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Holospora spp. and “Candidatus Gortzia infectiva”, known asHolospora-like bacteria
(HLB), are commonly found as nuclear endosymbionts of cilies, especially the
Paramecium genus. HLB are related by phylogenetic relationships, mommlogical
features, and life-cycles, which involve two alternating nrphotypes: reproductive and
infectious forms (RF, IF). In this paper we describe a novepscies belonging to the
“Ca. Gortzia” genus, detected inP. multimicronucleatum a ciliate for which infection by
an HLB has not been reported, discovered in India. This novetndosymbiont shows
unusual and surprising features with respect to other HLB, wch as large variations
in IF morphology and the occasional ability to reproduce inhe host cytoplasm. We
propose the name of ‘Candidatus Gortzia shahrazadis” for this novel HLB. Moreover, we
report two additional species of HLB from IndiarParameciumpopulations: “Ca. Gortzia
infectiva” (fromP. jennings), andH. obtusa (fromP. caudatum); the latter is the rstrecord
of Holospora from a tropical country. Although tropical, we retrievedH. obtusa at an
elevation of 706 m corresponding to a moderate climate not ulike conditions where
Holospora are normally found, suggesting the genusHolospora does exist in tropical
countries, but restricted to higher elevations.

Keywords: Gortzia, Holospora , bacteria , Paramecium , endosymbiosis, distribution, India

INTRODUCTION

Ciliates (Alveolata, Ciliophora) have long been known to béeptial hosts for bacteriaHreer

et al., 1974; Gortz, 1983; Heckmann and Schmidt, 188wiewed inGortz, 1996, 2006; Fokin,
2004a, 2012; Fujishima, 2009Molecular characterization shows a large biodiversityoag
these symbiontslibis and Ushida, 2004; Vannini et al., 2004, 2010, 2014; Ratkal., 2006;
Schrallhammer et al., 2006, 2011, 2013; Ferrantini et0fl9;Boscaro et al., 2012, 2013aBang

