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Insights into the diversity of choreotrich and
oligotrich ciliates (Class: Spirotrichea) based on
genealogical analyses of multiple loci
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To examine relationships among spirotrich cillates wsing multileous sequencs
analyses and to provide preliminary insights into molecular diversity within
apecies, we sequenced the small subunit rOMNA (55U rDMA), 5.85 rONA, @ tubalin
and the internally transcribved spacer regions (ITS1 and iT32) of the rOMA genes

from seven choreotrich (Class: Spirotrichea) and thres oligotrich (Clasa:
Spirotrichea) taxa. Genealogies constructed from S5U rDNA and ITS seguences
wre concardant and broadly support current classifications based on
morphclogy. The cne exception is the freshwater oligotrich Mailteria
grandinefila, which, as has been préviously noted, falls sutside of the clade
containing the other oligotrichs. In contrast, analyses of -tulsulin sequendes
are discordant with traditional taxonomy and rONA genealogies. These
analyses alio indicate that considerably more genetic variation exists among
chorectrich and aligotrich genera than among stichotrich genera. To explore
the bewel of genetic variation among individuals in termporally molated
populations, we collected additional samples of a subset of planktonic
choreotrichs and oligotrichs and characterized polymorphisms in ITSY, ITS2 and
5,85 rDNA, Analyses of these data indicate that, at least for some diliate
linsages, DNA palymorphisms wary termpacally, and that genetic heterogeneity
underlies some very similar morpholegical types,
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INTRODLUCTION

Hevem clasibeation based on analyses ol both ciliary
patterns and ulirsstructural data consistently place
Lhree groups, the ohgotnchs, sichotnchs and choreo-
thchs wathm the class Sparotncheas. bul relationships
among he three lneages vary (Corliss, 1974 de
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Puytore of @, 1994 Lynn & Corliss, 1991 ; Small &
Lynn, P9854 In Corless” revision of the class hased on
infracaliature  (Corliss, 19743, the oligotnchs and
choreotrichs are uniled as a single order (Higotrichida,
and placed within the spiratrichs along with the order
Hypotrichida, which contain both the hypiotrichs ez
Euplotes) and stichoarichs {e.g. Qxwericir). Similarly,
more recenl analyses based on morpholegy unite
chareotnchs, oligotrichs and stichotrichs within a
sangle <lass, although these schemes vary in their
treatment of the hypotrchs (de Povtorse e af, 19594 ;
Lynn & Corliss, 1991; Small & Lynn, 1985 Par-
Licularly relevant to our analyses, the genus Falreria
has altermately been considered an oligerich ez,
Lynn & Corliss, 1991 ; Small & Lynn, 1985) or as on
independent lineage from the oligodrichs and sticho-
trichs [ Pele & Foisner, 1992).

Previows analyses of modacular data are consistent
with morphological amalvses in that they support the
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Table 1. Ciliates samphed for this study
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meluson of hypotrchs, olgotrichs amd stichotrichs
within the Spirotmchen. Analyses of smallkswbunii
(S5U0) rDMA unite the muliiple samples from stichas-
trwchs, bypotrichs and cligotrichs, and place the genus
Hedeeria withing or at least sister (o, the stichotrichs
(e.g. Shin er al, MNN0; Towrancheau e all, |998),
Similarly, data from large-subanin rT¥N A& inclicane that
nl-_nnln-:hs ard stichotrichs fall within the spirotrch
class (Tourancheau er af,, 1993),

Although current sclsenses unite stichotrichs and olige-
trechs i the class Spirotrchea, relationships between
these two proups amd the choreotrichs are ambiguous.
In order to explione these relationships further and 160
cvaluate e correspondence between morphology-
bBased laxonomy  and pene penealogies, we have
analysed seguemces [or the 35U rDNA, 585 rldNA
and z-lububin genes as well as two internally tran-
scribed spacer regions (ITS1 and 1TS2) from three
taxa in the Qligotrichida { Lafosa sorafdlie, H|r.|'r+'.!|'|-.l
grovadinoelle and Sreambladfar spo) and seven 1axa in
the Chorepdrichidn (Srambidiropay sp., Elrh':'.lrl'imm-
peeriais, Tiormsopsts nbaloseiles, Tirrn ki
Favelle elventergll, Metrcoliz enpefoe a .5Jru
Dl sp.; Table 1 In this paper. we examine the
branching paterns bath within oligetrichs amd choreo-
irichs and among olipotrichs, -.hnrn:mrl-.'hs and sriclio-
irichs, based on pencalogical analyses of DIMA poly-
maorphisms an muliple loc.

