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ABSTRACT. The small-subunit rRNA sequence of a species of Amoebophrya infecting Gymnodinium sanguineum in Chesapeake Bay
was obtained and compared to the small subunit rRNA sequences of other protists. Phylogenetic trees constructed with the new sequence
place Amoebophrya between the remaining dinofiagellates and other protists.
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HE motile stages of the parasitic syndiniophyceans have the
general appearance of other dinofiagellates, and have a
typical dinoflagellate transverse flagellum. However, they differ
from most other dinoflagellates in having chromosomes: and a
mitotic pattern more typical of other eukaryotes {3]. They also
lack chloroplasts, which many other dinoflagellates possess.
This combination -of characteristics could be explained if the
lineage containing the syndiniophyceans diverged from other
dinoflagellates before the nucleus had developed the aberrant
characteristics so typical of the group and before chloroplasts
had been acquired [16].

Ribosomal RNA sequences: have been used to mfer phylog- :
eny within the dinoflagellates [1, 10,.12,:13, ‘15 16, 18], but
the sequences used in these analysesh'ave not, to date, included

any from the syndiniophyceans. We present here the results

" phylogenetic analyses that include the small-subumt RNA: se—;ﬂ :
“quence from an Amgebophrya specms mfectmg Gymnodmtum :

sanguineum in Chesapeake Bay.

This strain has been referred to in earlier: papers as Amoe-

bophrya ceratii {4, 5] as it matches the original description of
A. ceratii. However, morphological and developmental differ-
ences exist among strains of “A. ceratii” infecting different
dinoflagellate species in Chesapeake Bay [4], something also
noted by Cachon [2] in Amoebophrya infecting dinoflagellates
in the Mediterranean Sea. It is possible that “‘A. ceratii” rep-
resents a species complex rather than a single species, and be-
cause we are not certain that the strain studied by us is identical
to the organism originally given that name, we are referring to
- it as Amoebophrya sp.

MATERIALS AND METHODS

Source and growth of cells. Stock cultures of a Chesapeake
Bay isolate (DWC) of the photosynthetic dinoflagellate Gym-
nodinium sanguineum Hirasaka were grown in {/2-Si medium
[9] formulated using 15%o Chesapeake Bay water supplemented
with 5% (v/v) soilwater [GR+] [17]. Parasitic dinoflagellates
conforming in morphology and life cycle to Amoebophrya cer-
atii (Koeppen) were established in culture by adding a single
cell of G. sanguineum in late-stage infection to an exponentially
growing culture of the same host species [5). Stock cultures of
the parasite were subsequently maintained by transferring ali-
quots of infected host culture to uninfected G. sanguineum
stocks at approximately three-day intervals. All cultures were
maintained at 20-23° C on a 14:10 light:dark cycle, with cool
white fluorescent bulbs providing ~ 100 pE m=2 s™'.

Isolation of DNA. Dinospores, the infective dispersal stage
of the parasite [5], were separated from host cells by size
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fractionation using an autoclaved Sterifil holder (Millipore,
Bedford, MA) fitted with a 12-um pore Nuclepore filter. The
< 12 pm fraction was transferred to sterile 15-ml conical
tubes and centrifuged at 1000 g for 20 min to produce dinos-
pore pellets. The supernatant overlying each pellet was re-
moved using a sterile micropipette and pellets were immme-
diately resuspended in a solution of 4 M guanidium isothio-
cyanate and 0.1% beta-mercaptoethanol to promote cell lysis
and stabilize parasite DNA. Genomic DNA was purified with
a Wizard PCR Preps DNA Purification System (Promega,
Madison, WI) according to the manufacturer’s instructions,
except that the-water used for eluting DNA was at a temper-

~ature of 80° C. The high temperature permitied large frag-

ments of DNA to be eluted.

Ampllﬁcatlon of rRNA sequences. The small-subunit
TRNA codmg fegion was amplified with the primers described
elsewhere [1 1}. Thirty five amplification cycles were used, each

containing a '30-s denaturation step at 92° C, a 1-min annealing

step at 42° C, a 3-min ramp to 72° C, and a 2-min extension at

72° C. After the final cycle, the reaction mixture was incubated

at 72° C for 9 min. Each 100-pl reaction volume contained 1
unit of Taq DNA polymerase (Promega), 10 pl 10X buffer
(Promega), 0.2 mM dNTPs (Promega), and 0.2 uM each primer.
Amplified DNA was purified with a Wizard PCR Preps DNA
Purification System according to the manufacturer’s instruc-
tions.

