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ABSTRACT

Terrestrial isopods from the group Trichoniscidae accumulate calcium in specialized organs, known as the calcium bodies.

These consist of two pairs of epithelial sacs located alongside the digestive system. These organs contain various forms of

calcium and constantly present bacteria. To elucidate their origin and role, we analyzed the bacteria of the calcium bodies

in the cave-dwelling isopod Titanethes albus and the epigean species Hyloniscus riparius, by microscopy, histochemistry,

energy dispersive X-ray spectrometry, 16S rRNA analysis and in situ hybridization. The calcium bodies of both species

comprise numerous and diverse bacterial communities consisting of known soil bacteria. Despite their diversity, these

bacteria share the polyphosphate-accumulation ability. We present the model of phosphorous dynamics in the calcium

bodies during the molting cycle and potentially beneficial utilization of the symbiotic phosphate by the host in cyclic

regeneration of the cuticle. Although not fully understood, this unique symbiosis represents the first evidence of

polyphosphate-accumulating bacterial symbionts in the tissue of a terrestrial animal.
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INTRODUCTION

Terrestrial isopods (Isopoda, Oniscidea), commonly known as

sowbugs, woodlice, pillbugs and slaters, are the most diverse

group of crustaceans inhabiting terrestrial environments. Their

successful transition to a terrestrial way of life (Warburg 1987;

Hornung 2011) includes metabolic pathways for maintenance of

calcium homeostasis, which is essential for exoskeleton min-

eralization. To minimize the loss of this element during fre-

quent molting of their cuticle, terrestrial isopods have devel-

oped several mechanisms of calcium resorption from the old

cuticle prior to exuviation, transitional storage of the calcium

in specialized organs or tissues and its incorporation into the

newly formed cuticle. Most commonly, the calcium is stored

as sternal CaCO3 deposits (Ziegler 2005; Ziegler, Fabritius and

Hagedorn 2005), which form during premolt in the space be-

tween the detached old cuticle and epithelium of the first four
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Figure 1. Position of the calcium bodies. A diagrammatic representation of the position of calcium bodies in the large subterranean trichoniscid T. albus (left) and the

smaller epigean species H. riparius (right). Both species possess two pairs of calcium bodies. In T. albus, both pairs contain bacteria and calcium phosphate concretions

and are delimited by an epithelium with prominent apical folds. In H. riparius, the posterior pair of calcium bodies is similar to the calcium bodies of T. albus, whereas

the anterior pair is devoid of bacteria, contains CaCO3 and is delimited by an epithelium lacking apical folds.

anterior body segments (Ziegler 1997, 2007; Becker et al. 2003;

Ziegler, Fabritius and Hagedorn 2005). In addition, terrestrial

isopods from the group Trichoniscidae accumulate calcium in

specialized organs, known as the calcium bodies (Vittori et al.

2012). These consist of two pairs of epithelial sacs and are lo-

cated in the body cavity, alongside the digestive system (Méhelÿ

1932) (Fig. 1).

Microscopic anatomy studies of the calcium bodies in the

cave isopod Titanethes albus (Vittori et al. 2012) and the much

smaller epigean species Hyloniscus riparius showed a continuous

monolayered epithelium surrounding the contents of the organ,

comprising abundant bacteria and calcifiedmatrix. The calcified

matrix appears as an amorphous ‘glassy’ layer, just below the

epithelium, or as mineralized concretions in the core of the cal-

cium body. While the latter comprises calcium phosphate in the

stable form of apatite, the dynamic glassy layer contains mainly

calcium carbonate and lesser amounts of phosphorus (Vittori

et al. 2012). The dynamics of the glassy layer includes constant

formation and reabsorption of materials during the molting cy-

cle, indicating its role in transitional storage of calcium, while

the mineralized core remains more or less unchanged (Vittori

et al. 2012). A dense bacterial population colonizes the area be-

tween the glassy layer and the core of calcium bodies. Bacterial

formations are arranged in concentric layers separated by thin

laminae, while themineralized core includes individual bacteria

embedded in the apatite matrix. Observations of T. albus (Vittori

et al. 2012), H. riparius and other isopod species, such as Andro-

niscus roseus and Haplophthalmus mengii (Vittori and Štrus 2016),

strongly suggest that the bacterial presence in the calcium bod-

ies is a general feature of trichoniscids. In contrast, the ante-

rior pair of the calcium bodies of H. riparius is devoid of bacteria

and contains only concentric layers of calcium carbonate, while

the posterior pair is filled with bacteria-containing matrix min-

eralized with apatite (Vittori et al. 2013), as in other trichoniscids

(Fig. 1).