In a plol study 1o explore the phylogeography of
sparatnchs, we have abo characlerized the degree of
genetic diversity i the 585 rIMNA gene and in the
ITS1 and IT%52 regions within and between popu-
lations oollected ai different time intervals from the
same site. Currently, there are two oppasing views on
cilinte hiogeography. but few molecular data exist o
tesi these hypotheses, The first maintains that *in the
case afl microorganisms *evervihing is evervwhere ' amd
that their ghobal species diversity is relatively Hmited ™
(Fenchel er ol 19%7), For example. Fenchel er al
1997 found that approximately %% of all deseribed.
froe-living ciliates were present i core samples repre-
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senting less tham 5 cm® il of sediment From asmall
lake and a shallow manne bay. In conirast, following
a study of the rate of description of new species and the
diversity of species m tropicil, temperate and polar
soils, Foissper (1997, 1995, 1999) posits that fewer
than half of the exsting species of ciliaies have been
described amd thal considerable endemism exists in
ciliate populations.

Dur dala represent an initial step in d::lﬂminin; s
degres of maokecular diversity within ciliate species amd
only & few such studies have been done on natural
populitions, For example, analysis of intraspocifc
warinfion in the parasitic ciliate Crpmocarian irifans
using the ITS1 region revealed high divergemos (249
5% in maerphelogically similar isolates from mul-
tiple locations in Australia and Europe ([Digeles &
Addlard, 19975 Similarly. a stady of gesete diversity m
freshwater populations of Ewpleies  aedionlmins of
different geographical origing, wang BRAPD finger.
printing. usbcates the exislence of a large amount of
Benehc samalion (Kusch e o, 2000, Considerublz

nedns diversaly and crvplic specsss have also been
ciuril wathan the foreminera {de Vargos & o, 19940,
201 ; Holemann ef af., 19960, anather clade of protists.
The extend 1o which natural cilinte populitions vary at
the gernectie kevel has wvet to be fully explored amd
warrants more extensive study.

callectEan, Two dillerent sampling scralepics were
wsgd far the pesealopical amd phylopesgraphic partions
al this study. We first surveyed multiple clones of all mol-
eoular markers from single popalaisons of the oligoinchs
L. sieabila, FF Erancliag il al Sieowabidiom sp aml Lthe
EHLT?"!ﬁ_vllh F Eﬁrr-n"-rr_l..rr E. .vﬂ'.'l'rnr':. A nll,r.:uf!'n;:

drohitilieem s, rrmb.mw{lnm sp.. Tinrfemepds Db

eoigler amd Finrienspsis spo (Table I:]. Second, o describe
varniation im populatices over tme, additional samplis
ol the TS, 1TS2 amd 5,85 squences were ablained from

[H.l-pulal:u.rm al Srremmbidlnopeis sp. K clrenberg ared Tin-
rimmeenis sp. Al cilinbes. ﬂﬁpl fior b freshwoier cibizie
M. gramdiredla, were isols fram Lang Delasd Sound
{Unversiy o Conmecticut dosk, Grslon, CT, LIS} at
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Chversity within the cilsane Class Spiroirichea

Table 2. Primsens used 19 generate overlapping 35U and IT5 seguences

All primers are shows in ibe 3' = 3 oneniniion.

Lrime Prifer sequ-ms

ﬁL' DA

ITSI-535 ri¥WA-TTS2

S5Umi+ 1 YOOAGARDSRGE Y TGAKARAY G
SELmi-0: GACCTGRTAT TGO CTY AMBCTTOC
S5l TTYYCOG TG T TOARTUARATTRAL
AL end + - AAGGTW TOCG TAGL TGAALCT
LS stan —: TAKTRAYATGOTTAAGTYC AL

dates indicaied in Table 1. Whenever o given species wis
abaandan, cells wene piekald directly Tram ather whale water
o B pm ek plaskion mel concentrates. Imoother cises
cihiales were culiwred im0 fliered, avicclaved seawsier
supplemenied with cultured microalgae, Prorocearrm i
i, Aol s, and Dogtreay pathong, a8 Foaosd, One
rrkinte of Erramifiaimopay ap, (Sop=as®) was in oalbare Tor
apprasimatcly ane vear priar bo DA anulif:i:. T pravide
a comnparizon for levels ol variatson in chonal lines of cilates,
samiples of . grondineke were collected from the possd an the
Lymnan Plaml House (Seath Collegel aml wsed 1o penirale
chonal lines by passing indnvsdoal oedls throagh o minemumm
of three washes in clean culture mediun.