et al., 2014; Senra et al., 2015; Szokoli et al.,) #ibalso the type of interaction with their hosts
can range from mutualistic to parasitig(sch et al., 2002; Vannini et al., 2003, 2007; Fels and,Kaltz
2006; Fellous et al., 2011n this work, we use De Bary's de nition of “symbiosyslie(Bary, 1870
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as “the living together of two dierently named organisms”, “H. curvatd) and “Ca. Gortzia infectiva’ do not show this
independent of e ects on the organisms involved, therebyparticular localization ftokin et al., 1996; Boscaro et al., 2013a;
including mutualism, parasitism, and commensalism.Fokin, 201), and instead are released from the host by
The terms “symbionts” and “endosymbionts” also use thisan inverted path of infection Kokin and Sabaneyeva, 1997;
de nition. Fokin, 201%: IFs are released singularly or in small groups
Holosporais a well-known genus of endosymbiotic bacteriafrom the nucleus into the cytoplasm, and later into the
The Holosporaname, meaning “whole spore” was invoked byenvironment.
Hafkine (1890) to describe rod-shaped bacteria, similar to Holospora species have been widely recorded by
spores, infecting a French population Bf caudatum(found in  protistologists, allowing researchers to produce a bioggugr
an aquarium), includingH. obtusa, H. undulatand H. elegans of these endosymbiontsF¢kin and Gortz, 2009 although
(Hafkine, 189¢ redescribed inGromov and Ossipov, 1981; the infection rate inParameciumpopulations is not always
Preer and Preer, 1982Since then, many otheHolospora permanent and follows cyclic uctuations~pkin and Gortz,
species have been described (although most lack a prop2009; Duncan et al., 20)L5
description according to the bacterial taxonomic code) hsas Although the genusParameciumis nearly cosmopolitan
“H. acuminatd, “H. bacillatd, H. caryophila,"H. curvatd, “H.  (Fokin, 1997, 2010/11; Przy®and Fokin, 200QHolosporshave
curviusculg “H. rectd, andHolosporaspp. Ossipov et al., 1980; only been isolated in cold to temperate areas, in the north of
Preer and Preer, 1982; Borchsenius et al., 1983; Fokin, 19%merica, Asia and EuropeHpri and Fujishima, 2003; Fokin,
Fokin and Sabaneyeva, 1993; Fokin et al., 1999; p&iéwed in  2004b; Fokin et al., 20D6However, this pattern is most likely
Gortz and Schmidt, 2005; Ferrantini et al., 2p0heHolospora  biased by the lack of sampling in tropical countries, where
like bacteria (HLB) group includes all knowtolosporaspecies sampling e orts have been limited=0kin et al., 2004; Gortz,
and “CandidatusGortzia infectiva’, recently found in a stable 2008; Fokin and Sera, 2014An exception is Ca. Gortzia
endosymbiosis in th®. jenningsmacronucleus (MA) Boscaro infectiva’, which has only been found in a sample from Thailan
et al., 2013a These two genera of bacteria share similarities irfBoscaro et al., 2013ashowing that HLB can exist in tropical
morphology, in life-cycles and show a close phylogeneticicglat climates.
(Boscaro et al., 201Ba In this paper, we report the retrieval of HLB from another
Holospordike bacteria (HLB) are Gram-negative, non- tropical area, the south of India. We found and described
motile Alphaproteobacteriainhabiting either the MA or the a novel species of HLB, which is the rst reported from
micronucleus (MI) ofParameciunspecies (for review ségortz P. multimicronucleatum Moreover, we found Ca. Gortzia
and Schmidt, 2005; Fokin and Gortz, 2008s well as the MA of infectiva’ in the MA of an Indian population ofP. jenningsi
Frontonia(Fokin et al., 2006; Ferrantini et al., 2007 and, quite surprisingly, alsél. obtusainfecting the MA of P.
AllHLB live in an obligate endosymbiosis with their hostsda caudatumfrom India. Our records represent the rst report
have variable degrees of nuclear and host speci ciigs(pov, of “Ca. Gortzia infectiva” from India and the rst nding
1973; Fujishima and Gortz, 1983; Gortz, 1983; Fokin, 2000f the Holosporagenus in a tropical country (although from
Boscaro et al., 2013#or review onHolosporaseeFujishima, a higher elevation with a moderate climate), at the lowest
20091. They undergo a distinctive life-cycle involving two latitude ever reported. Thus, our study provides new and
di erent forms: the smaller and almost round reproductiveffior important information about HLB distribution, reshaping HLB
(1-3mm) (RF), and the much more elongated, rod-like infectiousbiogeography.
form (4-20mm) (IF), in which it is possible to recognize several
cell parts: cytoplasm, periplasm, and an apical structure, thR/IATERIALS AND METHODS
“recognition tip” (Gortz and Diekmann, 1980; Gortz et al., 1989,
1990; Fujishima et al., 1990; Boscaro et al., 2013a Paramecium Collection and Identi cation
Holospordike bacteria (HLB) can be spread by bothSampling was carried out in India, during 2014:
horizontal and vertical transmission (reviewed ffokin and P. multimicronucleatum population TP2 was collected in
Gortz, 200. The IFs invade a new host cell via a phagocytotiéreshwater Kolleru Lake, Andhra Pradesh (N 4816.6°
pathway and, after acidosome fusion, are able to escape frafn 8124°%18.0% 28th September);P. multimicronucleatum
digestive vacuoles and reach the nucleus of the ciliatet¢ PC6 strain was sampled in Pedda Cheruvu, the largest
and Wiemann, 198P via movement mediated by the host freshwater water body in the Vizianagaram district, Andhra
cytoskeleton fokin et al., 2003; Sabaneyeva et al., 2005,)200®Pradesh (N 1806B6.0° E 83240.0° 23rd November);
Inside the nucleus, IFs dierentiate into reproductive forms P. jenningsipopulation BJ1 was collected in the brackish
which divide by binary ssion. During host cell division, RFs water Chilka Lake, Odisha (N 184%37.0°E 85 12%4.49 3rd
are shared between two daughter nuclei. In mékilospora February); P. caudatumpopulation SH2 was collected in a
species (i.e., H. acuminatd, “H. curviuscula H. elegans, freshwater stream on Araku Hills, 706 m above the sea level,
H. obtusa, “H. rectd, and H. undulatd the majority of in Visakhapatnam district, Andhra Pradesh (N 1%%32.3°
infectious forms are concentrated in a central part of theE 830215.69 27th January). Where not indicated, samples
dividing nucleus—called the “connecting piece’—that will bewere collected at sea level. The Araku hills have a moderate
released into the environment\(iemann and Gortz, 1999The  climate: the average maximum day-time temperature is 2.6
remaining Holosporaspecies (i.e.,H. bacillatd, H. caryophila, and the average minimum temperature is 240 During the
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Indian summer season (March-June) the average maximurcharacterization of Endosymbionts
temperature is 35.Z, the minimum is 26.2C (http:// Examination of living cells show that SH2, BJ1, and TP2/TP2-
www.yr.no/place/india/Andhra_Pradesh/Araku/statistic 2 paramecia exhibit MA bacterial infections. Transmission
html). electron microscopy (TEM) analysis was performed on the TP2-
Samples were grown at room temperature and fed Cerophy#l monoclonal strain following the protocol iBoscaro et al.
medium inoculated wittRaoultella planticoléseeBoscaro et al., (2013a)
2013afor details). Unfortunately the SH2 and BJ1 populations We carried out cross-infection experiments using
survived only a few weeks in laboratory conditions, but forinfected TP2-2 cells as donor, and the endosymbiont-free
P. multimicronucleatunpopulation TP2 we were able to create P. multimicronucleatunstrain PC6 as recipient. Experimental
a monoclonal culture, named TP2-2. infection was carried out by preparing a homogenate of infécte
Living observations and images were made with an Axieells according toPreer (1969) Recipient cells were infected
Lab.Al (Zeiss) microscope and/or by an Orthoplan Leitzby mixing equal volumes of cell culture with the donor cell
microscope equipped with dierential interference contrasthomogenate in a 3mL depression slide, and incubating at room
(DIC), as well as a Leica DMR microscope at300-1250 temperature. In order to check the infection status a setwfigj
magni cations. 18S rDNA sequencing was performed to con rmcells o D 10) was observed by DIC after 2, 24 and 48 h after
morphological identi cations. About 20 cells for each poputeti  mixture with the homogenate. We could test the trans-infeati
were isolated and stored in 70% Ethanol &0 C until genomic  with only one species ¢farameciunas receiver, due to the small
extraction using a NucleoSpi¥ Plant Il kit (Macherey-Nagel, number of cells in the TP2 culture.
Germany). The polymerase chain reaction (PCR) was carried out Endosymbiont 16S sequences were obtained for all the
with the following primers: 18S F9 $5CTG GTT GAT CCT populations using theAlphaproteobacteriainiversal primers
GCC AG -3), (Medlin et al., 1988 and 18S R1513Hypo 5 16S Alfa F19b, 16S R152Zlle 1); sequencing was initially
TGA TCC TTC YGC AGG TTC -9, (Petroni et al., 2002 All  carried out usingbacterialuniversal primers (16S F343 ND, 16S
PCRs were performed in a 4@ reaction volume with 0.251  F785 ND, 16S R515 ND); subsequently we designed specic
primers (100mM), TaKaRa PCR reagents and ExTaq (Takaraequencing primers for each species (for details Tedste J).
Bio, Japan) using a C1000Thermal Cycler (Bio-Rad, Hercules, For the TP2 endosymbiont, two additional PCR reactions
CA). The PCR program used was: denaturation at®for 30s, were performed with two di erent sets of primers: 16S Alfa
annealing at 55C for 30s, elongation at 72 for 2min, and F19b together with 16S Gortz R659 (annealing temperature
nal elongation step at 72for 6 min. PCR products were cleaned was changed to 5C) and 16S F114HoloCaedi together with
with the EuroGOLD Cycle-Pure kit (EuroClone, Milano, Italy) 16S R1488 Holo. The rst PCR product was sequenced
and sent to GATC Biotech Company (Germany) for sequencingising R534 Gortzia, the second with F1008 Gortzia and 16S
with the following internal primers: 18S R53646TG GAATTA  R1328HoloCaedi, and the sequencing results assembled into a
CCG CGG CTG-9, 18S R1052 BBAAC TAA GAA CGG CCA  single sequence. The 16S rRNA gene sequences were aligned
TGC A-3) and 18S F783 lB5AC GAT CAG ATA CCG TC-8, using the ARB software packageu(iwig et al., 2004and
(Rosati et al., 2004 manually checked against more than 600,000 bacterial segae

TABLE 1 | List of primers used for 16S rRNA encoding gene sequenc ing of Holospora -like bacteria from Paramecium spp.

