 20
full-length 16S sequences (1,038 positions included, 677 positions excluded).

Tree topologies were evaluated and branch lengths were calculated by using
PAUP version 4.0.0d64 with maximum parsimony and distance or maximum
likelihood optimality criteria (David Swofford, personal communication). Evo-
lutionary distances were calculated by using either the Kimura two-parameter or
the Hasegawa-Kishino-Yano (1985) (HKY85) (with rate heterogeneity) model
of nucleotide change. Transition-transversion ratio, proportion of invariable
positions, and gamma shape parameter were estimated from the data set by
maximum likelihood. Phylogenetic tree topologies were reconstructed in PAUP
by heuristic search using the branch-swapping algorithm, tree-bisection-recon-
nection, and starting trees generated by replicate stepwise random addition.
Decay indices were calculated, and the significance of alternative evolutionary
hypotheses was examined by statistical permutation test for mono- and non-
monophyly (T-PTP test) (17, 46). Host ITS sequences were edited, aligned, and
analyzed as described above by using GDE 2.2 and PAUP. The relative consis-
tencies of all resulting trees were estimated by bootstrap analyses consisting of
1,000 replicates each of both the 16S and ITS data sets, with the following
exception. The bootstrap analysis of the 16S data set using maximum likelihood
was performed on 100 replicates (19).

Accession numbers for the P. filiformis and P. decipiens symbiont 16S se-
quences are AF107209 and AF107210, respectively. Accession numbers for P.
lanceolata, P. filiformis (Lufenholtz population), P. filiformis (Carmel popula-
tion), P. lyalli, P. decipiens, and Prionitis sp. (Mission Bay) ITS sequences are
AF274237, AF274234, AF274233, AF274235, AF274236, and AF274238, respec-
tively.

Laboratory cross-inoculation trials of symbiont-host specificity. Host-speci-
ficity in the Prionitis symbiosis was investigated by cross-inoculation trials per-
formed in the laboratory using gall-bearing P. lanceolata and P. filiformis (Lufen-
holtz population) and non-gall-bearing P. filiformis (Carmel population) and P.
lyalli. Individual thalli of P. decipiens (Peru) were held for 7 days but could not
be maintained under laboratory conditions for sufficient time to carry out cross-
inoculation experiments. Cross-inoculations were carried out as described pre-
viously in induction studies of the P. lanceolata symbiosis (5). Galls collected in
nature were washed, homogenized in sterile seawater (passed through a 0.22-
mm-pore-size filter) and used to inoculate, by wounding, the uninfected thalli of
P. lanceolata, P. filiformis (Lufenholtz and Carmel populations) and the related
P. lyalli (4, 6). Inoculation trials matched gall homogenates from P. lanceolata
and P. filiformis (Lufenholtz population) with the alternate gall-bearing host and
two non-gall-bearing hosts (P. filiformis from the Carmel population and P.
lyalli). Thalli used in these experiments had been maintained in the laboratory
before inoculation for 2 to 3 months and showed no evidence of gall initiation or
formation.

Whole-cell hybridization of P. lanceolata gall bacterial rRNA. Identification of
the 16S rDNA eubacterial phylotype associated with P. lanceolata and P. filifor-
mis galls was carried out by dual whole-cell hybridization by using the following
monofluorescently labeled rRNA-targeted oligodeoxynucleotide probes: S-D-
Bact-0338-a-A-18 (universal eubacterial probe), S-S-P.f/d.sym-0949-a-A-25 (P.
filiformis and P. decipiens specific probe), and S-S-P.l.sym-0949-a-A-25 (P. lan-
ceolata symbiont-specific probe) (6, 15). Probes were 59 end labeled with either
fluorescein isothiocyanate (green fluorescence) or TAMRA (red fluorescence)
(see above for specific labeling). Symbionts from galls on P. lanceolata, P. fili-
formis, and P. decipiens were prepared and hybridized as described previously
(6). Hybridization was carried out at 45°C followed by three high-stringency
washes (0.2 3 SET) of the same temperature. Slides were mounted in 3:1
Citifluor-DAPI (0.5 mg z ml21 49,69-diamidino-2-phenylindole [DAPI]), sealed
with nail polish and observed on an Olympus IMT2 inverted photoscope by using
a Bio-Rad 600 laser confocal imaging system and an Olympus S-Plan-apo 603 oil
objective. Fluorescence images generated by 560 and 510 nm excitation (corre-
sponding to TAMRA and fluorescein, respectively) were captured separately,
saved as PICT files, merged in Adobe Photoshop 4.0, and colored to match the
original signal. No other image alterations were made.