Species idendification. Al tintinnads were idenified o lowest
peassible taxom wing light microscopic examination of lonca
u'u':rphnlng_;-. s s rsdiniosd] en e group e, g, Laval-Peala
& Breowmnbee, 1861 Characters used imcludnd shape and
mcasumemeni= ol b oral diameter and maximal widch and
length of lonicas. We compared our samples with published
deseriplsons from & nusnber of sources, melwling Rakker &
Phall, (1976), CGeold & Marabes (19750 Hedin (1974) Lew &
af. (1985) amd Marshall {1969, For hyaline axa we are
confident ihat our dingnoses are in keeping with current
Feratune, hut for agghainaied geners (e, tbose that adhen
seavenged mensral ar argame partsles 1o ibsie lorkasi such
as Timdimopsis, borica shape 13 kess constamd, and idendi-
ficabion bo species kevel iz mvore difficult. For hyulise species,
£ oelenbergi, M. awguira and £ peviinds, Borica mor-
phidogy = comskhored o Be oa melinble characier, althoagh
diverpen) lorica shapas have buen ohsomaed wilkin species n
culture fe.g. Laval-Peura, 1977, 1921}, For the agglusinated
T mhulneokdes, we felt that identification e species was
passibl: Pised on publisked dechiplions and akao on
persomal communss s with collcugues who had observed
thi= species [mom other coastal siles in the morith-easiern US.
Far oaher isolates in this pemus, we were not conthdem thar
dlesignatiom o o speCIcs ams was appropnale, given he
varialiom in kirica characiens withan the samples we colleciod.
We thus designate these isolates as Finriswesenls spp.

Excepi For much older Bieraiwre leg. Kahl, 195 1915,
deseriptions of oligoinchs and nos-tintinail choresrichs
have heen hused o ebeervaisans ol indraahaian algine
Trcam electro microsaapy or lghl micrascopy of protargel-
stainel specimens je.g. Montagnes & Lynn. 1991, In some
casex. hiwwever, pood identifications to species can be mde
hased oo anigoe monphodogical characters, Behavimers, eic,,
willonl pesar] e Chass Rechmsgques (v Carey & Maeda,
1585 Mueda, 1986). For example, the sligainch Labosg
srevtii is the ondy described species in its gemus (Corliss,
1979 and has boik & uskque spiral winding of e gindke

npAiLsgmpounakiong

around the posteniar of the ool and the habit of retaining
chloroplasts from ingesied abgae (Mobanus & Fuhrman,
19861, We phserved these chamciers with the light micro-
seope o wlently this spegics, Srroombddfeer sp., Frnombi-
ohweyprie ap, amd SrodifVere sp. were identified o gens
hased om the presemce and length of Boddy cilia, whether
ar ned the cral membranclle: formed a closcgd ancle, general
hanly shape and swimming behaviowr. Samples of all of the
walales were presenved in Bouin's fixative, ithe preferred
fixative for prolargol stainang (Meniagnes & Ly, 1987),
w0 Tutare precss comparmsons with published dessriptions
will e possahbile

DHA amplification, dening and sequencicsg.
Individual cells were transferred 1o ysis bulfer =alution
aggoidliig 16 slamdand protocals {Ausabel & ol 1993, and
PR {Saiki of @l 1953 was performed as described in Kiley
& Kaiz (10K ). Prmers for S50 rDMNA gEneE are fridn
Medhia ev ol {1WER with 1Brge adklitional primers wsed 1o
generale ongrlappang ssguences from cuch clone (Table 23,
Primers and straieges for amplifying and cloning the a-
ishulin pers are described in Riley & Karz (2115 We alsa
chesgmel preimers tha targe) 477 bpoal r2MNA encom pasang
ITSI, ITS2 and 3.85 rD™A {Table 21

PR prodicts were cleansd wing 1 Oiagen Chaguick PCR
Parilication Syatem, and cloned vsang cither the Giboo-BRL
pARPI System or the Invibrogen TOPC TA Cloning Kit.
Plasemid DMNA was parified usang the (uagen MimPrep Kil
Ihrect sequeniing of PCE prodocts, or cloned plasmid
O™A, was aocomplished in both darections using pene-
specilic ers and ihe Bighhe verminator kic (Perkin
Elmery Sequences were rum oo ain AR 377 or AR 300
aulomatsl ssguerser

