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With malaria parasites (Plasmodium spp.), Toxoplasma, and many
other species of medical and veterinary importance its iconic repre-
sentatives, the protistan phylum Apicomplexa has long been de-
fined as a group composed entirely of parasites and pathogens.
We present here a report of a beneficial apicomplexan: the mutual-
istic marine endosymbiont Nephromyces. For more than a century,
the peculiar structural and developmental features of Nephromy-
ces, and its unusual habitat, have thwarted characterization of the
phylogenetic affinities of this eukaryotic microbe. Using short-sub-
unit ribosomal DNA (SSU rDNA) sequences as key evidence, with
sequence identity confirmed by fluorescence in situ hybridization
(FISH), we show thatNephromyces, originally classified as a chytrid
fungus, is actually an apicomplexan. Inferences from rDNA data are
further supported by the several apicomplexan-like structural fea-
tures in Nephromyces, including especially the strong resemblance
of Nephromyces infective stages to apicomplexan sporozoites. The
striking emergence of themutualisticNephromyces from a quintes-
sentially parasitic clade accentuates the promise of this organism,
and the three-partner symbiosis of which it is a part, as a model for
probing the factors underlying the evolution of mutualism, patho-
genicity, and infectious disease.
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With their evolutionary relationships buried in ancient line-
ages and entangled in extensivemorphological and genomic

diversity, protists continue to pose phylogenetic challenges to bio-
logists. Endosymbiotic† protists have commonly proved recal-
citrant material for phylogenetic analysis, as their profound and
often fast-evolving adaptations to life inside other organisms have
contributed additional layers of disguise to their evolutionary
origins (2, 3).
One long-standing enigma has been the endosymbiotic marine

protist Nephromyces. The phylogenetic affinities of this organism
have been in question since the 19th-century zoologist Lacaze–
Duthiers first described multiple “parasitic elements” of uncertain
taxonomic identity in an unexpected habitat: the lumen of a duct-
less, urate- and calcium oxalate-rich organ of uncertain function,
the so-called renal sac, in molgulid ascidian tunicates (Urochor-
data, phylum Chordata) (4–6). Giard (7) later classified these mi-
crobial “elements” as chytrid fungi, and named themNephromyces.
Although Nephromyces was first described as a parasite, its ubi-

quity in molgulids argues strongly for Nephromyces infection as a
net benefit to its molgulid hosts. Studies to date have documented
Nephromyces in every adult individual of everyMolgula species sur-
veyed, regardless of population, geographical location, environ-
mental conditions, season, or year of collection; Nephromyces was
also found in all adult hosts examined in at least one population of
another molgulid genus, Bostrichobranchus (6, 8, 9). The 100%
prevalence (percentage of host individuals infected) of Neph-
romyces among adult molgulids is all themore impressive given the
fact that Nephromyces is a nonhereditary symbiont, transmitted
horizontally to new hosts, via ambient seawater, each host gener-
ation (10). This ubiquitous pattern of infection contrasts with typ-
ical patterns of parasitism; even though prevalence in parasitic

associations can also sometimes be locally high in particular host
populations or environmental conditions, overall prevalence of a
parasite within a given host species nevertheless varies over space
and time.
Mirroring the consistent infection of adult molgulids with Neph-

romyces, the obligately symbioticNephromyces has itself been found
only in molgulids, with all but a few stages of its morphologically
eclectic lifehistory (Fig. 1) limited to the renal sac lumen (6, 11).The
apparently universal, mutually exclusive association of these two
clades in nature thus suggests that the biology and evolutionary his-
tories of Nephromyces and molgulid tunicates are closely, and
mutualistically, intertwined.
An understanding of the evolutionary ancestry of Nephromyces

could offer clues to the origins of this surprising symbiosis, but phe-
notypic informationalonehasbeenunable to clarify thephylogenetic
relationships of this organism. Though Nephromyces does resemble
fungi in its chitinous walls, hyphal-like trophic stages, and the ab-
sence of chloroplasts, none of these characteristics is unique to fungi
(6, 12).Furthermore, several traits ofNephromyces, including tubular
mitochondrial cristae and a posteriorly biflagellate cell stage (6, 12,
13), are atypical for fungi. Finally, the life cycle ofNephromyces does
not resemble closely that of any fungal or protistan taxa (11).
From these diverse features, biologists have drawn diverse tax-

onomic conclusions. Several 20th-century investigators concurred
withGiard thatNephromyceswas a chytrid or other “lower fungus”
(9, 14, 15); others questioned not only the chytrid affinities of
Nephromyces, but even its very existence (refs. 16, pp 80–81 and
355–356, and 17). More recently, Nephromyces has been bounced
from group to group among protistan phyla, placed at the base of
the animal/fungal divergence (18), or grouped in various clades
with other biflagellate protists of uncertain affinities (19).