RESULTS

Phylogenetic analysis. The complete 16S rDNA sequences
of three Prionitis eubacterial symbionts and the complete se-
quences of the ITS regions from six Prionitis sp. algal hosts
were determined. Bacterial symbiont sequences ranged in
length from 1,411 to 1,416 bp (excluding the universal eubac-
terial primer sequences used for amplification). No microhet-
erogeneity was detected between three completely sequenced
amplicons from each symbiont. Algal ITS sequences ranged in

TABLE 1. The distribution of Prionitis sp. utilized in
this investigationa

Prionitis sp. Location of collection Gall
formation

P. lanceolata Tomales Point, Marin Co., Calif. 1
P. lanceolata Pigeon Point, San Mateo Co., Calif. 1
P. lanceolata Santa Cruz Point, Santa Cruz Co.,

Calif.
1

P. lanceolata Hopkins Marine Life Refuge, Stanford
University, Pacific Grove, Calif.a

1

P. lanceolata Carmel State Beach, Carmel Co., Calif. 1
P. lanceolata Piedras Blancas, San Luis Obispo Co.,

Calif.
1

P. lanceolata San Nicholas Island, Channel Islands,
Calif.

1

P. lanceolata Anacapa Island, Channel Islands, Calif. 1
P. lanceolata Sycamore State Beach, Malibu Co.,

Calif.
1

P. lanceolata Royal Palms Beach, Los Angeles Co.,
Calif.

1

P. filiformis Cape Perpetua, Oreg. 1
P. filiformis Lufenholtz Beach, Humbolt Co., Calif. 1
P. decipiens Port Paita, Peru (type locality) 1
P. filiformis Carmel State Beach, Carmel Co.,

Calif.b
2

Prionitis sp. Mission Bay, San Diego Co., Calif.b 2
P. lyalli Pigeon Point, San Mateo Co., Calif. 2

a The distribution and occurrence of gall-bearing Prionitis collected in nature.
b Subtidal collections.
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length from to 773 to 797 bp, also excluding primer sequences.
A low level of microheterogeneity was detected between clones
from different PCR amplifications: P. lanceolata and Prionitis
sp. (Mission Bay) varied at three positions, P. decipiens varied
at two positions, and P. lyalli varied at a single position. No
microheterogeneity was detected in the ITS sequences of ei-
ther P. filiformis (Lufenholtz population) or P. filiformis (Car-
mel population). Sequence alignments were unambiguous
along the entire lengths of both the bacterial and the algal data
sets.

Phylogenetic trees inferred from sequence comparisons of
both the 16S and ITS data sets are generally consistent under
maximum parsimony, distance, and maximum likelihood opti-
mality criteria (Fig. 1 and 2). Sequence comparisons of the 16S
data set show a 99.4 to 98.25% unweighted nucleotide similar-
ity between the bacterial symbionts of P. lanceolata, P. filifor-
mis, and P. decipiens for the following pairwise comparisons.
The symbionts of P. lanceolata and P. filiformis differ by 24

nucleotides, P. lanceolata and P. decipiens differ by 18 nucleo-
tides, and P. filiformis and P. decipiens differ by eight nucleo-
tides. The symbionts of P. decipiens (Peru) and P. filiformis
(Lufenholtz population) also share an identical two-nucleotide
substitution within the 24-bp species-specific rDNA probe tar-
get region (S-S-P.l.sym-0949-a-A-25) (Fig. 3).