Name Sequence (5 0—3‘5 Target Use Type Speci city References

16S Alfa F1917 CCTGGCTCAGAGCGAACG GS, GI,HO PCR, sPCR Forward  MoAtphaproteobacteria Modi ed from Vannini et al., 2004
16S R1522b GGAGGTGATCCAACCGCA Gl, HO PCR Reverse  MaAtphaproteobacteria Schrallhammer et al., 2006

16S Gortz R65%F TTCCGTTTTCCTCTACCA GS sPCR Reverse  Genu€d. Gortzia" Adapted fromBoscaro et al., 2013a
16S F114HoloCaed? TGAGTAACGCGTGGGAATC GS sPCR Forward  Sonfickettsiales Boscaro et al., 2013a

16S R1488 Hold TACCTTGTTACGACTTAACC GS sPCR Reverse  SonRickettsiales Boscaro et al., 2013a

16S F343 ND TACGGGAGGCAGCAG GS, HO SEQ Forward  MoBacteria Vannini et al., 2004

16S F785 ND GGATTAGATACCCTGGTA GS, HO SEQ Forward ~ Md3acteria Vannini et al., 2004

16S R515 ND ACCGCGGCTGCTGGCAC GS, HO SEQ Reverse  MoBacteria Vannini et al., 2004

R418 Holo_obt GGGCTTTTTCTCTCGTTACC HO SEQ Reverse Holospora obtusa Present work

F881 Holo TTACCGCGGCGGCTGGCA HO SEQ Forward  Genuolospora Present work

R1143 Holo GAACTTTTTCTCTCGCTACC HO SEQ Reverse  Gendslospora Present work

16S R1328HoloCaedi TAGCGATTCCAACTTCATG GS, Gl SEQ ReverseSome Rickettsiales Boscaro et al., 2013a

R534 Gortzia CACGCTTTCGTGCCTCA GS, GI SEQ Reverse  Genu3d: Gortzia” Present work

F1008 Gortzia AGCTCTTTTACTCGTGAAG GS, Gl SEQ Forward Gerli@3a. Gortzia” Present work

GS, “Candidatus Gortzia shahrazadis” (TP2); GlI, “Ca. Gortzia icfera” (BJ1); HO, Holospora obtusa (SH2); sPCR selective PCR
aPrimer used in selective PCR to obtain the initial segment of 16S rDNA
bPrimer used in selective PCR to obtain the nal segment of 16S rDNA.
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from SSU rRNA SILVA 123 Ref NR 99 databageidst et al.,

variability in 18S rDNA sequences inside the taxon suggasts

2013. For phylogenetic analyses 58 sequences were employpdesence of cryptic species, a situation that will be addressed
together with the 3 new sequences, 48 selected sequengesforthcoming studies.ParameciumBJ1 was identied as
belonging to orderRickettsialesnd 7 sequences belonging to P. jennings{Figure 2), due to the presence of two chromosomal-
classAlphaproteobacterias outgroup (sequences not shown intype Ml (strangely, in some cases, more than twe)Kin, 199§

the tree are listed in Table S1). The alignment was reduced fffrigure 2B) and by 18S rDNA sequence (1711 bp) identity with

length, producing a 1632 character matrix. Maximum likebkio
(ML) analyses (PHYML 5.3.2)Guindon and Gascuel, 20p3
and Bayesian inference (BI) analyses (MrBayes &R2hquist
et al., 201pwere performed, with the GTRI CG substitution
model, as indicated by AIC (Akaike's information criteripn
calculated by jModelTest 2.2érriba et al., 2012 ML analysis

P. jenningsi(HE662760, AF100311) of 99.88%. We identi ed
Parameciun8H2 asP. caudatun{Figure 3) because it exhibited
one compact-type MIKigure 30 and its 18S rDNA sequence
(1710 bp) matche®. caudatunHE664171 with 99.00% identity,
with 1 indel and 16 mismatches. This number of mismatches
is unusual in 18S rDNA sequences of the saRsamecium

was applied with 1000 pseudoreplicates, while for Bl analysispecies, suggesting again a possible cryptzaudatunspecies.
three di erent Markov Chain Monte Carlo runs were employed, These newly obtained sequences are available from the ENA
with one cold chain and three heated chains each, running fodatabase: LT54900%.( multimicronucleatunirP2); LT549006

500,000 generations.

(P. multimicronucleatumPC6); LT549003R. jenningsiBJ1);

Fluorescence In  Situ Hybridization (FISH) analyses LT549004 . caudatunSH2).

was performed as described Woscaro et al. (2013aA
rst set of experiments was carried out witl. jenningsi
BJ1 and P. multimicronucleatum TP2 wusing a probe
designed for Ca Gortzia infectiva’, GortProb659 %
TTCCGTTTTCCTCTACCA-9, (Boscaro et al., 201Ra
labeled with a cyanine 3 (Cy3) uorophore at thé® Bnd,
together with aBacterial universal probe EUB338 ¥&CT
GCCTCCCGTAGGAGT-3 (Amann et al, 199) labeled
with uorescein isothiocyanate (FITC) at thé’ 8nd. We then

Characterization of New HLB from

P. multimicronucleatum TP2

Cells of P. multimicronucleatumTP2 exhibited 100% MA
infection by rod shaped bacteriaFigure 1). A few weeks

after isolationParameciunctells manifested hyperinfected MAs,
with dense clusters of bacteri&igures 1A,B. The symbionts

showed the typical morphology of HLB, with two dierent

designed two new species-speci c probes able to distinguidlorms: the small RF (2.5-3n8n) and the larger, rod shaped

between the two endosymbionts frorR. jenningsiand P.

IF, (6.9-10.7mm) (Figure 1B. The IF were characterized by

multimicronucleatum since GortProb659 was found to labelslightly tapered ends and by darker/re ecting parts in their

both. We designed GortzInf_1268 ¥56CCTGATTCGCTCA
AGGTC-2 FITC uorophore in 5 end), specic for Ca G.
infectiva’, and GortzSha_1266°{5TTTGATTTGCTCAAGGT
CGC-F Cy3 uorophore in ¥ end), speci c for the new HLB
from P. multimicronucleatumBoth probes were testad silico
on the RDP (ribosomal database projecfio(e et al., 2009
and SILVA database using TestProbe 3Qudst et al., 2093

bodies. In addition, some transient forms (TF)—large but
not containing re ecting material—were presenfigure 1B.
One year after isolation and subcloning, we repeated the
analysis to check the infection status of TP2-2 and noticed
that the distribution of the bacteria in the MA had changed:
IF were clustered together in several small groups inside the
nucleus Figures 1F,G. IF and TF increased their length in

allowing 0 mismatches. It was not possible to experimentallgomparison to previous observations, reaching 8.2-tvh7

test GortzInf_1268 becausB. jenningsiBJ1 infected with

and 6.7-15.5m, respectively. In addition, the number of

“Ca.Gortzia infectiva” was lost. We tested GortzSha_1266 (Cy3)F increased dramatically, whereas classical RF were fewer
in competition with Gortzinf_1268 (FITC) or EUB338 (FITC) and/or less visible, compared to the rst observations. We

on theP. multimicronucleatunendosymbiont.

RESULTS
Paramecium Species Identi cation

also observed IF dividing by binary ssionFigure 1K).
Moreover, many IF showed an abnormal distribution of
periplasmic parts inside the cell, forming a striated/dotted @it
(Figures 1J,K.