Bacteria and terrestrial isopods established a wide array

of associations, ranging from facultative transients to highly

adapted symbionts (reviewed in Bouchon, Zimmer and Dittmer

2016). The latter includes sex-ratio distortingWolbachia (Dittmer

et al. 2014), pathogenic Rhabdochlamydia porcellionis (Kostanjsek

et al. 2004), Rickettsiella armadillidii (Cordaux et al. 2007) and

‘Candidatus Hepatincola porcellionum’ (Wang et al. 2004b), com-

mensalistic ‘Candidatus Bacilloplasma’ (Kostanjsek, Strus and

Avgustin 2007) and presumably mutualistic ‘Candidatus Hep-

atoplasma crinochetorum’ (Fraune and Zimmer 2008; Wang et al.

2004a). In addition, a considerable diversity of ubiquitous bacte-

ria has been detected in all major tissues of terrestrial isopods

(Dittmer et al. 2016). Their highest diversity has been observed in
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Kostanjšek et al. 3

the digestive system (Kostanjšek et al. 2006; Dittmer et al. 2016;

Horvathova, Babik and Bauchinger 2016), where bacteria can be

utilized as an additional source of nutrients and digestive en-

zymes (Zimmer 2002). Although their role in the isopod’s diges-

tive system is far from being fully understood, these bacteria fa-

cilitate the growth and increase the survival rate of the isopods

(Horvathova, Kozlowski and Bauchinger 2015). A surprising di-

versity of ubiquitous bacteria have also been described in sev-

eral other tissues of isopod Armadillidium vulgare, indicating

their ability to occupy various niches within isopod (Bouchon,

Zimmer and Dittmer 2016; Dittmer et al. 2016). In this view,

the association of these bacteria with the host is most likely

commensalistic or opportunistic (Bouchon, Zimmer andDittmer

2016).

Common presence and large numbers of bacteria inhabiting

the confined sacs of calcium bodies without any obvious signs of

pathogenesis for the trichoniscid hosts (Vittori et al. 2012, 2013)

suggest adaptation and balance between the host and the sym-

bionts. In order to elucidate the nature of this association and

the potential symbiotic role of the bacteria in the calciumbodies,

we analyzed these bacteria in two trichoniscid species, the cave

dwelling T. albus and the epigean H. riparius, with a combination

of electron microscopy, histochemistry, energy dispersive X-ray

spectrometry (EDXS), 16S rRNA gene sequence analysis and in

situ hybridization.

MATERIAL AND METHODS

Isopod material

Adult individuals of Titanethes albus were collected from Plan-

ina cave in central Slovenia and transferred into the laboratory,

where their calcium bodies were dissected under sterile con-

ditions the same day. Adult Hyloniscus riparius individuals were

sampled near Ormož in northeastern Slovenia and kept on sub-

strate and leaf litter from the sampling site until dissection of

their calcium bodies.

DNA extraction, PCR, cloning, and sequencing

The calcium bodies from two T. albus and two H. riparius in-

dividuals were isolated under sterile conditions. Four separate

samples of genomic DNA, each containing the genetic mate-

rial of the calcium bodies from one individual, were obtained

by the QIAmp DNA Mini Kit (Qiagen, Valencia, CA). Bacterial

16S rRNA genes from each sample were amplified in four sep-

arate polymerase chain reactions (PCRs) as described previ-

ously (Kostanjsek et al. 2013), by using the bacteria-specific

primers 27F and 1492R. The same PCR protocol was used in

attempts of archaeal 16S rRNA gene amplification from the

same samples by using the primers Arch21F and Arch958R

(DeLong 1992). PCR products of the expected size were puri-

fied and cloned by Macrogen cloning service (Amsterdam, the

Netherlands). Four clone libraries from the calciumbodies of two

T. albus individuals (named Ta1 and Ta2) and two H. riparius in-

dividuals (named Hr1 and Hr2) were constructed from randomly

selected clones of each sample and sequenced using the 27F

and 1492R primers, by the Macrogen sequencing service (Am-

sterdam, the Netherlands).