Results and Discussion
To resolve the taxonomic ambiguities of Nephromyces, we se-
quenced short-subunit ribosomal DNA (SSU rDNA) from Neph-
romyces cells isolated from four Molgula species: M. occidentalis,
M. citrina, M. manhattensis, and M. retortiformis. Analysis of these
sequences indicates that Nephromyces is an apicomplexan (Fig. 2).
We confirmed the identity of these sequences with fluorescence

in situ hybridization (FISH), testing apicomplexan-specific and
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Nephromyces-specific SSU rRNA oligonucleotide probes onNeph-
romyces from M. manhattensis and M. occidentalis, and on Toxo-
plasma gondii (as a non-Nephromyces apicomplexan control).
Of these samples, Toxoplasma and Nephromyces bound to the
apicomplexan-specific probes, but only Nephromyces, from both
M. manhattensis and M. occidentalis, bound to the Nephromyces-
specific probes (Fig. 3); host tissue did not bind to any of these
probes. The 25 cloned SSU rDNA sequences of Nephromyces iso-
lated from M. occidentalis (Nephromyces MO; Fig. 2) showed no-
table diversity; although 20 of these sequences (represented by 6C
and 4F in Fig. 2) were nearly identical, the other five sequences
were fairly divergent from the majority (4B, 6H, 5H, 4G, and 3F in
Fig. 2). Sample Nephromyces sequences from other host species
(M.manhattensis:NephromycesMM;M. citrina:NephromycesMC;
M. retortiformis: Nephromyces MR; Fig. 2) varied both from
Nephromyces of M. occidentalis and from each other. Despite this
diversity, all these sequences clustered together as a single, strongly
supported clade.
Several phenotypic features of Nephromyces support the phylo-

genetic conclusions of SSU rDNA sequence analysis. Most com-
pellingly, two structural features show provocative similarities to
key apicomplexan characters. The nonflagellate, motile infective
stage—seen transiently in Molgula blood after inoculation of
M.manhattensis andM. occidentalis (11), and, significantly, the only
stage of Nephromyces known to cross epithelial boundaries in
Molgula—strongly resembles infective stages (sporozoites) of Plas-
modium, Toxoplasma, Cryptosporidium, and other apicomplexans
(Fig. 4A); sporozoite-like cells are also seen in the renal sac in at
least one molgulid species, M. retortiformis (Fig. 4B). In addition,
Nephromyces spores (the host-transfer stages, which give rise to the
infective cells) contain inclusions reminiscent of rhoptries of the
apical complex, a key structure in host-cell invasion among api-
complexa, and the ultrastructural hallmark of the apicomplexa and
sister lineages (11, 13, 20–22) (Fig. 4 C and D).
Further, Nephromyces shares with other apicomplexa a number

of features not unique to apicomplexa, but nonetheless consistent
with apicomplexan affinities. LikeNephromyces, all apicomplexans
are horizontally transmitted, obligate symbionts (10, 20). The fila-
mentous, hypha-like cells of Nephromyces possess membrane in-
dentations suggestive of micropores, a feature characteristic of al-
veolate protists (apicomplexans, dinoflagellates, and ciliates; figure
1A in ref. 13) (22, 23). The high urate oxidase activity of Neph-
romyces, along with its urate-rich host habitat, suggests that Neph-
romyces may share with other apicomplexans a metabolic depen-

dence on host purines, although with urate catabolism the more
likely route of purine utilization, rather than the hypoxanthine- or
adenosine-based purine salvage pathways seen in Toxoplasma and
other apicomplexans (6, 24, 25). Finally, likeother apicomplexa (but
paradoxically so, given the fact thatperoxisomesare the typical locus
of urate oxidase in eukaryotes), there is thus far no ultrastructural
evidence for peroxisomes in Nephromyces cytoplasm (13, 26).
A number of evolutionary issues have yet to be clarified. The