cal analysis. We pemernied contigs by nssembling
amnd editmg sequences uwang SegMan (DMNASEC Align-
ments cambing] our data with sequences available on
CenBank (see Fips 1-3) wsing the coustar w algonthm
{Thompsom er ., 1994 s insplemenied in MEGALIGHN
qoMARIaN lor a-tubslin amd the ITS regons, amd ihe
dodicated comparative sequence editor (De Rie & De
Wachrer, 1993) for 55U rDMNAL The s-tubalin alignmeng
Wwiis unum'hipunu-: and ke FOMNA ahgnments were acjusied
by eve, For 5500 fDNA and ke 1TSS dotascts, these
alipnments viehd 1782 and 305 chornciers (351 and 209 of
which are parsinsony-informaativel, respectively, afler eu-
cluhing ambiguonsly aligned megions. For s-tubuling the
nu:beatide alpnment included 1095 siles | 3E parsimonys
informative sites) and ke amine scid aligneeem molisded
304 snes O30 parsimony-informetive sie; all algnments an:
avanlable by mequeest [ram the authorsh
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Ceenealogival analyses of S5U rDMNA, ITS and z-iabulin
mucleotide data were  performed  wing the maximuom-
likelihood (ML), masimusn-parsimony (MF) and LogDer
(LIF Beunsng searches implementid im0 PauP® version
4.0 (SewoiTord, 19990, wopeLTesT verson 504 | Posads &
Crandall, 1998 was used i determise an approprate msodel
und Lo estimeine paramelers lor maxmumehkshbood analy-
w5, Far MP, g sinel consensus tree was generaded from a
hauristic search with 10 random addition sequences. Heu-
ristic searches werne also done excluding invaram sites usemgp
LI distageces o seeoin) [or compositional biases [ Lockhart
el 1996 ; SwodlTord eral, 1996). For the z-tabulin datn, we
alais arabyd the amine acid alignmes with ke neighbsoiir-
joining (MJ} algonithm with mean charscter destances and
AP wich 10 randam sddstion seqesnees in heunstic seanches
wilh PaUp® 4.0k (Swollond, 1999 Booistrap values were
cakculated usimg 100 replicates under all models.

RESULTS

Genealogies

55U rosa. Belween three and sx 8510 rDNA clones per
tangn were seguenced and the mean percenage di-
wvergenee wilhin taxa ranged from 0069 w0 B4 10%
i Table 3 For Strabilicium ap. and Stromisiaionm sp., o
consEensus seguenc: was made rom overlapping clones
i order 10 oblan @ full-length sequence. becawse
characierization of the entire 16 kb region could only
b accomplished by amplifbang teoe  overapping
products ol = 12 kb cach.

Genealogical analyses of the S50 rDMA sequences
uszad multiple algerithms and evelutionary models 1o
assess the stahilivy of our wopedegies. [n ihese analyses,
the sequences from the choreatrichs { T, rafisdnsaides,
M. eogwlote, Strebifafarn sp, Sreambidiropsds sp..
F. elrentorgil and E. pecrinis) form o monophyletic
group with boatstrap support of %, 72 and 83 % For
LI, MP ond ML models, respeciively {(Fig, 1)
Moreover, the Tintinning (7. asafesoledes, W, amgu-

Tabla 3. Within-species variation for 550 and z-ubulin

fd, . elrendereid and o pecebaiih are monophviene,
although with weaker bootstrap support, In contrast,
Lhe eligedirchs wre polvphyletic, with the 8, grandinedia
SO UETE I'u.llln; within the stichodrichs, The moeno-
phaly al #. gramdimedio plus the stichotrichs is strongly
supporied with boolstrap values of 100, HFand 9%
for LI¥. BMP and ML, respectively, With the exception
af H. pramcdimelr seqquences, the olignirich sequences
(L stembile, Stroanbiowr sp. and the previously pub-
lished Stromibaian purparer sequence, Ceen Hank o
LRTHI2) are monophylenc, with boptsirap support of
9371 and 72% for LD, MP and ML,

w5 Analyses of the aligned 1TS1, 585 rDMNA and ITS2
data wre comcordant with the S50 rMA penealopies
iFig. Ik For analyses of thess dada, we included a
3i|'||_d-r wrjuence, either the most commaen haplotype
of a randomly chosen clone, from each of 13 clades
s determmed from our phylogeographic study, In
these amalyses. the chomeoinch sequences are mano-

vl (honlsirap suppaert of 97, 82 and 90% For L1,

P oand ML, respectively) as are the Tintinmnins
{kootstrap support ol 100, 97 aml 92% for LI, MP
amd ML, respectivelyl. The oligotrichs are again split
it lwifﬂupb. As oo the 5500 rDPMNA penealogy, the
. praneinelln sequence Talls sister 1o o subsel of
(hopreiche sp. sequeness, albein with low boasdsirap
vilugs of 21, 97 and 52% for LD, M and ML,
respactively. The remaiming obgotnchs are mono-
phyletic, with strong bostsirap suppert of 98, 100 and
M0 %% For LD, BAP andd ML, respectively.

a-Tubulin. W sequenced Tour clones each from A
amguieia, Fehrewhergil, L. sirobila and Siranshiciim
ap. thiree cloes from Tiatinrapsiy spe, five clones each
romy L pectivedy and Steohdiiadiaor spo, and seven from
Sirewibifisnpais sp. In contrast o the TS and 5801
data, there was conslerably mere intruspeclic viris
ation in some lpeages (Table 31 wath the number of
variahle sites among the 1095 charactenzed Uor each

Devergami values for taxa (Bat havw 2-tubulin paralopees are indicaited in bold: Div, divergence.