Quite surprisingly, we found these HLB not only in the MA

ParameciunTP2 and PC6 exhibited the typical cell morphologybut also evenly distributed in the cytoplasm, inside and alégsi

and size ofP. multimicronucleatummorphospeciesHigure 1)
(Fokin, 1997, 2010/11; Fokin and Chivilev, 2))ashowing the
presence of several vesicular-type Migure 1J). We obtained

food vacuolesKigures 1H,l, 4G, 5D,F,G); using TEM and FISH
techniques we detected large numbers of IFs and TFs, but also
some RFsKigures 4G 5G). This phenomenon was observed

two identical 1710 bp 18S rDNA sequences that matcheduring a random check 4 months after sampling and occurred
more than 10P. multimicronucleatumsequences (including in 10—20% of analyzed cells D 40). Due to the low number of
HG315606, HE662762, and other) with 99.35-99.88% identitgells in our culture, it was not possible to periodically chéwuk
For this reason, we identify our TP2 and PC6 organisms astatus of infection and its progress, however, 1 year aftepag

P. multimicronucleatumNevertheless, our sequences reachethis unusual cytoplasmic distribution was present in 50% of the

only 98.49% identity if compared to another group &

multimicronucleatum sequences, including the one for the

morphospecies (AF255361%ttUder-Kypke et al., 2000Such

analyzed cellsy(D 42).
During host cell division, we never observed the “connegtin
piece” Figures 1C,05A,B). Endosymbionts were spread among
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FIGURE 1 | Light microscopy of infected cells of ~ P. multimicronucleatum . (A—E) TP2 cells a few weeks after environmental sampling antF—K) after 1 year in
culture. (A) Whole cell with macronuclear infection(B) Infected macronucleus (nha), with bacteria clustering inside(C) Infected cell undergoing division andD) detail
of its ma, showing absence of connecting piece.(E) Bacterial forms released aftema squashing, showing classical size and morphology of repraactive (f) and
infectious {f) forms. (F) Whole cell with macronuclear infection after 1 year of cultation, in which bacterial cells are less visibl€G) Detail of infectedma, in which if
cluster together in small groups, among a large number of trasient forms €f). (H) if in host cytoplasm. (1) Detail ofif in host cytoplasm inside and outside vacuoles(J)
Detail of host vesicular type micronucleinfi) and if, showing some changes in morphology, such as size and unusuastriated/dotted pattern. (K) if undergoing binary
ssion and tf after cell squashing.(L) ma of strain PC6, infected by bacteria during cross-infectiorexperiments, showing classicatf morphology. Arrowheads indicate

infectious forms,arrows reproductive forms anddouble arrowheadstransient forms. Theasteriskindicates the cleavage furrowBars stand for 30mm (A,F), 20 mm
(C,H) and 10 mm (B,D,E,G,I-L).

daughter cells within MA pieces which, in many cases, were During our cross-infection assay, we observed the presence o
not equally shared in terms of size, suggesting that theebiact HLB inside the MA ofP. multimicronucleatun®C6 48 h after the
interfere in host cell division. beginning of the experiment, showing the initial RF morphology
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FIGURE 2 | Light microscopy and FISH analyses of infected P. jenningsi BJ1. (A) Cell with hyperinfected macronucleusrfa). (B) Infected ma and three
chromosomal type micronuclei fni). (C) Detail of reproductive, infectious and transient forms, &r ma crushing. (D) Positive signal of the probe GortProb659 (labeled
with Cy3, emitting in red) inside hosma, during FISH experimentArrowheads indicate infectious forms,arrows reproductive forms anddouble arrowheadstransient
forms. Bars stand for 10 mm (A,D) and 5 mm (B,C).

.‘4
0 R ‘\

FIGURE 3 | Light microscopy of infected  P. caudatum SH2. (A) Whole cell with macronuclear infection(B) Detail of hyperinfected macronucleusrga). (C)
Compact type micronucleus (i) and rod-shaped bacteria, released aftema squashing. Arrowheads indicate infectious forms.Bars stand for 20 mm (A) and 10 mm

(B,C).

observed in TP2 cells after a few weeks in cultivatkigyre 11).  the body Figures 4A—Q. In some cases, recognition tip-like
From that moment, HLB cells in PC6 strain started to grow andstructures were present at both ends of the deiyj(re 4A). The
di erentiate, but after some days host cells started to aecli periplasmic regions of IF exhibited a very dense, osmiophilic
and die. pattern, while the recognition tip contained less osmiophilic
Ultrastructural analysis of TPR. multimicronucleatunafter —material. The periplasm constituted a rather thin layer, often
1 year of cultivation Figure 4) supported live investigations unevenly distributed beneath the outer cellular membrane of
using DIC microscope during the same perideidures 1F-K. IF, sometimes forming outgrowths or sublayer invaginason
We were able to recognize dierent ultrastructural featuresthe cytoplasm Figure 4F. We could discriminate at least two
characterizing the life-cycle stages described above: RF, di erent periplasmic regions on the bases of their density: a
and TF. RF appeared short and roundish with the typicaldarker, electron-dense part and a lighter or@res 4B,G. The
homogeneous and relatively electron-transparent prokacyot IF cytoplasm was more heterogeneous and denser than the RF
cytoplasm. The IF, longer and rod-shaped with slightly taperedytoplasm. Extensions of cytoplasm could be seen protruding
ends, displayed di erentiated cytoplasmic and periplasmic partgito the periplasm in some caseBigures 4B,C,. Sometimes
and a recognition tip-like structure in the apical part of the same cell would manifest two or more stripes of dense
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FIGURE 4 | Ultrastructural morphology of the novel Holospora -like bacteria harbored by  P. multimicronucleatum , after 1 year of cultivation. (A)

Longitudinal section of reproductive ) and infectious if) forms, the latter showing various degrees of cell compartentalization in cytoplasm¢), periplasm p) and
recogpnition tip €). (B) Detail ofif showing cytoplasmic extrusion and periplasm with two elesbn-dense areas, a darkerf;) and a lighter ;) one. (C) Detail oft, p;, and
py inif. (D) rf in transverse section and in longitudinal section during bary ssion. (E) Transient form {f) in longitudinal section witht at both ends of cellular body.(F)
Transverse section ofif showing irregular distribution ofp around cytoplasmic part. (G) Transverse section ofif and rf inside eukaryotic cytoplasm ¢c) of host. Arrows
indicate cytoplasmic extrusion in periplasmic spacearrowhead indicates the membrane layers surrounding IF. Thasteriskindicates the cleavage furrowBars stand

for 0.5mm.
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FIGURE 5 | Results of uorescence in situ hybridization (FISH) on P. multimicronucleatum TP2. Experiments were performed with different probe
combinations: (A,B) GortProb659 (‘Ca. Gortzia” genus-speci c) and EUB338 Bacteria), (C-E) GortzSha_1266 (Ca. Gortzia shahrazadis” species-speci c) and
GortzInf_1268 (Ca. Gortzia infectiva” species-speci c),(F,G) GortzSha_1266 and EUB338.(A) Cell in division with infected macronucleusnia), stained with
4,6-diamidino-2-phenylindole (DAPI)(B) positive to GortProb659 and EUB338 probes, completely ovdapping. (C) Two cells xed after 1lyear of culturing, showing
intact ma stained with DAPI,(D) positive to GortzSha_1266, inma (upper cell) and also in cytoplasm (lower celljE) same cells are negative to Gortzinf_1268(F)
Closer view of cytoplasm and part ofma stained with DAPI of aP. multimicronucleatumcell infected by bacteria,(G) which are positive to GortzSha_1266 and
EUB338 probes, with completely overlapped signals: reprodctive forms (f) and infectious forms well visible in host cytoplasmArrows indicate host cell with infection
restricted to ma only, double arrowheadshost cell with infection both inma and in cytoplasm; arrowheads endosymbiont reproductive forms in cytoplasm during
binary ssion; dotted line position of ma inside host cell. Theasterisksindicate the cleavage furrowBars stand for 20mm (A-E) and 10 mm (F,G).