Sequence analysis

Obtained sequences were assembled and edited by Chro-

masPro software ver. 1.6 (Technelysium Pty Ltd, South Bris-

bane, Australia). Putative chimeric sequences identified by DE-

CIPHER (Wright, Yilmaz and Noguera 2012) were omitted from

the study. The sequences were aligned by Muscle multiple

alignment software version 3.8.31 (Edgar 2004) and checked

manually for ambiguous nucleotides. Assembled and edited

sequences were compared to sequences deposited in RDP

(http://rdp.cme.msu.edu/) by using SEQUENCEMATCH tool (Cole

et al. 2014).

Sequences from each clone library were assigned to oper-

ational taxonomic units (OTUs) at an evolutionary distance of

0.01 (Kim et al. 2014) by a clustering approach implemented in

MOTHUR (Schloss et al. 2009).

The sequences obtained in this study were deposited in Gen-

Bank under accession numbers KU533909–KU534080.

Sample preparation and microscopy investigations

For scanning electron microscopy (SEM), isolated calcium bod-

ies from five specimens of each species were fixed in 2.5% glu-

taraldehyde and 2% formaldehyde in 0.1 M cacodylate buffer,

pH = 7.3 at 4◦C overnight. After washing of the fixative with

0.1 M cacodylate buffer, the samples were postfixed in 1% aque-

ous OsO4 for 1 h. They were then dehydrated in an ascending

ethanol series, after which ethanol was substituted with pure

acetone. Samples were then air-dried in hexamethyldisilazane.

Dry samples were attached to metal holders with silver paint

and fractured to expose the interior. Specimens were coated

with platinum and observed with a JEOL JSM-7500F (JEOL, Tokio,

Japan) field-emission scanning electron microscope.

For light microscopy, three specimens of each species were

used. Posterior parts of the bodies containing calcium bodies

were fixed in 4% formaldehyde for 4 h at 4◦C, washed and de-

calcified in 10% ethylene-diamine-tetra-acetic acid for 4 h. Sam-

ples were dehydrated in an ethanol series, cleared in xylene

and embedded in paraffin. Tissue sections (7 µm) were cut on a

rotary microtome, transferred onto glass slides, deparaffinized

with xylene and rehydrated in a descending ethanol series.

For histochemical detection of polyphosphates (polyP) (Aschar-

Sobbi et al. 2008), tissue sections were stained with aqueous 4′,6-

diamidino-2-phenylindole (DAPI) solution in concentration of 10

µg/mL (Günther et al. 2009). After 60-min incubation in the dark

and at room temperature, sectionswere observed under filter set

01 (Zeiss, Oberkochen, Germany) (365/12 nm excitation, 397 nm

emission) and observed with an Axioimager Z.1 microscope us-

ing an ApoTome system (Zeiss, Oberkochen, Germany) for struc-

tured illumination.

For ultrastructural observation of bacteria with transmission

electron microscopy (TEM), the calcium bodies from three spec-

imens of each species were fixed as described for SEM, dehy-

drated in an ascending ethanol series and embedded in Spurr’s

resin (SPI, West Chester, PA). Ultrathin sections were contrasted

with uranyl acetate and lead citrate and observed with a CM

100 transmission electron microscope (Philips, Eindhoven, The

Netherlands).

Fluorescence in situ hybridization

The hybridization was performed on tissues sections prepared

as described above and under previously described conditions

(Daims, Stoecker and Wagner 2005). The applied rRNA-targeted

probes and formamide concentrations are listed in Table 1. In

addition to a previously published probe used as negative con-

trol (NON-338) (Wallner, Amann and Beisker 1993) and class-

specific probes for Betaproteobacteria (BET42a) (Manz et al. 1992)

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/fe
m

s
e
c
/a

rtic
le

-a
b
s
tra

c
t/9

3
/6

/fix
0
5
3
/3

7
5
3
5
4
9
 b

y
 g

u
e
s
t o

n
 2

3
 M

a
y
 2

0
2
0



4 FEMS Microbiology Ecology, 2017, Vol. 93, No. 6

Table 1. Oligonucleotide probes used in this study.