significance of SSU rDNA sequence diversity seen inNephromyces,
both within and between host species, is still unknown. Further ge-
nomic, morphological, and developmental studies will help address
the possibility of multiple infections and sexual recombination of
Nephromyces within a single host, the degree of Nephromyces host
specificity, and general patterns of coevolution between Nephro-
myces and its molgulid hosts.
Our sequence analysis shows substantial support for an affilia-

tion of Nephromyces with piroplasmid apicomplexans (Fig. 2);
however, definitive resolution of the fine-scale relationships of
Nephromyces to piroplasmids and other apicomplexansmust await
additional genomic and ultrastructural data.
But even with phylogenetic details still to be resolved, the bro-

ader affinities of Nephromyces are nevertheless unequivocal.
Bayesian andmaximum-likelihood SSU rDNA sequence analyses,
in concert with the strong morphological resemblance of Neph-
romyces spores and infective stages to apicomplexan sporozoites
and other apicomplexan cells, indicate clearly thatNephromyces is
not merely a sister taxon to the apicomplexa but a member of
a distinctive, but bona fide, apicomplexan clade.
Several featuresnevertheless distinguishNephromyces fromother

apicomplexans. Apart from its apicomplexan-like reproductive and
infective stages, much of the Nephromyces life cycle bears little re-
semblance to typical apicomplexan life histories. The presence of
conspicuously flagellated stages is unusual among apicomplexa, al-
though biflagellate microgametes, resembling somewhat the bi-
flagellate stages ofNephromyces, are found among some coccidians
(6, 11, 21, 27–29). In contrast to coccidia and piroplasmida (but
similar in some respects to gregarines), almost the entire life cycle of
Nephromyces takes place in an extracellular environment (6, 11).
Like the apicomplexans Cryptosporidium andGregarina, but unlike
Plasmodium and Toxoplasma, there is thus far no ultrastructural
evidence for apicoplasts in Nephromyces (13, 30).
Themicrohabitat ofNephromyces is also unusual, comparedwith

that of other tissues colonized by apicomplexans. Molgulids are
considered a highly derived group of ascidians, a perspective sup-
ported not only by sequence analysis but also by their distinctive
ecological, developmental, and morphological features, including
the renal sac itself and the presence of Nephromyces (6, 31). Ac-
cumulation of urate and/or calcium deposits is widespread among
other ascidian families either in blood cells or, in a few families, in
multiple, small vesicles that may be analogous and/or homologous
to the renal sac (6). But of these various “storage” tissues, the renal
sac is the only one known to be colonized regularly by symbiotic
microbes; it is also by far the largest such structure, and theonly one
abutting the heart. The particular features of its closed, extracel-
lular, calcium-, oxalate-, and nitrogen-rich renal sac habitat, cou-
pled with the high urate oxidase activity of this organism (6, 24),
suggest a distinctive physiological niche for Nephromyces, com-
pared with that of other apicomplexa.
Finally, Nephromyces contains hereditarily transmitted intra-

cellular bacteria (13). These bacterial symbionts seem certain to
have important metabolic effects on Nephromyces, including the
possibility (amongother possiblemetabolic contributions) that the
bacteria are the source of urate oxidase activity found in their
peroxisome-free apicomplexan hosts.
Only two other apicomplexans with bacterial endosymbionts

have been described, both of them also from marine invertebrate
hosts (32, 33). Our sequence analysis indicates that at least one of
these, Cardiosporidium cionae, is a relative of Nephromyces.