periplasm, interposed with other cytoplasmic regions (probablyvas their membrane composition: in the majority of IF the
forming the striped/dotted pattern previously observed viasurface membrane was surrounded by ne brous material
DIC microscopy). Another dierence between IF and RFand, in some cases, manifests an additional membrane cayeri
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this brous-like layer Figures 4C,F. TF appeared rod-shaped, that the new HLB was the only bacterial species harbored by
with a size comparable to IF. The TF ultrastructure showedhe TP2 cells. As detected from live observations, in masgsa
the presence of prokaryotic cytoplasm, without a distinctiveve found bacteria positive to the GortzSha 1266 probe not
periplasmic part Figure 4B. The density of the TF cytoplasm only in the MA but also in the cytoplasmF{gure 5G, with a
resembles that observed in IF. Some TF manifest recognitidmmogeneous distribution. No broken MA were detected, which
tips at one or both ends of the body, as we observed in IEould have explained this unusual distribution.

(Figure 4A). All forms showed a constant diameter of 0.7— These results conrmed both the presence of
0.8mm. HLB corresponding to our 16S sequences inside the
A 1398 bp long 16S rDNA sequence was obtained fron®. multimicronucleatumhost and that it is possible to
this P. multimicronucleatunHLB and is available from ENA discriminate this bacterium from the already charactedize
database under the accession number LT549002. From sityilar“Ca. Gortzia infectiva’, using species-specic probes. The
matrix calculation we observed an identity value of 98.93% ( sequence of probe GortzSha_1266 matches no sequences in
mismatches) withCa. Gortzia infectiva” HE797907 and 90-91%the RDP database, while GortzIinf_1268 matches 4 sequences
with HolosporasequencesT@ble 2. In phylogenetic trees, this belonging to Ca. Gortzia infectiva’ clones. Sequences of these

HLB species appeared strongly supported by statistical valuesta® new probes were deposited into probeBase datakase(er
a member of the Ca Gortzia” clade (100/1.00), being a sisteret al., 2015
species ofCa.Gortzia infectiva’ Figure 6). L . .

Preliminary FISH analyses suggested the presence of membefe@. Gortzia infectiva” from India,
of the ‘Ca Gortzia’ genus inP. multimicronucleatumTP2 ~Endosymbiont of P. jenningsi BJ1
(Figures 5A,B. In a double hybridization experiment with Paramecium jenning€BJ1 showed aCa Gortzia infectiva’-
the newly designed species-speci ¢ probes GortzSha_1266 amdated infection in the MA, from images taken of live specimen
GortzInf_1268, HLB fromP. multimicronucleaturrshowed a and from FISH results Rigure 2. The 16S rDNA sequence
positive signal only to GortzSha_1266 and not to the speci drom this endosymbiont, 1432 bp long, showed 99.93% of
probe for ‘Ca. Gortzia infectiva” Figures 5C—f. Moreover, identity (1 mismatch) with Ca Gortzia infectiva’ HE797907
FISH results were positive to GortzSha_1266 and EUB338 prob&sm Thailand, with which it forms a monophyletic species-
with completely overlapping signal§igures 5F,G, suggesting level group, supported by strong statistical values (100/0.97)

TABLE 2 | Identity values among Holospora -like bacteria 16S rDNA sequences.

a. b. c. d. e. f. g. h. i j- k. .
a. H. obtusa _
HE797905
b. H. obtusa 98.78 _
LT549001
c. H. obtusa 99.53 99.14 _
JF713682
d. H. obtusa 99.24 99.16 99.86 _
X58198
e. H. elegans 97.64 97.84 98.22 98.44 _
BAUP01000039
f. H. undulata 97.71 97.91 98.29 98.53 99.93 _
NZ_ARPMO03000111
g. “H. acuminata” 95.88 95.26 96.39 96.05 96.27 96.34 _
KC164379
h. “H. curviuscula” 96.15 95.88 96.42 96.60 97.09 97.10 97.90 _
JF713683
i. Unc. Bact. 91.97 91.31 90.90 91.07 91.23 91.15 91.38 91.46 _
JF681416
j. “Ca. G. infectiva” 91.06 90.47 90.32 90.47 89.97 90.04 90.30 90.9 91.78 _
HE797907
k. “Ca. G. infectiva” 90.98 90.76 90.39 90.77 90.28 90.35 90.37 90.67 91.86 99.93
LT549000
|. “Ca. G. shahrazadis” 91.06 90.54 90.32 90.40 90.11 90.19 90.09 90.45 91.62 98.93 99.00
LT549002

Identity values obtained via distance matrix calculation by ARB programeguences obtained in present work are shown in bold.
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FIGURE 6 | Bayesian inference tree of the order  Rickettsiales based on 16S rDNA sequences. Numbers associated to nodes represent posterior probabiiies
and maximum likelihood bootstrap values, respectively (dy values above 0.80-70 are shown). Numbers inside trapezis correspond to sequences used to
represent that clade. Sequences obtained in the present wdrare inbold characters. Bar stands for an estimated sequence divergence of 6%.