Probe Sequence (5′–3′)

Target site

(Escherichia coli

numbering)

% For-

mamide Target group Reference

Alph-968 GGTAAGGTTCTGCGCGTT 16S, 968–985 20% Alphaproteobacteria

except Rickettsiales

Neef (1997)

BET42a GCCTTCCCACTTCGTTT 23S, 1027–1043 35% Betaproteobacteria—

partial

Manz et al. (1992)

S-O-Bac-0962-a-A-19 GTAAGGTTCCTCGCGTATC 16S, 962–980 20% Bacteroidetes—partial This study

NON338 ACTCCTACGGGAGGCAGC 16S 35% Negative control probe Wallner et al. (1993)

Table 2. Results of sequencing of representative 16S rRNA gene clones.

OTUa (no. of

sequences)

Accession

number

The highest match in RDP database

[accession number]

% of shared

nucleotide

7-mers (S ab

score) Class and order according to RDP

Ta1-1 (51) KU534024 Chitinophaga soli Gsoil 219 [NR112622] 0.929 Bacteroidetes/Chitinophagales

Ta1-16 (27) KU534031 Aminobacter anthyllidis STM4645 [NR108530] 0.941 Alphaproteobacteria/Rhizobiales

Ta1-17 (9) KU533992 Sphingopyxis bauzanensis BZ30 [NR117213] 0.942 Alphaproteobacteria/Sphingomonadales

Ta2-1 (8) KU534061 Rhizobium sp. MN6-12 [JQ396566] 0.951 Alphaproteobacteria/Rhizobiales

Ta1-6 (6) KU534015 U.C.b clone AK1DE2 01H [GQ397005] 0.878 Alphaproteobacteria/Bradyrhizobiales

Ta1-2 (4) KU534033 Mesorhizobium chacoense PR5 [NR025411] 0.896 Alphaproteobacteria/Rhizobiales

Ta2-8 (4) KU534021 U.C.b Devosia sp. clone O:RM-A3 [HE974822] 0.919 Alphaproteobacteria/Rhizobiales

Ta2-27 (3) KU534014 Mesorhizobium amorphae JN37 [KF150349] 0.916 Alphaproteobacteria/Rhizobiales

Hr1-5 (26) KU533950 Variovorax paradoxus EPS [NR074646] 0.946 Betaproteobacteria/Burkholderiales

Hr1-1 (18) KU533935 Sphingobacterium multivorum [AB680731] 0.925 Bacteroidetes/Sphingobacteriales

Hr1-2 (13) KU533946 U.C.b Mesorhizobium sp. clone 4h-64 [FJ444740] 0.861 Alphaproteobacteria/Rhizobiales

Hr2-8 (3) KU533983 U.C.b clone 3BR-3BB 16S [EU937880] 0.895 Bacteroidetes/Chitinophagales

anamed after representing clone.
bU.C.—uncultured.

and Alphaproteobacteria (Alph968) (Neef 1997), a new 16S rRNA-

targeted oligonucleotide probe named S-O-Bac-0962-a-A-19 was

designed. Its specificity was evaluated in silico by using the

probeCheck (Loy et al. 2008) and Probe Match (Cole et al. 2014)

tools. After hybridization and washing, the slides were rinsed

in ice-cold deionized water, air-dried, and embedded in Citi-

fluor AF1 (Citifluor, Hatfield, PA) antifading medium and ob-

served under filter set 15 (Zeiss, Oberkochen, Germany) (546/12

nm excitation, 590 nm emission) with an Axio Imager Z.1micro-

scope equipped with an ApoTome system (Zeiss, Oberkochen,

Germany).