Phylogenetic analysis groups all three Prionitis gall bacterial
symbionts in a monophyletic clade within the Roseobacter ra-
diation (Rhodobacter grouping) of the a subclass of the division
Proteobacteria (a-Proteobacteria) (Fig. 1). This placement of
the gall symbionts is recovered by all phylogenetic analysis
methods and is supported in 100% of bootstrap analyses (Fig.
1). The relative branching orders among bacterial gall symbi-
onts were also resolved consistently by parsimony, distance,
and maximum likelihood. These results indicate that the bac-
terial symbionts of P. lanceolata and P. decipiens galls are
closest relatives to the exclusion of the P. filiformis microbe
(Fig. 1). Bootstrap support for this topology, however, is not

FIG. 1. Phylogram (maximum likelihood/2ln likelihood value 5 5563.81538) of the Prionitis gall symbionts and selected members of the Proteobacteria inferred
from 16S rDNA sequence comparisons. Branch lengths were calculated by using maximum likelihood analysis with the following parameters: HYK85 model with an
estimated transition/transversion ratio of 1.35048, an estimated proportion of invariable sites of 0.37302, and an estimated gamma shape parameter of 0.53896.
Bootstrap values (above branches at relevant nodes) are reported when greater than 50% and represent results of parsimony (italic type), distance (regular type), and
maximum likelihood (boldface type) analyses. Decay indices are given below relevant branch nodes. The likelihoods of several branches are included for scale. The
branch lengths in the region of the tree set off by the marquee are increased 600% relative to the scale. In addition to the Prionitis bacterial symbionts, the following
taxa are included (Ribosomal Database Project short identification): env.SAR83 (env SAR83), Roseobacter littoralis (Ros.litora); R. denitrificans (Ros.denitr);
Roseobacter algicola (Ros.algico); str.36 (str.36); str.LFR (str.LFR); Paracoccus denitrificans (Par.denitr); Rhodobacter capsulatus (Rb.capsula); Rhodobacter veldkampii
(Rb.veldkam); A. tumefaciens (Ag.tumefac); Escherichia coli (E.colirrnH); and Nisseria gonohorrae (Nis.gonorr). Additional taxa identified from GenBank accession
numbers are the Loligo opalescens (AFO26462) and Loligo pealei (AF022392) endosymbionts, an environmental clone of a marine-snow associated bacterium
(AF030780), Sulfitobacter pontiacus (SPY13155), and an environmental clone from Lake Baikal (AJ222832).
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strong (Fig. 1). Maximum likelihood, distance, and parsimony
tree scores were also calculated for constraint trees where
alternative relative branching orders of the Prionitis sp. bacte-
rial symbionts were forced; i.e., the grouping of the symbionts
from P. lanceolata and P. filiformis to the exclusion of P. de-
cipiens. In all cases, the most likely tree topology maintained
the grouping of P. lanceolata with P. decipiens (2ln likelihood
value less than 5,564 versus greater than 5,589).

Phylogenetic analyses based on sequence comparisons of
host ITS regions are also consistent under the conditions of
parsimony or either distance or maximum likelihood optimal-
ity criteria (Fig. 2). A single inferred tree topology is well
supported by bootstrap resampling (Fig. 2). This reconstruc-
tion is also consistent with the evolutionary relationships in-
ferred from the 16S data set in the placement of P. lanceolata
with P. decipiens relative to the gall-bearing P. filiformis
(Lufenholtz population). An important finding of our analyses
is that gall-bearing thalli of P. filiformis (Lufenholtz popula-
tion) are not the closest molecular relatives of morphologically
assigned, non-gall-bearing con-specific P. filiformis (Carmel
population) (Fig. 2). Instead, the closest molecular relative of
the gall-bearing P. filiformis is an alga of extremely dissimilar

morphology, P. lyalli (Fig. 2). This probably reflects the diffi-
culties that may be encountered when using sequence data to
reexamine the phylogenetic relationships underlying problem-
atic, morphologically defined, marine algal taxa (see Discus-
sion). Irrespective of this, the proposed molecular phylogenetic
relationships among the three gall-bearing Prionitis hosts are
consistent with the inferred phylogeny of their gall-inducing
bacterial symbionts.