DNA sequencing. A SequiTherm Cycle Sequencing Kit
(Epicentre Technologies, Madison, WI) was used for direct se-
quencing of the PCR product. Primers listed by Elwood et al.
[6] were labelied with 3P (ICN, Costa Mesa, CA) according to
the kit manufacturer’s instructions and used in sequencing re-
actions with 25 ng of amplified DNA. Twenty cycles were used
in each sequencing reaction, each containing a 30-s denatur-
ation step at 95° C, a 30-s annealing step at 42° C, a 3-min
ramp to 72° C, and a 2-min extension at 72° C. Sequencing
reactions were electrophoresed on 5% or 8% polyacrylamide
gels, and sequencing ladders detected by exposure to Biomax
MR film (Eastman Kodak, Rochester, NY).

Sequence analysis. The Amoebophrya sequence was aligned
with the other protistan sequences listed in Table 1. The number
of aligned positions used in constructing trees varied between
1669 and 1725, according to which sequences were used in
building trees. Trees were built using the parsimony programs
DNAPARS or DNAPENNY, the neighbor-joining program
NEIGHBOR in which distances were produced using the Ki-
mura 2-parameter model in DNADIST, and the maximum-like-
lihood program DNAML. Data sets for bootstrapping were pro-
duced by SEQBOOT, and majority-rule consensus trees pro-
duced with CONSENSE. All of these programs are from PHY-
LIP 3.57¢ [7]. Bootstrapped DNAML and DNAPENNY trees
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Table 1. List of species used in comstructing phylogenetic trees.
GenBank accession numbers are listed to the right of each species.

Species Accession number
Alexandrium fundyense U09048
Amphidinium belauense L13719
Amphidinium carterae (Sogin lab, unpublished)
Blepharisma americanum M97909
BBSR 323 USuU52356
Ceratium tenue AF022192
Collozoum caudatum symbiont USuU52354
Crypthecodinium cohnii M34847
Dictyostelium discoideum K02641
Gloeodinium viscum Li3716
Gymnodinium catenatum AF022193
Gymnodinium fuscum AF022194
Gymnodinium mikimotoi AF022195
Gymnodinium sanguineum GSU41085
Gymnodinium sp. AF022196
Gyrodinium impudicum AF022197
Heterocapsa triquetra AF022198
Lepidodinium viride AF022199
Noctiluca scintillans ) AF022200
Pentapharsodinium tyrrhenicum AF022201
Peridinium sp. AF022202
Perkinsus sp. Lo7375
Prorocentrum micans M14649-
Scrippsiella nutricula SNU52357
Spongostaurus symbiont USU52355
Symbiodinium microadriaticum M88521
Tetrahymena thermophila M10932
Toxoplasma gondii U03070

were limited to 9 organisms in order to keep the computation
time reasonable. Sixteen sequence sets were used with each of
these two types of algorithms. All contained Toxoplasma gon-
dii, Perkinsus sp., Amoebgphrya sp., Noctzluca scintillans, and
five other randomly chosen dlnoﬂagcllate Specxes Each con-

sensus tree was produced from:200 bﬂotstza 'rephcates Trees - 1y Ce: )
er eukaryotes ‘and: the phylogenetlc posmon of Amoebophryav
« . in relation to other dinoflagellates is one more indication that
. - the ancestral dmoﬂageilates had-a typical eukaryotic nucleus. ;
Amplification of Amoebophrya gcnomlc DNA thh primers -,

- complementary t0 the ends of eukaryotic. small-subunit TRNA
coding regions yielded a product 1826 nucleotides long -

were drawn with TREEVIEW 1. 5 o [14]
RESULTS

(GenBank Accession No. AF069516), 72 of these positions be-
ing complementary to the primers. Nucleotide usage was un-
ambiguous; there was no evidence for the existence of multiple
slightly different rRNA gene copies in the genome.