Taxom S50 v #=Tulsiilin
Moad v GienHank s, et R T GieaHank e
clomes (%) chais (%)
Eirowahiifinipais 4 4 IG5 AFMO]12-A T3] 35 7 RETY AFMO 8 AFIHI42
Ferrelly efrembrgin fa ik AF 0] 50— F 109 64 d =414 Al A RIS
Eulimidaniue peciimis i 0 AFME- A FIF) T ] 478 AFMOITI AFIHNTS
Tinrimieia ffudbimnides 5 FI23  AFMOI0E-AFI90] | ] 365 AFMO112 AR
Mienaerdin smpukaly 4 FIHL AFMHEI4-AF 146 4 122 AFMOI47 AR5
| Srrodiiiiuss 5. * M/A AFMEII2-AFIWILT k] w1 AF 3 A3
| Errosabidiver o 1* NiA AFMEIIS-AFIRIT 4 o r) AP 18- AP0
Ll st 4 w0 AR5 -AFI0) 54 ] LT AFR A5 AR5

* Consensus sequenees based on overlapping regions (see Resuls: CGenenlogies)
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Diversity within the aliate Class Spiratriches

Wl Leodepnm palbma AFLEL MG

Ehrarracta movar 84l
A pchia passalin KIERT b diaid
errarika sp. B A NS08
Flranyioha ksorofoin AF164 138
Craibrgilkd dboed AF1641 33
Driracha sp A AF 164128

Ty bnar AFRER1 24
Srydwawrhin anrilas APIS13T

L rmsirmens civiae AF GRS
Pasgsmlnhi el AFTGEITT

vk ap, B AFIGEET

e phces AF 1641351

Parmrdepiar bpiima AFTB313T

5-1:|l.'I|.|.lIr|l\.'|"|*~_lll

Masenu graedredios AFI84 130

Chranche gromsiienog X5
Erpelaniasir i madsilis AF 164 134

[restyita gpramih AFTGE] TR

Ll Farela rivrenberps’ AFIRY14L

W |
Wi Jodn LR 148

— AL i Tkt e AN

i i pardale AFYRINTR

Sreabaladive op. "

Srambfinapeis v AFITTI4 whusrecdrichs
B Siramdaien sp®
o Strvshlim puspwrese L7112
h Paiasa mirahila AFWEITEY
aligotrichs

— U] substtureiain

Fig. 1. Genealogy of goerotrich 550 rDeA based on masirmosn Bhebhood analyis For B analyess, the hierardneal
lkenliaad ratia bt implemanted m BOGELTET [Powada & Crandsll, 1H8E) wilected the Terars & Nei (19515 maode! weth
sy Hte variation of @ 58TE and a gamma dstribution of H5239, Numibers on branches repnesent bootstrap walues Tor
LegDet LD, masimuom-paesamony P and maeises-Bheblooed (8L}, maagt reeky, Bootitrag value bins than S0 nes
reran. GenBank acevunn numbers Fallicss {asonomic mamey; cer taxa are shimamn in bald; ssternk chcabes corasns
sequence used in anakeses (wee Methods). Further detalls can be found in Miethods,

clone ranging fromy s few as twoin the M, wagdane o
a5 many &% 149 in the Seahilifiom spe We define
parnlogues as sequences that show greater than 2%
seppuenee divergenss, hased on previous stadies in owr
lnborprory than indicate that allelic vanation, macro-
nuclenr variation and experimental error are less than
~ 1% i Riley & Kae, 2000 ; lsraed gr of, . 20020, One of
the apparent parabogues in Sreoddiives sp, (repre-

Fitpijs spmicarnak.ong

seted by two of our clenes, GenBank nos AF29 |28
ardd AFI% 300 has a single Base-pair debetson thsat
il Ether indicite a 1'!1~J.‘|Il.1l.u,'|:'|b.‘ OF & PdC T i L
variant ;. For our genealogical analvses, we treatad ths
character as a gag.

In |tl."|'|l.':||~:5-:£ih _!'.-{‘lll.'r‘:.lb.‘d I Both nucleonde and
aring  acid  alignments of  the  x-tabulin dala,
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Fig. 2. Gereabogy of spirodrch ITS1-585% rDRA-TSZ beed on masam-likelihood analysie For the ML anabsis,
higrarchical ratio tests indiated the Tamura & Med {1993) seadel wath amasegdite wariation of 03000 ard & gamma

dinkributon of O 2. Otfer noles asin Fig. 1

lopelegies ane discordanl with thase penerated from
the 550U rDMA amd 1TSS datasets, and in all Guses,
appiren paralopous copics ol -uboahn are ssier 9o
ane another of cluster withan a genus iFig. X In
anealvses of nucksptide data, the choreotrich @-tubalin
sequenges are pelyphylete and form four groups: (1}
F. etwenhergli, T, rubwslngoides and M, ampalere; (2] £
pecrnia; |31 Sreamshicdinepsis sp, and (4) Seabifilar
sp. (Fig. X Moreover, in these analyses, the W, grive-