Laboratory cross-inoculation trials. Laboratory cross-inoc-
ulation trials showed that the symbionts from P. lanceolata
were able to induce gall formation on P. lanceolata but never
on P. filiformis (Lufenholtz or Carmel populations) or P. lyalli
(Table 2). Similarly, homogenates of P. filiformis (Lufenholtz
population) galls were able to induce gall formation on P.
filiformis (Lufenholtz population) but not on P. filiformis (Car-
mel population), P. lanceolata, or P. lyalli (Table 2). The timing
of gall maturation differed between P. lanceolata (which re-
quired ca. 12 weeks for eruption of the gall from the algal
thallus) and P. filiformis (Lufenholtz population) (which re-
quired 3 to 4 months to reach the erumpent gall stage).

Laboratory gall induction of P. lanceolata was successful ca.
90% of the time (Table 2). This was consistent with the results
of an earlier study of gall causation on P. lanceolata (5). In the
case of P. filiformis, the percentage of successful gall formation
was lower, with inoculation sites forming tumors ca. 40% of the
time (Table 2).

Hybridization of whole-cell rRNA in nature. Whole-cell hy-
bridization of the rRNA of bacteria from P. lanceolata and P.
filiformis galls in nature confirmed the pattern of symbiont-host
specificity observed in phylogenetic analyses and laboratory
cross-inoculations. Both S-S-P.l.sym-0949-a-A-25 and S-D-
Bact-0338-a-A-18 but never S-S-P.f.sym-0949-a-A-25 hybrid-
ized with rRNA in eubacteria recovered from galls on 10 geo-
graphically separated isolates of P. lanceolata. Similarly, both
S-S-P.f.sym-0949-a-A-25 and S-D-Bact-0338-a-A-18 but never
S-S-P.l.sym-0949-a-A-25 hybridized with the rRNA in eubac-
teria assayed from three geographically separated isolates of P.
filiformis. The rRNA in bacteria in P. decipiens galls was not
hybridized by either of the oligodeoxynucleotide probes uti-
lized in this investigation.

Dual whole-cell hybridization studies of the P. lanceolata
and the P. filiformis (Lufenholtz population) symbionts from
the same preparation confirmed the specificity of the oligonu-

FIG. 2. Phylogram of the Prionitis sp. hosts inferred from ITS sequence
comparisons. Branch lengths were calculated by using maximum likelihood with
the following parameters: HYK85 model with an estimated t/v ratio of 0.785 and
an estimated proportion of invariable sites of 0.725. The gamma shape parameter
of this data set was estimated at infinity. The most likely tree was constructed by
random stepwise addition and was evaluated by exhaustive search using 10
replicates (random). Results of bootstrap analysis using maximum likelihood
(1,000 replicates, full heruistic) are given at relevant branch nodes; decay indices
are indicated below branches. Bootstrap values in boldface type indicate analysis
after removal of the most divergent sequence (longest branch, P. decipiens). The
likelihood of a single branch is given for scale. Based solely on morphological
considerations, Prionitis sp. (Mission Bay) can be considered Prionitis angusta.

FIG. 3. Oligonucleotide probes utilized in this investigation. Universal eu-
bacterial probe, S-D-Bact-0338-a-A-18; P. lanceolata symbiont specific probe,
S-S-P.l.sym-0949-a-A-25; P. filiformis-P. decipiens symbiont, S-S-P.f/d.sym-0949-
a-A-25.