(Figure 6). The identity values with the other two newly of 1434 bp, available on ENA database under the accession
characterized endosymbiont sequences, TP2 and SH2, wé 9umber LT549001H. obtusaSH2. The identity was 98.78-
and 90.76%, respectively (14 mismatches and 115 mismatct#%16% with otheH. obtusasequences (HE797905, JF713682,
plus 18 indels, respectivelyjgble 2. Our sequence is available X58198), (12 mismatches - 11 mismatches/2 indelaple 2.
from ENA database under the following accession numberAlthough this H. obtusafrom India showed a slightly higher
LT549000, Ca.Gortzia infectiva’ BJ1. divergence in comparison with its previously known conspegi cs

from the phylogenetic analysis these four sequences cleanty for

. a monophyletic cladeHRigure 6), supported by high values of

Holospora obtusa from India, bootstrap and posterior probability (100/1.00).
Endosymbiont of P. caudatum SH2 Holospora obtusavas the sister group of thel. undulata
Live observations, supported by molecular analysis, con rmedNZ_ARPMO03000111) andl. elegangBAUP01000039) clade.
the presence oH. obtusain the MA of P. caudatumSH2 Together with H. curviuscula (JF713683) andH. acuminatéd
(Figure 3), from which we obtained a 16S rDNA sequence(KC164379) and one uncultured bacterium (JF681416) they
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formed a monophyletic lineage, sister clade of tha“Gortzia”  after several months of culturing. IF, indeed, showed aroatmal

genus. The sequences ldf undulata and H. eleganshowed pattern of growth (it almost doubled its length in some case®)

99.93% identity, di ering by only 1 bp. bacterial periplasmic distribution, when compared to the clzsi
HLB morphology. We do not yet know the cause for these
unusual variations in IF/TF shape. The overall suppositioha t

DISCUSSION “aberrant” IFs faced some physiological problem in developing
Lo the classical morphology. Indeed, the increased number of TF

Novel HLB from P. multimicronucleatum in the MA could be caused by an inability to exit this stage,

TP2 with a consequent increase in size. When they were able to

In the present study, we describe a novel HLB, belonging tdevelop cellular di erentiation, the periplasmic part has been
the “Ca Gortzia” genus. It occurred iR. multimicronucletuma  produced in an unevenly pattern. In other words, these traits
Parameciunspecies in which HLB have never been documentedould be due to physiological stress, disease, or mutaticats th
(Fokin and Gortz, 2000 This endosymbiont shares many accumulate in vertically inherited bacteria, with a prolebl
traits with the Holosporaand “Ca Gortzia’ genera, such as reduction in the e ciency of horizontal transfer, or due to
the peculiar life-cycle involving two di erent stages (IF, RF) changes in host/symbiont interactions occurred under lalbory
and ultrastructural internal compartmentalization of I5¢rtz  growth conditions. The fact that the classical HLB morphology
and Wiemann, 1989; Wiemann and Gortz, 198Burthermore, is observed in the experimentally infected PC6 strain could
it can be included in the group ofCa Gortzia infectiva’, be due either to a positive selection for non-altered baateri
H. caryophila“H. bacillatd, and “H. curvatd, due to the absence still able to perform horizontal infection correctly, or tdhé
of a “connecting piece” and the presence of several membrawapability of bacteria to restore the initial cell morphologya
layers surrounding IF. This particular feature, never obserin  di erent, unaltered, host environment. Although these auvest]
thoseHolosporaspecies able to induce the “connecting piece’hypothesis, the observed features can be used for taxonomic
is probably related to host-invasion or a releasing mechmnis purposes. From a molecular point of view, this new HLB
(Fokin et al., 1996; Fokin and Sabaneyeva, 1997; Fokin).201i8 phylogenetically close toCa. Gortzia infectiva’ from P.
Moreover, as observed irH: bacillatd (Fokin, 1989, IF were jenningsi Our results suggest thaCa. Gortzia infectiva’ and
able to divide by binary ssion. On the other hand, we detecte the new HLB coexist in the same geographical region and may
ultrastructural di erences with other HLBSchmidt et al., 1987; have host speci city, a feature common in the sister genus
Gortz et al., 1990; Wiemann and Gortz, 1¥91F of the Holospora
new bacterium showed a darker, less homogeneous cytoplasm,To conclude, for this HLB we suggest the status of a
an unevenly distributed periplasm with two distinguishablenovel species for the following reasons: 1) the dierent
regions, and a recognition tip that did not show the addittbn morphology and the striking phenotypic plasticity, never
subdivisions detected inCa. Gortzia infectiva’ Boscaro et al., observed before in HLB; 2) the ability to infect both the
2013). The presence of two recognition tip-like structures inMA and the cytoplasm; 3) the new host species in which
IF and TF has been interpreted as an early stage of division fér has been found,P. multimicronucleatumgiven the fact
IF (since IF can divide) or di erentiation and division, in ¢h that species-specicity between host and endosymbiont is
case of TF. well-known for most HLB; 4) the 16S rDNA distance from

Our analyses emphasizes additional and surprising featureglpsely related species, which is compatible with threshold
such as the simultaneous and extensive presence of bactevalues proposed for new species descriptiGtogsello-Mora
both in the host cytoplasm and MA: this pattern has neverand Amann, 201p For this new HLB species, belonging to
been reported for any speciestdblosporanor for “Ca.Gortzia the “Ca. Gortzia’ genus, we propose the nam€&hdidatus
infectiva’ (Fokin and Gortz, 2009; Boscaro et al.,, 2013he  Gortzia shahrazadis”, accordingly with Murray and colleagju
presence of IF in the cytoplasm has previously been reported/iurray and Schleifer, 1994; Murray and Stackebrandt, ).995
and interpreted as a secondary infection of the host or aghis specic name was chosen due to the Asian origin of this
IF tra cking through the cytosol to exit the cell fokin and species and because one of the authors is known to say “I
Sabaneyeva, 1997; Fokin, 201Bhe presence of dividing RF will nish this paper after one thousand and one nights.” A
in the cytoplasm Figure 5G) suggest that in this case, unique description of this new species is present at the end of the
in HLB, the symbiont is able to complete its life-cycle in thediscussion.
cytoplasm. Further investigation is needed to resolve Higé. L. .

The only organism with a similar behavior among Ca. Gortzia infectiva” and Holospora
phylogenetically relatives i<4. Paraholospora nucleivisitans”, obtusa from India
a cytoplasmatic endosymbiont &f. sexaureligbut observed to We detected HLB in an IndiafParameciunpopulation. A rst
enter the MA of its hostEschbach et al., 20%ut it was rarely analysis of phenotypic characters and host speci city led to
present in both cell compartments simultaneous. Furthermorethe species attributionsCa. Gortzia infectiva’ andH. obtusa,
it showed di erent morphological features and low 16S rDNA-respectively, fron®. jenningsandP. caudatumin both cases, the
identity (83.95%) with all HLB, indicating that this featueenot  typical IF and RF were observed inside the host MA, with typical
a shared derived character of the two organisms. size and features described in the literatut&(tz et al., 1989;