1906

afelle sequences [Ell as sister 10 the Tintinming
sequerdes, with bootsirup suppon of 79, 97 and 95 %
ler L M and ML, respectively. Finallv, the
oligrch squences are alse polyphyletic, with Lhe
L. servsbitee and Sreombichie sp. paralogues clustering
separately, Analyses of ammo acid SCQUCTICNS using
BAP are unresolved and with the ™) algosithm, three
monaphyletic groups emerge — (1) suchotnchs plus
M. grandwefte, (2 oligeirichs and (3 Tintinnina
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Fig- 3. Gerwalogy of spirpirch @-tububn cdegbce wquences bamed on macmem-ikelihood anakgis. For the 8L
anakes, hkerarchical ratho 1es indkcatid trae Trl mods Tamura & Mai, 1993) vl amang site varistion of 04157 and a
gamma digtributicn parameter af 10553, P71 and B3 dedgrate parslogoys coples wethin taxa, Other nobes & In Fig. 1.

although boststrap support in these analvses s Jow representing nime genera (s2e Table 1; GenBank nos
= S-hE % — data not shawnp AW AR I0TL For some samples |Epec,

Fehrd%, Fehrh, Lsirii, BMetaiid and Tiubb, species
Tempaoral pattemns of intraspecific variation deiznations based on morphologic identification are

€lear, but Tor odbhers (Strobdi), Sopsas®, Sopsisiia,
Vi assiss e genctic heterogeneity within and between SopsidMiE,  Stromslid,  TintspAOd,  TintzplEi0 and
populatens, we characlerized DNA polymorphisms TintspC), identifications are only o genus level
at the ITS locus in %5 elomes Irom 14 popolations [Tahle |} Toexplare the levels of vanation within and

nIEEN SO mourale oy 1507
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Fig. 4. Iriraspeci®ic analkysis of spirotrich ITS dana. Topelogy is one of = 000 Mol paissricu ree gerwrated by paies
withs gaps traaled ai & itk chacscter itate, and 5 shown 1o emphavre Branch lengths, Numbers on braeshes repeesent
crtwirag values from 100 replicaies.

= 4 changes

between populaiions. we construcked a single gen- latms oo nine genera reveal |3 wellsupporied monn-
calogy usmg MP with gaps irgabsd &5 a Oith state (for phyletic groups, although relationships amaong these
a (ull gencabogical exploraton of these data, s 13 clades, partscularly within the Tintinning, are niol
above ). Dur genealogical analyses ol ITS1, 585 rDNA well supported (Fig. 4). As expecled. imtrapopalation
and IT52 regions from multsple clones from popu- divergence values are lower than interpopalation
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Tabbe 4. Urgoracted man perientsge nucksatide

sequence divergands ameng gusndes within groups

arker Tanan
S5L A Chisrotrichida
Ciligetra:hicla
Suchaotrichida
ITSI-5KS Chorrotrichida
FOMNA-ITRY Cihgedira: hicla
Suchirichida
z-Tuhulin Choreotrichida
Ootigetrachisls
Stmchatrichida

Mlian

divergene [Yal

T
&7
147
151
%2
&4
13403
i
Tk}

Tabbe 5. Intraclade distances caloulated using

urcorrecied estimates

Clae Pupslation

| Fedier' and Fehdl

11 Ak

i Tintguaiin

1% Toubs and TrispiiE
¥ Tintz=p UM

Vi Tint=pd 0a)

VIl Epn:ii

Wil Srahil]
1% Sopei e aml SograsdHy,

X Sopeisil
Xl S norcd
X LairiHi

¥l Hgrama®

Iiier e

HKI
KIS
HKI
HKII
KL
(HKLY
UL
LELIL
HHER
HHIZ
THHE
HEI
THHLI

"LUlonzl lire.

comparizons (Tables 5 and &), with the ane exception
ool the Tintspl¥Hk samiple which contnined sequences in
clades IV amd V. Clades [ W1 X1 amd ¥II,

Lhsgrsany walhin Che ciliale Class Spirotrichea

representing  clones sampled from A, anpalore,
Sircdhilialien sp.. Streomhidium spoand £ peerinds, show
very litihe variaton — 03-40-0% (Fig. 4, Table 51 These
levels are comparable ve the level of saration within a
clomal K of A, grandinefe (k31 %).