Energy dispersive X-ray spectrometry

For EDXS analysis, calcium bodies from three specimens of each

species were immersed in pure methanol upon dissection and

embedded in Spurr’s resin (SPI, West Chester, PA). Ultrathin sec-

tions were collected on holey-carbon-coated copper grids. Scan-

ning transmission electron microscopy (STEM) imaging com-

bined with EDXS analysis were performed using a VG HB501UX

dedicated STEM operated in ultrahigh vacuum at an accelerat-

ing voltage of 100 kV, equipped with a cold field-emission gun

(FEG) source and an EDXS system (Noran System SIX, Thermo

Fisher Scientific, Waltham, MA). EDX maps and high-angle an-

nular dark field-STEM images were obtained with a JEOL JEM-

ARM200F (JEOL, Tokio, Japan) microscope, equipped with a cold

FEG and a Quantax 200/S-STEM EDXS detector (Bruker, Bilerica,

MA). Characteristic Ca-K and P-K X-ray lines were used for the

quantification of Ca:P ratios. Quantitative EDX analysis has been

done using experimentally determined k-factorsmeasured from

standard specimens under the same experimental conditions as

for the measured samples.

RESULTS

16S rRNA gene sequence analysis

Four clone libraries comprising 172 bacterial 16S rRNA gene am-

plicons were constructed from the DNA isolates of the calcium

bodies of two Titanethes albus and two Hyloniscus riparius individ-

uals, while several attempts to amplify the archaeal 16S rRNA

genes were unsuccessful. Cloned sequences were assigned to

12 OTUs, using the pairwise evolutionary distance threshold of

0.01. The 55 cloned sequences from Ta1 and 57 sequences from

Ta2 clone library were assigned to seven OTUs each, while 30

sequences from Hr1 and 30 sequences from Hr2 clone libraries

were assigned to three and four OTUs, respectively. Six OTUs

shared the sequences obtained from both T. albus libraries (Ta1

and Ta2), while three OTU’s shared the sequences from the clone

libraries Hr1 and Hr2 obtained from the posterior calcium bodies

of H. riparius.

Affiliation of the sequences in four clone libraries to higher

taxa, percentage of shared nucleotide 7-mers (S˙ab score) with

the nearest known sequences deposited in RDP database (Cole

et al. 2014) and number of sequences in OTUs are given

in Table 2.

Microscopic observations

Despite a considerable difference in the size of the calcium bod-

ies in T. albus and H. riparius, the organs in both species exhibit
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Kostanjšek et al. 5

Figure 2. Scanning electron micrographs of bacteria-filled calcium bodies of T. albus (A–C) and H. riparius (D–F). (A) a fractured calcium body, showing the epithelial

wall (arrowheads) on the surface of the structure and the bacteria-containing layers (white asterisks) in its contents. (B) Magnification of the calcium bodies center

with numerous bacteria-containing layers (white asterisks). (C) Different bacterial morphotypes of bacteria-containing layers of calcium body. (D) A fractured calcium

body showing the mineralized core (black asterisk) surrounded by bacteria-containing layers (white asterisks). (E) Magnification of the calcium body contents with

numerous bacteria (white asterisk) surrounding the mineralized core with (black asterisk) with embedded bacteria (black arrows). (F) Bacterial casts (white arrows)

and enclosed bacteria (black arrows) in the apatite mass (black asterisk) in the central area of calcium body. Scale bars: A and D—10 µm; B—5 µm; C and F—1 µm; E—2

µm.

similar anatomy (Fig. 2). The organs contain layers of dense bac-

terial formations (Fig. 2A, B, D and E) surrounding the core com-

prising bacteria embedded in a mineralized matrix (Fig. 2D–F)

and overlaid by a single-layered epithelium on the surface of

the organs (Fig. 2A). More detailed observation of the bacterial

morphotypes in the posterior calcium bodies of H. riparius re-

vealed the prevalence of non-flagellar rod-shaped bacteria, with

slightly wrinkled surface throughout the calcium body (Fig. 2E

and F). On the other hand, several bacterial morphotypes were

observed in much larger calcium bodies of T. albus, including ir-

regular, filamentous, helical and rod-shaped bacteria (Fig. 2C).