The other new characteristic of this novel HLB, as mentionedoscaro et al., 2013Molecular analyses was performed on xed
above, is the highly variable size and shape of IF and TF, ebder material and, in both cases, results were congruent witd liv
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observations, con rming the species assignment, despité botl6S rDNA sequences (data not shown), whileHoeleganenly a
Paramecium caudatum8S rDNA sequence and itd. obusa single complete sequence is availablel{ra et al., 201¢ In any
16S rDNA sequences showed some peculiarities when comparease, since these two species were described in 1890 by é¢dafkin
to sequences of conspecic organisms, suggesting a level (¢fafkine, 189)) it seems particularly important to clarify this
divergence. Phylogenetic analysis showed clear associati issue.
the Indian H. obtusawith its conspecics sampled in other
countries. Nevertheless, according to branch lengthsjamd Reconsideration about HLBs Distribution
H. obtusa SH2 showed a clear divergence from northernOur data conrm the presence of HLB endosymbionts in
strains. Parameciumspecies inhabiting di erent and distant locations
In our trees all HLB cluster togetherolosporaclade in India. P. multimicronucleatum(TP2) was collected from
appeared as sister group of théd. Gortzia” genus. In general, freshwater Kolleru lake in Andhra PradedP; jenningsiBJ1)
our phylogeny of the ordeRickettsialess in agreement with was sampled in Chilka Lake, a brackish lagoon in Odisha;
previously published analyseBdscaro et al., 2013a; Hess et al.and P. caudatum(SH2) was found in a freshwater stream at
2019. Additionally, we note that the sequences belonging tahe top of Araku Hills (Andhra Pradesh). All these ndings
H. undulataandH. elegansre very similar. While past analysesstrongly suggest a relatively common presence of HLB in
included a short partial sequence (479bp) frarh elegans Indian ciliate populations, adapted to di erent types of tropical
(AB297813) (e.gBoscaro et al., 2015a0 our knowledge this habitats.
is the rst study reporting the full-length gene sequence of To date Holosporahas been considered an endosymbiont
this species, derived from its genomic assemblyi{a et al., adapted to cold and temperate countries. It has been
2019. On the basis of the present data and given the fact thalemonstrated that transmission e ciency ofl. undulata
both H. undulata and H. eleganshave been found in Ml of for example, is strongly aected by temperature, being more
P. caudatum H. undulata—which has an unusual undulated e ective at 10C than at 23 and 3@ (Fels and Kaltz, 2006
shape in comparison to othétolospora—could be a morphotype Moreover, Holosporawas never found in tropical habitats.
of the species$. elegansNevertheless, further investigation is For all these reasons, our data introduce new and intergstin
needed, including analysis of a greater number of straing aninformation about HLB's distribution, being the lowest latile
comparison at the whole-genome level. To our knowledge, theecord for theHolosporayenus reportedRigure 7, Table 3.
several strains dff. undulatamolecularly characterized by our  Nevertheless, the stream from which we samgtecbbtusa
and other laboratories are all identical to the presently @itedd  was located on the top of Araku hills, 700m above the sea

FIGURE 7 | Holospora -like bacteria distribution.  Yellow, orange,and red indicate countries in whichHolospora-like bacteria have so far been detected, whereas a
gray indicates those areas not yet investigated for their presare. Asteriskindicates sampling area ofHolospora obtusaand “Ca. Gortzia” species characterized in the
present work.
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TABLE 3 | Biodiversity and distribution of

Holospora -like bacteria from ciliate hosts.

Name Host Localization Distribution References
“H. acuminata” Paramecium bursaria MI Armenia (Sevan Lake), Estonia, France (Paris), Ossipov et al., 1980; Kreutz and Foissner,
Germany (Munster, Simmelried), Russia 2006; Fokin and Gortz, 2009; Rautian and
(Kalininingrad, Karelia Republic, Pskov, Saint Wackerow-Kouzova, 2013 Lebedeva,
Petersburg, Uglich), Ukraine (Vinnytsia), USA personal communication
“H. bacillata” P. nephridiatum, MA Russia (Sredny Island-White Sea) Fokin, 1989, 1993; Fokin et al., 1996; Fokin
P. calkinsi and Gortz, 2009
H. caryophila P. aurelia, P. caudatum MA Austria (Innsbruck), Czech Republic (Karlovy Vary), Preer, 1969; Preer et al., 1974; Preer and
Germany (Freiburg, Karlsruhe, Munster, Preer, 1982; Gortz, 1987; Fokin, 1993; Fokin
Suderfahrenstedt), Italy (Milan), Russia (Baikal and Gortz, 2009; Schrallhammer et al., 2013
Lake, Irkutsk, Chuvashia, Kaliningrad, Pskov, Fokin, Lebedeva, personal communication
S. Petersburg), Ukraine (Vinnytsia), USA (Boston)
“H. curvata” P. calkinsi MA Russia (Rjazkov Island-White Sea) Fokin, 1993, 1997 Fokin and Gortz, 2009
“H. curviuscula” P. bursaria MA Estonia (Tallinn), France, Germany (Stuttgart), Borchsenius et al., 1983; Skoblo and
Russia (Astrakhan Reserve, Karelia Republic, Lebedeva, 1986; Fokin et al., 1996; Fokin
S. Petersburg, Seskar Island, White Sea) and Gortz, 2009; Vakkerov-Kouzova and
Rautian, 2011; Lebedeva, personal
communication
H. elegans P. caudatum Ml France (Paris), Germany (Munster), Italy (Sicily), Hafkine, 1890; Goértz and Diekmann, 1980;
Russia (Moshchny Island) Preer and Preer, 1982; Fokin and Gortz,
2009; Lebedeva, personal communication
H. obtusa P. caudatum MA Estonia (Saarema Island), France (Paris), Germany Hafkine, 1890; Fiveiskaja, 1928; Gromov and
(Bensersiel, Munster)|ndia (Araku Hills) , Japan Ossipov, 1981; Fokin et al., 1996; Fokin and
(Yamaguchi), Lithuania (Vilnius), Poland, Russia Gortz, 2009; Vakkerov-Kouzova and Rautian,
(Belgorod, Chernyakhovsk, Kaliningrad, Morskoje,  2011; Lebedeva, personal communication;
Ropsha, S. Petersburg, Sinyavino, White Sea, present work
Irkutsk, Sosnovy Bor, Vladivostok), Tajikistan,
Ukraine (south part of Dnepr river), USA
“H. recta” P. caudatum Ml Russia (S. Petersburg) Fokin, 1991; Fokin and Gortz, 2009
H. undulata P. caudatum Ml Estonia (Saarema Island), France (Paris), Germany Hafkine, 1890; Gromov and Ossipov, 1981;
(Munster, Stuttgart), Lithuania (Vilnius), Poland Fokin et al., 1996; Fokin and Gortz, 2009
(Krakow), Russia (Kaliningrad, Morskoje, Moshchny Lebedeva, personal communication
Island, Nachodka, Ropsha, S. Petersburg,
Sinyavino), Spain (Madrid), Ukraine (south part of
Dnepr river), USA (Boston)
Holosporasp. 1 P. putrinum MA Germany (Karlsruhe); Russia (Yakutia Republic) Fokin et al., 1996, 1999; Fokin and Gortz,
2009; Rautian et al., 2015
Holosporasp. 2, Frontonia leucas, F. MA Italy (Pisa, Serchio river) Fokin et al., 2006; Ferrantini et al., 2007;
sp. 3 salmastra Fokin and Gortz, 2009
“Candidatus P. jenningsi MA Thailand (Cheweng Lake)lndia (Chilka Lake) Boscaro et al., 2013 present work