TABLE 2. Laboratory cross-inoculation trials showing the
percentage of galls successfully induced by symbiont self and cross-

inoculations

Algal thalli used

% Gall formationb

P. lanceolata
P. filiformis
(Lufenholtz
population)

P. lanceolataa 89 (48) (45)
89 (49) (49)

P. filiformis (Lufenholtz population) 0 (43) 36 (42)
0 (46) 40 (46)

P. filiformis (Carmel population) 0 (47) 0 (46)
0 (47) 0 (47)

P. lyalli 0 (52) 0 (48)
0 (59) 0 (44)

a These results are consistent with a previous investigation of gall induction on
P. lanceolata (5).

b Number of gall inoculations.
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cleotides used (Fig. 4). The rRNA in Agrobacterium tumefa-
ciens and Roseobacter denitrificans cells used as controls for
oligodeoxynucleotide specificity were hybridized by the univer-
sal eubacterial probe S-D-Bact-0338-a-A-18 but neither of the
symbiont specific probes S-S-P.l.sym-0949-a-A-25 or S-S-P.f/
d.sym-0949-a-A-25.

DISCUSSION

The closest relatives of the Prionitis gall symbionts revealed
by phylogenetic analysis are all members of a group of marine

a-Proteobacteria that can be termed the Roseobacter group.
Molecular investigation of marine microbial ecology has re-
vealed a large group of coastal marine bacteria related to the
Rhodobacter grouping of the a-Proteobacteria. This group in-
cludes, in addition to numerous environmental clones of un-
certain biological significance, the associates, epiphyhtes, and
symbionts of marine animals (8, 11, 15, 20, 25, 44). Examples of
algal-associated members of this group that have been cultured
include R. denitrificans, isolated from the surface of the marine
alga Ulva (Chlorophyta), and R. algicola, isolated from the
phycosphere of the toxic dinoflagellate Prorocentrum lima (32,
38). Close relatives of the Prionitis gall symbionts include the
cultured members of the genus Roseobacter, several marine
environmental clones, and a clade of squid endosymbionts
(Fig. 1) (8, 28, 32, 42). The closest relative, however, of the
Prionitis bacterial symbiont clade is not consistently resolved in
our analyses (Fig. 1).

The overall level of variation in ITS sequences among Prio-
nitis sp. was 4 to 7%, a level of variation similar to those
observed among other algal ITS sequences used successfully
for phylogenetic analysis (13, 24, 29). A limitation of the anal-
ysis of ITS sequence variation is the difficulty in defining suit-
able outgroups (relatives close enough that confident align-
ment is possible) for phylogenetic analyses. ITS sequences for
closely related taxa are frequently not available (may not have
been sequenced or identified) for inclusion in the analysis. The
ability to unambiguously align the six algal host ITS sequences
used in this study implies, based on the low level of sequence
divergence among taxa, that a relatively recent radiation of
these algal taxa has occurred. The ITS region is transcribed but
then spliced out of mature rRNA during processing, leading to
higher rates of evolution in this region relative to the rDNA (7,
24). This increase in sequence variability limits phylogeneti-
cally informative comparisons of the ITS to closely related taxa
(intergeneric comparisons or very closely related genera) (7,
24).

The phylogenetic relationships inferred from molecular
analyses of both the bacterial SSU and algal ITS data sets are
consistent with laboratory and field evidence for species spec-
ificity. Additionally, the data are consistent with the interpre-
tation that members of the red algal genus Prionitis and their
symbiotic bacteria are coevolving. Bacteria from host species in
central California and Peru (P. lanceolata and P. decipiens)
appear more closely related to each other than either is to the
gall bacteria from the northern California and Oregon popu-
lations of P. filiformis (Fig. 1). These relationships are weakly
supported by bootstrap analyses and may reflect the radiation
of these bacteria with their algal hosts. An alternative evolu-
tionary hypothesis which groups the symbionts from P. decipi-
ens and P. filiformis to the exclusion of the P. lanceolata sym-
biont is rejected by T-PTP test for nonmonophyly (P 5 0.87).
Although the evidence is not conclusive, coevolution in the
Prionitis gall-forming symbioses is a consistent and parsimoni-
ous interpretation of the data.