The observed diversity was further confirmed by TEM, which

showed ultrastructural differences even within similar bacterial

morphotypes (Fig. 3A, C and D). These include the density of

bacterial cytoplasm and various cytoplasmic inclusions, among

which electron-dense granules were the most frequently ob-

served ultrastructural feature of the bacteria in the calcium bod-

ies of both species (Fig. 3B and D). In addition, fission of the bac-

teria with cytoplasmic inclusions was observed in the ultrathin

sections of the calcium bodies of both species (Fig. 3B and D)

Energy dispersive X-ray spectrometry

EDXS was performed on electron dense granules in the cyto-

plasm of methanol-fixed bacteria in the calcium bodies of T.

albus and the posterior calcium bodies of H. riparius. EDX spectra

of the granules feature prominent peaks of C, O, P and Ca (Fig. 4),

with the ratio between Ca and P in the bacterial granules being

0.75 ± 0.08 in T. albus and 0.6 ± 0.009 in H. riparius. Such a com-

position and ratio between Ca and P is characteristic of bacterial

intracellular polyphosphate granules, in which high amounts

of metals such as Ca are often detectable in addition to P (Liu

et al. 2001). By contrast, the P and Ca signals in spectra from

other parts of the bacterial cytoplasm were much weaker (Fig.

S1, Supporting Information).

DAPI staining and fluorescence in situ hybridization

Thepresence anddistribution of polyphosphate-containing bac-

teria in the calcium bodies was shown by histochemical re-

action based on fluorescence of polyphosphates after DAPI

staining. DNA-specific light blue signal was observed in the ep-

ithelium and the lumen of the calcium bodies as well as other

organs in the body cavity, while a strong and stable yellow fluo-

rescence was limited to colonized parts of the calcium bodies of

both species (Figs 5–7).

Hybridization by class-specific fluorescent probes (Table 1)

confirmed the presence of Bacteroidetes and Alphaproteobacte-

ria in the calcium bodies of T. albus (Fig. 6), and Bacteroidetes, Al-

phaproteobacteria and Betaproteobacteria in H. riparius (Fig. 7).

This provides further evidence on the heterogeneous composi-

tion of the bacterial community of these organs. The uneven hy-

bridization signals of individual probes revealed heterogeneous

spatial distribution of the examined bacterial classes within the

bacterial community, containing regions colonized by several

bacterial classes as well as regions dominated by a single bac-

terial class (Fig. 6).

The polyphosphate-accumulating ability of the bacterial

groups colonizing the calcium bodies was confirmed by DAPI

staining of histological sections hybridized by class-specific

probes. Partial overlapping of the yellow signal of the polyphos-

phates and class-specific red signals (Figs 6 and 7) con-

firmed the polyphosphate-accumulating ability among the
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Figure 3. Transmission electron micrographs of bacteria in the calcium bodies of H. riparius (A, B) and T. albus (C, D). (A and C) diverse bacteria in the calcium bodies

(white asterisk) above the apical surface (a) of the epithelium covering the organs. (B and D) diverse calcium bodies bacteria containing electron-dense cytoplasmic

granules (arrowheads) and undergoing fission (white triangle). Scale bars: A and C—1 µm; B—200 nm; D—500 nm.

representatives of bacterial classes detected in the calcium bod-

ies of each species by the 16S rRNA analysis.

DISCUSSION

As the first step towards illuminating the nature of the associa-

tion and the role of each partner in this symbiosis, we described

the composition of the bacterial community in the calcium bod-

ies of two Titanethes albus and two Hyloniscus riparius individuals

based on 16S rRNA gene sequence analysis. Successful amplifi-

cation of bacterial 16S rRNA genes in both species and absence

of the amplicons of archaeal rRNA genes in the initial step of

construction of the clone libraries are concordant with previous

results of domain-level in situ hybridization, which showed the

prevalence of bacteria in these organs (Vittori et al. 2012).

The application of class-specific oligonucleotide probes in

fluorescence in situ hybridization (FISH) performed on the tissue

sections of the calcium bodies provide additional evidence on

the coverage of the clone libraries in both isopod species and en-

abled insight into the abundance and the spatial organization of

the bacteria in these organs. In accordance with themicroscopic

observations, FISH analysis confirmed the prevalence of a het-

erogeneous bacterial community throughout the lumen of the

calcium bodies, comprising Bacteroidetes and Alphaproteobac-

teria in T. albus and Bacteroidetes, Alphaproteobacteria and Be-

taproteobacteria in H. riparius. Occasional regions colonized by

single bacterial class were observed in both species.