Gortzia infectivd
“CandidatusGortzia P. multimicronucleatum MA Present work

shahrazadis”

India (Kolleru lake)

New elements about HLB ecology and distribution from present work arehown in bold; MA Macronucleus, MI Micronucleus.

level, where climatic conditions were more temperate thaséh Gortzia’ genus is more adapted to tropical climates than
in the lowlands. We hypothesize th&tolosporaspecies are Holospora
found in tropical countries, but in areas with more temperate From an ecological perspective, our results address the
environments, such as hills or mountains, generating a patchpossible function of HLB irParameciuneco-physiology. Some
distribution. The relatively high 16S rDNA divergence ofhave identi ed Holosporaas true parasites30rtz, 1988; Lohse
this speci ¢ Holosporapopulation could result from a small et al., 200§ while others emphasize that those bacteria confer
population size and possible genetic isolation due to patchy anesistance to the host cell against challenging envirortaien
unconnected distributions. conditions, such as salinityS(nurov and Fokin, 1998or

In contrast, members of Ca. Gortzia” clade have been temperature variationsHori and Fujishima, 2008 H. obtusa
found exclusively in tropical areas at sea lewbscaro et al., is able to enhance heat-shock gene expression of the host
2013)3. These results lead to the conclusion that th@éa: P. caudatumwhen exposed to increasing temperatures during
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laboratory experimentsHori and Fujishima, 2008 Thus, it density), and recognition tip. Two morphotypes of IF are
is possible that HLB confer a degree of benet to their hostdetected during dierent periods of laboratory culturing: a
if exposed to temperature stress, although this hypothesis shorter IF at the beginning (6.9—101Tn), and a longer one (8.2—
controversial Duncan et al., 20100 14.7mm) with irregular distribution of periplasm after 1 year of
Obviously, another necessary consideration is that theultivation. The latter are found together with a high nunnlmé
biogeographic distribution of HLB is highly dependent on thei transient forms (TF), which are long (6.7—15%rn), rod-shaped
hosts' distribution. TheParameciumgenus is cosmopolitan, and not yet di erentiated into IF at an ultrastructural levelll
although some species seem to be adapted to certain climafarms showed a constant diameter of 0.7-®8. No production
conditions. P. jenningsi for example, has been found mostly of a “connecting piece” during host cell division was observed.
in tropical countries, whereaB. caudatumis reported mainly Several membranaceous layers surrounded fully di ereedaf.
from northern areas with temperate climaté&ichterman, 1986; Basis of assignment: 16S rRNA gene sequence (ENA database,
Fokin, 2010/1). However, fewer sampling e orts in tropical accession number LT549002) and positive matching with the
countries strongly a ects the present understanding of ailiat 16S rRNA-targeting oligonucleotide probe GortzSha_1266 (5
distribution, and thus the distribution of their endosyntrits TTTTGATTTGCTCAAGGTCGC-8.
(Gortz, 2008; Fokin and Sera, 2014
To conclude, our record oH. obtusafrom India reshapes AUTHOR CONTRIBUTIONS
the known Holosporadistribution and underlines the need
for further sampling and research e orts, to better clarifyeth VS, SF, CB, and VN actively performed sampling in India.

ecological signi cance of HLB. CB, VN, BS, CK organized and logistically supported sampling
_ “ . activity in India, VS carried out most of FISH experiments,

Emended Description of “  Candidatus molecular and phylogenetic analyses, probes and primers design

Gortzia” Genus ( Boscaro et al., 2013a ) SF performed preliminary microscopic observation nding

Gortzia (Gor'tzi.a; N.L. fem. n. Gortzia in honor of all the endosymbionts, morphologically identi ed the hosts,
Professor Emeritus Hans-Dieter Gortz). Gram-negativeand performed TEM analysis. MC helped to realize the
Alphaproteobacterja Rickettsiales belonging to Holospora phylogenetic study. CB and VN performed part of the molecular
like bacteria clade, together witHolosporagenus and some characterization. SF, FV, BS, CK, and GP carefully supeérvise
other uncultured organisms. Macronuclear endosymbiontall the experiments and gave suggestions for data interpoatat
of Paramecium spp. @. jenningsi, P. quadecaurelia,VS wrote the manuscript. All the authors were involved in
P. multimicronucleatu; and also cytoplasmatic in case ofmanuscript revision. GP coordinated the whole researclviagti

P. multimicronucleatum“Ca Gortzia’, has two di erent stages

in its life-cycle: the short reproductive form (RF) and the FUNDING

elongated, rod-shaped infectious form (IF). IF showed ¢ailu

subcompartments: cytoplasm, periplasm, recognition tipThis work was supported by the European Commission FP7-
Periplasm and recognition tip could manifest parts with di ete PEOPLE-2009-IRSES project CINAR PATHOBACTER (247658)
electron-densities, according with species. No “conngctinand by the PRIN fellowship (protocol 2012A4F828_002) from
piece” or killer traits detected. The type speciesGs.‘Gortzia the Italian Research Ministry (MIUR), and by the European
infectiva” (Boscaro et al., 201BaOnly another species has Commission FP7 post grant Open Access Pilot Open AIRE.
been described: Ca. Gortzia shahrazadis” (present work).

Basis of assignment: positive matching with the 16S rRNAACKNOWLEDGMENTS
targeting oligonucleotide genus-specic probe GortProb659

(5XTTCCGTTTTCCTCTACCA-S). The authors are grateful to the Marine Biology Laboratory,
.. W . . Andhra University, India for providing the research faciis.

Description of “ Candidatus Gortzia Prof. Raman Akkur and Prof. Prabhakara Rao Yallapragada are

shahrazadis” acknowledged for their valuable support. Special thanks to Ms.

Gortzia shahrazadis(Gor'tzi.a shah.ra.za'dis; N.L. fem. n. NataliaLebedevaand to Jr. Prof. Martina Schrallhammer feirth
Gortzig in honor of Professor Emeritus Hans-Dieter Gortz; kind support in the reconstruction ofolosporadistribution, to
N.L. adj. shahrazadis,of Shahrazad, main character and Margherita Tagliavia and Tom Doak for English revision. Sirao
charming story teller in the Arabian collection of tales,Gabrielliis acknowledged for his patient and precious assigta
“The One Thousand and One Nights”). Mainly macronuclearin tree and photo editing.

endosymbiont which can sometimes be observed in the

cytoplasm ofP. multimicronucleatumsampled from Kolleru, a SUPPLEMENTARY MATERIAL

freshwater lake in India. It has two life-cycle stages: allsma

reproductive form (RF: 2.5-3rAm) and a rod-shaped infectious The Supplementary Material for this article can be found
form (IF). The latter shows cellular compartmentalization:online at: http://journal.frontiersin.org/article/10389/fmicb.
cytoplasm, periplasm (with two areas distinguishable by dirgre 2016.01704/full#supplementary-material
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