Fig. 1. Nephromyces cells from renal sac fluid in M. retortiformis. Arrows in-
dicate spores and flagellated cells. Larger filamentous cells are trophic stages.
(Scale bar: 20 μm.)
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C. cionae is a parasite (of varying prevalence) found in pericardial
bodies ofCiona intestinalis, an ascidian only distantly related to the
Molgulidae (31, 33). Though the morphology of C. cionae is not
identical to that ofNephromyces, it does share several features with
Nephromyces, including biflagellate cells and cells reminiscent of
Nephromyces spores and sporangia, as well as intracellular bacte-
ria. Parallelingmorphological data, SSU rDNAsequences confirm
the distinctness of C. cionae from Nephromyces (among other
differences, SSU rDNAofNephromyces lacks a 66-bp insert found
in C. cionae), as well as the relatedness of these two taxa. Another
similar SSU rDNA sequence (GenBank accession no. EF558768),
from an intrahemocytic apicomplexan parasite isolated from an-
other ascidian, Halocynthia roretzi, also groups with C. cionae
and Nephromyces in our analysis. However, despite the fact that
H. roretzi, a pyurid ascidian, is considered a closer relative to mol-
gulids than to Ciona, its apicomplexan parasite shows a closer
relationship to C. cionae (Fig. 2) than to Nephromyces, with Neph-
romyces as a distinct subclade. These data suggest that Nephromyces
may have a coevolutionary history possibly shaped both by bacterial

endosymbionts and by life in ascidian hosts, with significant mod-
ifications correlated with colonization of molgulids; further sampling
seems likely to reveal additional features and further complexity in
this lineage.
Despite its several key similarities to other apicomplexa, how-

ever, Nephromyces nevertheless remains unique among the Api-
complexa in the beneficial outcome of its interactions. Phylogenetic
relatedness betweenpathogenic andmutualistic endosymbionts has
been documented in several microbial clades. Among eukaryotic
examples, ascomycete and basidiomycete fungi and dinoflagellates
contain both mutualistic and parasitic symbionts, as well as free-
living species (34–37). Bacteria provide several well-documented
examples of especially close relatedness of mutualists and patho-
gens, including mutualistic and pathogenic members in Rhizobia-
ceae (38, 39) and epsilonproteobacteria (40), and pathogenic and
mutualistic species of the genera Burkholderia and Vibrio (41, 42).
But the singular emergence of the mutualistic Nephromyces from
an otherwise exclusively parasitic clade (20, 43, 44) offers a partic-
ularly striking example of the evolutionary malleability of in-
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Fig. 2. Phylogenetic tree of Apicomplexa, based on 18S ribosomal RNA genes, with representatives of known apicomplexans, and Nephromyces sequences
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teraction outcomes in many symbiotic associations and a reminder
of the many commonalities of endosymbiotic life, whatever the
fitness outcome for hosts. Probing the metabolic and ecological
foundations of the bacterial-Nephromyces-molgulid symbiosis, and
the possible correlation of its benign outcome with the several
distinctive features of both the microbial and animal partners,
should yield fresh perspectives on the factors determining the
evolution of both mutualism and of infectious disease.

Materials and Methods
Collection of Nephromyces Cells and DNA; Cloning and Sequencing.We isolated
Nephromyces from the renal sac of M. manhattensis (Cape Cod and Glou-
cester, MA), M. citrina (Cape Cod, MA), M. retortiformis (Passamaquoddy
Bay, New Brunswick, Canada), and M. occidentalis (supplied by Gulf Speci-
men Marine Lab, Panacea, FL). DNA was extracted from Nephromyces (from
M. manhattensis and M. occidentalis) using guanidium isothiocyanate (GITC)
buffer (45, 46).

Nephromyces DNA was amplified with a general eukaryote forward
primer (3F: 5′ GTT CGA TTC CGG AGA GGG A) and an apicomplexan-specific
reverse primer (Api1R: 5′ TAA TCT ATC CCC ATC ACG ATG C–3′). PCR prod-
ucts were ligated into a T-tailed vector, then transformed into chemically

competent Escheria coli. Cloned products were recovered by PCR amplifi-
cation with vector primers M13R and T7, then sequenced in both directions.

Phylogenetic Analysis. Seven SSU rDNA Nephromyces sequences from
M. occidentalis (chosen from a SSU rDNA dataset of 25 cloned sequences to
represent the range of sequence diversity) and one cloned Nephromyces se-
quence apiece from M. retortiformis, M. manhattensis, and M. citrina, re-
spectively,were added to a SSU rDNAdataset of representative apicomplexans
and other alveolates. Final datasets of 65 sequences were aligned using Clus-
talW. The alignments were manually edited using McClade to exclude regions
containing missing data as well as unalignable positions. Phylogenetic trees
were constructed using maximum-likelihood (ML) and Bayesian methods with
PhyML (47) andMrBayes (48), respectively, with the graphical interface TOPALi
v2 (49). Because deep SSU phylogenies are known to be sensitive to highly di-
verged sequences, we ran preliminary analyses in each case to identify and
exclude sequences resulting in significantly longbranches that could cause tree
distortion. For example, taxa such as Plasmodium and Hepatozoon were ex-
cluded from final trees because of their high sequence divergence.