The molecular phylogenetic relationships inferred for the
members of the genus Prionitis examined in this study do not
mirror the geographic location where these specimens were
collected nor are they in agreement with traditional species
assignations based on morphology or the field habit of gall
formation (1). Based on comparisons of ITS sequences, gall-
bearing P. filiformis from Lufenholtz Beach, northern Califor-
nia, and non-gall-bearing P. filiformis from Carmel State
Beach, central California, are not closest relatives. The differ-
ences inferred from phylogenetic analyses are mirrored by
variability in species susceptibility to gall induction and by the
occurrence of galls in nature on these morphologically similar

FIG. 4. Whole-cell hybridization of the gall symbionts from P. lanceolata and
P. filiformis galls. (A) P. lanceolata symbionts hybridized by S-S-P.l.sym-0949-a-
A-25 (fluorescein under 510 nm excitation). (B) P. filiformis (Lufenholtz) sym-
bionts hybridized by S-S-P.f/d.sym-0949-a-A-25 (TAMRA under 560 nm excita-
tion). (C) Merged images of dual whole-cell hybridization, P. lanceolata and P.
filiformis symbionts (scale 5 15 mm).
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algae. In the field, P. filiformis (Lufenholtz population) thalli
were found bearing galls ca. 30% of the time (J. B. Ashen,
unpublished data). P. filiformis (Carmel population), however,
despite the examination of numerous thalli (.200) collected
over 3 years, was never found bearing galls (J. B. Ashen,
unpublished data).

Field observations of the apparent geographic discontinuity
of gall formation on P. filiformis are supported by examination
of Prionitis herbaria sheets housed at the Jepson Herbarium,
University of California, Berkeley. This collection contains 38
specimens of P. filiformis (collected from San Francisco, Cali-
fornia, to Trinidad Head, Humbolt County, California), 40%
of which bear small (1- to 5-mm) conspicuous galls (specimen
dates, 1898 to 1971). No gall-bearing thalli were found among
the 20 specimens of P. filiformis collected south of San Fran-
cisco, including several specimens from Carmel State Beach
(specimen dates, 1898 to 1957).

Laboratory cross-inoculation data are also in agreement
with observations of the gall-bearing habit made in the field
and from herbaria specimens. Bacteria from galls on P. filifor-
mis (Lufenholtz population) were capable of reinfection of
their host thalli but were not observed to form galls on the
related (morphological species) P. filiformis (Carmel popula-
tion). The evidence from molecular phylogeny, the distribution
of the gall-bearing habit in nature, and the species specificity of
gall induction support the hypothesis that the P. filiformis mor-
phospecies hides a cryptic species not readily distinguishable in
the field or by traditional microscopic techniques.

Galls on P. filiformis (Lufenholtz population) were similar in
gross appearance to those on the related P. lanceolata. P.
filiformis (Lufenholtz population) galls were smaller in diam-
eter (1 to 5 mm) and whitish to cream colored throughout their
development, in contrast to the larger (5- to 10-mm) red-pink-
colored galls on P. lanceolata (6). Microscopic examination of
P. filiformis galls revealed aggregations of intercellular bacteria
proliferating between abnormally growing host cells. This is
very similar to the situation observed in cross sections of P.
lanceolata galls, although the bacterial symbionts in P. filiformis
were smaller (0.75 by 1.75 mm) than their P. lanceolata coun-
terparts (6, 34). Gall formation on P. filiformis (Lufenholtz
population) (as on Lobocolax deformans Howe) has not been
reported in the literature, although tumorization of this alga is
evident on herbarium specimens from 99 years ago (31) (J. B.
Ashen, unpublished data).