Initial parsimony trees constructed with DNAPARS and con-
taining Dictyostelium discoideum, the ciliates, apicomplexans,
and dinoflagellates always placed Amoebophrya with the api-
complexans and dinoflagellates, as would be expected. D. dis-
coideum and the ciliates were then removed from subsequent
analyses so that more nearly complete sequences could be used
for tree construction. -

In the majority of trees produced with either DNAPENNY
or DNAML, a branch leading only to Amoebophrya diverged
between Perkinsus sp. and the remaining dinoflagellates. How-
ever, many of the most parsimonious trees produced with DNA-
PENNY united Noctiluca and Amoebophrya in the most deeply
diverging dinoflagellate clade, while few of the trees produced
with DNAML displayed this topology. The results of bootstrap-
ping show that this apparent difference in trees produced by
the two methods is an illusion. Neither method strongly sup-
ports the divergence of a lineage-at the base of the dinoflagellate
tree which contains only Amoebophrya, and the bootstrap val-
ues for branches produced in DNAPENNY and DNAML trees
were usually very similar when produced from the same data
set. The bootstrap value for a dinoflagellate clade separated
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from T. gondii and Perkinsus sp. ranged from 60-89%, with
the average for the 32 trees being 76%. Alternative topologies:
placed Noctiluca, Amoebophrya or Crypthecodinium between:
T. gondii and Perkinsus. The support for a dinoflagellate clade
that excluded Amoebophrya,” that is, for a tree topology in
which Amoebophrya was separated from Noctiluca and
emerged by itself from the base of the dinoflagellates, was
much lower. Bootstrap value for such a dinoflagellate clade
ranged from 37-62%, with the average value being 48%. Al-
though this arrangement occurred less than 50% of the time,
the alternative topologies occurred even less frequently. The
usual alternative topology was one in which Noctiluca and
Amoebophrya emerged together on a common branch dlvergmg
from the other dinoflagellates. :

Figure 1 shows a bootstrapped neighbor-joining tree. The
speed of the algorithm allows many more species to be included
in a tree, but possibly at the cost of accuracy. Its topology is
in general agreement with the relationships revealed by the
smaller trees (although the bootstrap figures are different), and
is therefore a useful summary figure.

DISCUSSION

No single placement of Amoebophrya in our trees is so
strongly supported by bootstrapping as to exclude the likelihood:
of a different arrangement. However, all of the alternatives:
place Amoebophrya in a lineage at or near the base of the di-!
noflagellates. The two most strongly supported alternatives’
(which taken together probably do make other arrangements’
unlikely) are one in which a branch containing only Amoebo-
phrya emerges at the base of the dinoflagellates (as seen in F
1) and one in which the most deeply diverging lineage among
the dinoflagellates coritains both Amoebophrya and Noctilué

A p0351ble association with Noctiluca isn’t entirely surpris-
ing. Noctiluca has a dinokaryotic nucleus only during the hap-
1oid stage of the life cycle. The morphological and life cycle
characteristics of Noctiluca place it outside of the typical di-
nophyceans [8], and it was the most divergent dinoflagellate in
trees constructed from a set of small-subunit rRNA sequences
which, however, did not include sequences from Oxyrrhis or.
syndiniophyceans {16]. The Amoebophrya-Noctiluca relation-
ship might be better resolved once more sequences are obtained
from more deeply diverging dinoflagellate lineages. It would be
desirable to have sequences from Oxyrrhis, representatives of
the Blastodiniophyceae, and a few more syndiniophyceans. . .

The remaining sections of our trees are in general agreement
with trees produced from both SSU and LSU rRNA sequences
by other authors [12, 13, 16]. All indicate that Crypthecodinium
and Noctiluca are in lineages that diverged early in dinoflagel-
late evolution rather than being derived forms, and that the lin-
eage containing Prorocentrum appeared more recently in di-
noflagellate evolution, so the Prorocentrum morphotype cannot
represent the form of primitive dinoflagellates. A lineage that
diverged early in dinoflagellate evolution contains Alexandrium,
Amphidinium, Crypthecodinium, and some other genera not ap-
pearing in our tree. A large number of organisms belong to a
group- that appeared more recently. This group includes the
Gymnodiniales, Peridiniales, and the Prorocentrales. Relation-
ships within this group are very poorly resolved by the avail-
able sequence information.
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Fig. 1. Consensus neighbor-joining tree illustrating relationships among the dinoflagellates. The topology is in general agreement with the
arrangement of species seen in smaller maximum likelihood and branch-and-bound parsimony trees; all trees indicate that the lineage containing
Amoebophrya diverges at ‘or near the base of the dinoflagellates. Bootstrap values are given at the nodes, and represent percentages of 200
replicates. The bootstrap value for a dinoflagellate clade (63%) is lower than was normally seen in parsimony and maximum likelihood trees.
CONSENSE produces trees in which branch lengths are proportional to the frequency of a clade in the input trees rather than the number of
substitutions per site, so the iree is drawn as a rectangular cladogram without branch lengths.