Analyses were performed following a general time-reversible (GTR) model
of sequence evolution using a gamma correction for site-to-site rate varia-
tion. We used eight categories of rates plus invariable sites and the shape
parameter alpha estimated from the data. For ML, we assessed node ro-
bustness by bootstrap analysis with 100 replicates. For Bayesian analysis, we

Fig. 3. FISH of Nephromyces and Toxoplasma using apicomplexan-specific (Api-L) and Nephromyces-specific (Neph-1) SSU rRNA probes. Both probes were
bound to fluor Cy3 (red). (Scale bars: A, B, D, 20 μm; C, 10 μm; E, 3 μm.) (A) Toxoplasma, Api-L; (B) Nephromyces from M. occidentalis, Api-L. Arrow indicates
spores or flagellated cells. All other cells are uncleaved sporangia or trophic stages. (C) Nephromyces from M. manhattensis, Neph-1 (with eubacterial probe,
EUB 338, linked to the fluor BODIPY FL (green). Toxoplasma did not bind to the Neph-1 probe. Arrow indicates spores or flagellated cells. All other cells are
trophic stages. (D) Nephromyces from M. manhattensis, Api-L [merged with general eukaryote probe, EUK-516, linked to green (Fluos) fluor. Yellow rep-
resents binding to both Api-L and EUK-516]. Arrow indicates spores or flagellated cells. All other cells are uncleaved sporangia or trophic stages. (E)
Nephromyces spores, Api-L, with EUB 338-BODIPY FL (green), and DAPI (blue).
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set MrBayes to operate four Markov chain Monte Carlo (MCMC) computa-
tions (default temperature = 0.2). In each case, a total of 1million generations
was calculatedwith trees sampled every 10 generations andwith a prior burn-
in of 25%. Posterior probabilities correspond to the frequency at which
a given node is found in the post–burn-in trees.

Fluorescence in Situ Hybridization. For design of custom FISH probes, SSU rDNA
sequences of Nephromyces from M. occidentalis and M. manhattensis were
compared with those of six coccidian species (Isospora suis, I. felis, Eimeria
catrone, E. pilarensis, Sarcocystis capracanis, and T. gondii) and three pir-
oplasmids (Babesia felis, Cytauxzoon felis, and Theileria ovis). Custom probes
were conjugated with the red fluor Cy3 (Thermo Scientific or Invitrogen) or
with the green fluor BODIPY FL (Invitrogen). The Api-L probe (5′ATC TCT AGT
CGG CAT AGT TTA TGG T), designed to bind to many apicomplexa, has exact
matches to SSU rRNA of all of the above coccidians, some piroplasmids (B. felis
and T. ovis), C. cionae, and Nephromyces from at least four host (Molgula)
species. A second probe, Neph-1 (5′ CTC TTAAGT TTC TGAAAGAG), designed
to bind specifically toNephromyces rRNA, showed an exact match to themost
common Nephromyces-cloned SSU rDNA sequences from M. occidentalis in
this study, and a single mismatch to the Nephromyces SSU rDNA sequence
fromM. manhattensis used in our phylogenetic analysis. Other apicomplexan
sequences showed mismatches at 4 (C. cionae, Halocynthia apicomplexan,
B. felis, and T. ovis), 7 (T. gondii), or more of the 20 bases. Complementary
probes included a general eukaryote probe (EUK 516) and a general eubac-
terial probe (EUB-338 I-II-III) (50, 51), conjugated to the green fluors Fluos
(Thermo Scientific) or BODIPY FL and DAPI.

For in situ hybridization, symbiont and host tissue samples from Neph-
romyces (from M. manhattensis and M. occidentalis) and Toxoplasma gondii
(in tissue cultures of mouse kidney cells) were fixed in 4% paraformaldehyde
in sea water or phosphate buffer and stored in ethanol buffer or glycerol
buffer until use. Standard hybridization protocols with 20% (Fig. 3E) or 35%
(Fig. 3 A–D) formamide hybridization buffers were used. Some samples were
embedded in polyacrylamide before hybridization (52).
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