Microscopic examination of galls from P. decipiens also re-
vealed hypertrophied host cells harboring dense assemblages
of intercellular symbionts and appeared identical to galls on P.
lanceolata (4, 6). The oligodeoxynucleotide probes utilized in
this investigation, however, did not hybridize the P. decipiens
symbionts. Variability in the intensity of whole-cell fluores-
cence upon hybridization may be linked to the physiological
state of the hybridized cell through the absolute number of
ribosomes (3). The failure to detect whole cells of the P. de-
cipiens gall symbionts was probably due to the physiological
state of these bacteria after shipping; e.g., the thalli of this alga
were maintained ca. 1 week before the onset of severe decom-
position precluded further analyses.

The molecular data from this study indicate that the evolu-
tionary relationships of the examined Prionitis taxa mirror the
phylogenetic relationships inferred for their bacterial symbi-
onts (Fig. 2 and 3). Bootstrap support for the proposed branch-
ing order among the algal taxa is very robust (Fig. 2). The
removal of the most divergent sequence (P. decipiens) from
this data set has little to no effect on the inferred tree topology
or bootstrap values (Fig. 2). In addition, an alternative evolu-
tionary hypothesis, one that groups P. decipiens and P. filiformis

to the exclusion of P. lanceolata, is not supported by a T-PTP
test for nonmonophyly (P 5 1.0). This evidence suggests that
coevolution has occurred between these lineages of red algae
and their symbiotic a-Proteobacteria. An alternative explana-
tion of the inferred phylogenetic relationships would require
that the congruence of branching orders (phylogenetic rela-
tionships) between Prionitis hosts and their bacterial symbionts
evolved independently, either from a single lineage of symbi-
otic bacteria and three different algal hosts or from three
related bacteria and three different hosts. A more parsimoni-
ous interpretation of the data would be that gall formation
evolved on a single species of Prionitis with subsequent radia-
tion of that symbiosis leading to speciation of algal host and
bacterial symbiont.

Bacterial interactions with algae in nature remain virtually
unstudied, despite evidence from a number of laboratories that
bacteria can have important consequences for algal growth and
morphogenesis in culture (22, 23, 36, 39–41, 45). Axenic cul-
tures of marine macroalgae do not grow normally, a condition
which can be alleviated by the readdition of any number of
uncharacterized bacterial epiphytes or the maintenance of ap-
propriate ratios of phytohormones (36, 39–41, 45).

The role of bacteria in the physiology of Prionitis gall for-
mation is not understood. In P. lanceolata galls, however, the
overproduction of the plant phytohormone indole-3-acetic acid
does occur relative the uninfected thallus (4a). The biosyn-
thetic pathways involved are unknown, but, by analogy to ter-
restrial plant-bacterial gall symbioses, may be microbial (38,
47). Alternatively, the overproduction observed in galls relative
to the uninfected algal thallus may be due to an unknown
bacterial inductive signal acting on a native algal pathway.

The technological advances that allow the identification and
monitoring of uncultivated (or uncultivable) bacteria have pro-
vided the means with which to reexamine this and other, sim-
ilar, eukaryotic-eubacterial associations (2, 12, 16, 18, 21, 47).
Our work on microbial symbioses in the genus Prionitis has
furnished a biological context within which to view SSU rDNA
sequence differences among these gall-forming microbes. To-
gether with the relatively recent work by Moore et al., our work
illustrates what has long been suspected to occur in the micro-
biological community. Small variations in rDNA sequence do
not indicate, a priori, similarity of physiological capability or
ecological niche (35).

The inability of the bacterial symbionts tested to infect al-
ternate hosts (and their host restriction in the field as observed
with whole-cell hybridization) suggests underlying differences
in functional gene sequences or gene compliments. This indi-
cates that, for this group of symbionts and hosts, a ca. 1% 16S
rDNA sequence difference has significant ecological implica-
tions, particularly in terms of host-symbiont specificity. The
possibility that coevolution has occurred between Prionitis sp.
algal hosts and their bacterial symbionts is also supported,
although this evidence remains open to alternative interpreta-
tion.
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