Varisticn  betesen populstions. Analyses of the ITS
dataser show conirasting patierns of varalion in
different tnxa (Fig. 4, Tabbe 5). For example. F. olren-
bergir (Fehr®?Fehri); Clade [h and  Sirainbinlin-
apsy sp. [ Sopaste Sopsisiih; Clade 1K) sampled in
twir diflerent summers contain &entical TS haplo-
ivpes. In conirast, there was consulerable (= 2%
vamation beoween samipkes of  Siromdhidinepsis sp
colbected just 17 days apart: Sopai=iA (Clade 1K) and
SopsislPB (Clade X), and Tinfaiopais sp. samplad in
June, July and September of the same year (Tints .S
Tinisp2dA and TinispIB, respectively; see Tablke &)
Moreover, the clades From the gemus  Fiensimopsis
(Claddes [T 1Y, W and V1) are not monophyletic with
P A b ML angreadmde PO ladle I and £, pectimis {Clade
VIL: Fig. 45

Wariaticn within ared batwesn momphologesl entties. Two
striking patverns emerge Mrom comparsons of geneic
variation within morpholegically defied taxa, We
find identical sequences in samples of o moerpho-
logically distinct Tindfnepsis populations, TintspBO0
ardl Tkt and the mean divergence between these
pﬂfulallﬂﬂs 18 (-3% (Clade IV, Fig. 4; Table 6). In
comtrast, we foud one clone, TintspBOD-8 (Clade V),
which s 3% divergent from other clomes charae-
terized from within the same TinspBO0 sample (Clade
1% Tahle 6

DISCUSSION
Concardance and discerdance between genealogies

Mol surprisingly. the genealogees generated from ihe
lnkod 55U fDMNA and ITS regions vield similar
tapalogies {Figs | and 2 For mstanoe. the Tintinnina
clisterad together with boolstrap values ol ¥, 81 and
less than 30 % in the SSU fDMNA gencalogy, aind 100,

Tabde 6. Irtra- ard irdersam phe distances for TRtnnapds &, and Strembadirogns ip,

Cakulsial ming uncoaricial dsrasces, Values within s el are shown i hakd
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AT amnd 92 %% in thee 1TS genealogy for LI, MP and ML,
respectively, An exception to thes concordance is the
paraphyly of the Finrarapsis sposamples i the 1TS
analyses (Fig. 23, althowgh boowstrap values for the
split betwoen T pnbalvsoiaes and the three Firrimapsis
ap. samphes are low in all analyses. In contrast, the -
tubulin genealogy dFig. ) is not concordant with the
SSL rDMA and ITS gensalogies, as the choreoirichs,
stichotrichs aml oligotrichs are pelyphyletic.

Chur data do not support merging the oligotrichs and
choreolnehs imto a single unit at the same mxenomic
lewiel as the stichadrichs, In fact, comparisons of mean
parwise differences among seguences reveals than
there 15 more vamialien among the choreotmchs and
eligotrichs sam than within the stichoirichs
{Tabde 4). For the 850U rNA data, where the patiern
i+ cleanzsl, vanation among sticharichs is on average
24T %, while the vamation among choreotrnchs and
oligiirichs is 817 and 7-48 %, respectively {Tabk 4).
The varintion within oligatrichs, which have the
haghest levels at all markers, B confoundsd by the
laxonomic designation of . grosadiecde, 05 equences
froom this taxon do not cluster with the sther oligo-
trichs {Figs 1- 3k The sume trend halds for ihe [TS and
z<iubulin data, although there are smaller differences
in divergence between clades {Table 4)

Conoordance between genealogies and tamonomy

Crur amulyses provide the first hypothesis on relation-
ships among stichotrichs, oligotrichs and choreotrichs
based on makcular genealopies, We flnd general
concordance between ouwr 35U fDNA and TS
gensalogies and morphological waionomy, bat only
some concordance with the g-vubulin data, Our analy-
ses ol DA regrons wnite the olipoirchs and
choreotrchs, excluding the &, gromdinelle sequences
iFigs | and 2. These amalvses also provide insighis
inte relationsldps within choreotrichs, and indice
that soime of the hyvalme tntnnsds (g F. erenhergii,
M angradere are maore closely related o agplutiated
Timsianvapis species than they are 1o other hyvale
spocks (e.g, £l pectimin: Figs 1 and 20, I bght of this,
further study ol the swtability o Rerica-type as a
Lasonomic mearker 15 warranled.

Samullarly. our amalyses mdscale the need for additional
lowi anmd saomiples 10 determine the phylogenetic places
menl ol #. gravedieelic. In all three gensalogees, the
. prandinetfa sequences wre in o distinct clade from the
other oligmrichs, although the sister taxon 1o this
linzage varies depending on the locus analvsed {Figs
1-51. In the S8L r3MA and ITS genealogies, the
. prandimetla sequence Falls within the stichaodrichs,
consistent with previous analyses of 550U rDMA
[(Hofmann & Prescodn, 1997; Shin e al, 200410,
However, previous suppont for this hypothesis was
wenk, since earlier molecular studies did not inchade
choreptrichs pnd other oligerich sequences, In the
a-tuhalin nucleotide analvses, B, prmwdivsiie is sisier

1910

to the Tintinning sequences, although this wpology
dizagrees with iraditional taxonomy i many other
respecis.

a-Tubidin paralogues.

The presence of duplicated copees ol 2-lubulin pane-
logues may euplain e doscordance between  Lhe
geneabogical analyses of this bocus and both r¥NA loci
and morphology., Using a cut-oll valoe of = 2%
divergeree, we found paralogues in L. sirabil,
Sreomhiclivest sp., Stroobidinepds spo and Seshiliafan
ap The low levels of ITS (Table 5 aml S50 cDNA
(Table 3} variation withan these populations provides
further evidence that divergent z-tubulin seguences are
paralogues, nol alleles. Each pair o paralogues
clusterad gither within species or within a genus, and
lesast gne representative of sach ol the four spirotrich
groups bad parabsgues. A model of 2-tubulin evelution
that combines duplicatson and gene conversion is
coisistent with the discordant topology: however,
analyses of additienal loc are reguired e distinguish
ameng altermative bypolheses.

Phylogeography of oligotrichs and chorectrichs

In aur prelimisary analyses of ITS] and ITS2, we
abserved contrasting patlerns ol intraspecilic variation
in different populations of taxa iselaied from the
plankion, For example, populutions of the tintinnid
Fooehrenberpdi sampled an 1999 (FehrS9) and 2000
(Fehrlidy were ideniscal with respect o TS sequence
(Fig. 4 and Table 51, even though regular sampling (ai
lizasn weekly ) mcliceled] that this species was absent or
al extremiely low abumdance durning the intervening
months, Straoshidinepsis sppe and  Féadimamsnsis spp.
smamples do nol shawe this stable pattern, bug rather
show considerable varintion between  populations
smampled at different times (Fig. 4 amnd Tahle 61, In
futwre work, we hope toadentily environmental Factors
{e.g. dissolved oxveen concentrations, phytoplinkoon
hiomass and diversity, and tempernturel cthat may
commelate 10 the population-level differemces we sa ai
the penstsc level. In addition, the use of morphology
wone in defining taxonomic growps may  obscune
gemetic varintion among crypiic species and explain
the high levels of varintion we found in some samples
(e.g. TinispB in Table 6: clades IV and ¥ in Fig. 4).

Relating morphology 1o genetics in ciliates

The research presemted here s one of the first stwdies Lo
analyse molecular data 10 describe the diversity ol
aligatrich and choreotrich cliates. Previous allempts
to survey the diversity and bsogeography of manine
tintinnids ave relied on traditional approaches based
on maerphology alome (eg. Dokan, 2000 Dolan &
Gﬂlb:gm. MM Perer e ol MW Paerce & Turmner,
1993 Thompson ef o, 19993, One of the surprsing
resulus of our study s the discovery Lhat T sefelasaides
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Diversity within the ciliate Class Spiratriches

Fig. 5. Light microgeapha of réprasentatssg af the e pepulaticns af fintinnids, dlusirating the range of morphological
variation: (&) Tk, (b} Tinbiplos, i) Tintpdol snd (d} Tinkp00L. Scale bars, 30 . Based on bvica morphakegy and
dimeraion:, these four aolates would Beely be designatid as sepafale dgsicii, o perhagn o only three specie, with
TiubaD and Timspdda baing lumpid together [{a) and (b, repectsely], Our sequence data show TIub33 ard Tirsp00B
ta b iderdical [{a) and (o}, revpectively] srd disting from the other teo. Additional images showing the merphalegy o
the cillates is available 25 sappiementarny data in LISEM Onliver (Mg O agmjcurnals.angd

and memhbers of the TintspdB population, an ap-
pacrenily distinel morphodegical entity, are genstically
wlemtical at the ITS kcus [Fig. S, c) & Table 5).
This confirms concerns that lorica marphology is unre-
liabde lor phylogeneise reconstruction {Laval-Peuto &
Browmbee, 19247, and that within ihe tintinmids, lomca
marphology may result from ecolypec variatien (e.g.
Laval-Peuto, 1977, 19811 Similar concerns on ihe
sustability «f hard-part morpholegy for the classi-
fication of aher lestate profists, such as  ihe
loramnifeny, have recently been confirmed by use of
madecular approsches o look at genetic variation
withan species (e.g. Darling of af, 2000 ; de Vargas ¢
al., 200 Holemann of o, 1996 ; Morris & de Vorgos,
DNy, Owr condirmation that  kerica morphology
AP Lo be g paoar iral for classifving tintinnids has
wplicalon: nol only lor exlant taxa, bat ako For
classafboation schemes based on tintinnid microfossils
that rely on hard-pa morphaology abone, since there is

g s nak.ong

nar recgrss Lo molecular data o test such designations.
Moreover, these resulis underscone the noed For studies
on genctic vanability m natiral caliae populalions, as
our imitial molecular surveys suggest that ITS regions
willl provide adequate pelymorphism data o allow us
14y AEsEss hil.'l_ﬂtl.'u.'lu['ihll.' vanataen n caliales.
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