Close affiliation of bacterial phylotypes in the calcium bod-

ies to soil bacteria indicate colonization of these organs via a

direct contact to the outer environment, similar to coloniza-

tion of the digestive system in the isopod Porcellio scaber (Wang,

Brune and Zimmer 2007; Horvathova, Kozlowski and Bauchinger

2015). Although the direct connection between the lumen of

calcium bodies and the gut or the outer surface has not been

shown in adult animals (Vittori et al. 2012, 2013), the presence

of such connections in earlier stages of the ontogenetic devel-

opment cannot be excluded. Besides, a fair permeability of the

isopod’s tissues to environmental bacteria and their dissemina-

tion between the tissues via the hemolymphwas indicated inAr-

madillidiumVulgare (Bouchon, Zimmer andDittmer 2016; Dittmer

et al. 2016). Although microscopic observations, FISH analysis

and DAPI staining of the tissues and organs surrounding the cal-

cium bodies in our study did not confirm the bacterial presence,

the suggested route may provide yet another conceivable strat-

egy of colonization of the calcium bodies by the bacteria from

outer environment. Regardless of their origin, the observed den-

sity of the bacteria in the calcium bodies clearly indicates their

exploitation of the niche, while their close affiliation to ubiqui-

tous soil taxa suggests a non-obligate nature of this association

for the symbiont.

Although direct comparison of bacterial diversity between

the calcium bodies and other colonized organs of terrestrial

isopods might be influenced by sample size and methodolog-

ical approach, the previously observed bacterial diversity in

hemolymph, gonads and nerve cord of A. vulgare (Dittmer et al.
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Kostanjšek et al. 7

Figure 4. EDX analysis of polyphosphate granuleswithin the bacterial cytoplasm.

(A) Bright field STEM image of sectioned bacteria in T. albus calcium bodies. Elec-

tron dense granules (arrowheads) are visible in the bacterial cytoplasm. (B) EDX

spectrum obtained from an electron dense granule in a T. albus calcium body,

showing strong peaks of C, P, O and Ca, consistent with a polyphosphate. (C)

High-angle annular dark-field STEM image of sectioned bacteria in H. riparius

calcium bodies. Large polyphosphate granules are visible in the bacterial cyto-

plasm. (D) Map of P distribution in the area shown in C, demonstrating that the

P signal is highly localized to the electron dense granules. Scale bars: A—1 µm;

C—200 nm.

Figure 5.Yellow-green fluorescence in cross section of calciumbody stainedwith

DAPI indicating the presence of polyphosphate in the bacteria-containing layers

and the core of calcium body. Scale bar: 50 µm.

2016) still fairly exceeds the number of observed OTUs in the

calcium bodies. Despite lower diversity, the bacterial density in

the calcium bodies observed by electron microscopy exceeds

the bacterial concentrations in other colonized organs of terres-

trial isopods, including the digestive system (Wang et al. 2004a,b;

Kostanjšek et al. 2006; Dittmer et al. 2014). In view of high bac-

terial density localized to a particular organ, the calcium bod-

ies may even exhibit certain morphological resemblance to in-

sect bacteriomes housing obligate nutritional symbionts (Moran

and Telang 1998; Baumann 2005). However, while the bacteria in

the calcium bodies colonize the extracellular matrix in the lu-

men of the organ, the endosymbiotic bacteria of bacteriomes are

commonly located in specialized cells, known as bacteriocytes

(Douglas 1989). These provide nutrients and shelter to the

endosymbiotic bacteria, which in exchange provide essential

metabolites to the host (Douglas 1998). The bacteria in the cal-

cium bodies are alsomore diverse compared to the bacteriomes,

in which a constantly present and obligate ‘primary symbiont’

is only occasionally accompanied by other bacterial species or

‘secondary symbionts’ (Dale and Moran 2006). Primary sym-

bionts generally belong to distinct and deeply branched phylo-

genetic lineages that coevolved with the host (Baumann 2005),

while all bacteria in the calcium bodies exhibit close similar-

ity to known bacterial taxa and clones isolated from the soil

(Willems, Maergaret and Swings 2005; An et al. 2007; Hayat et al.

2010; Zhang et al. 2010; Maynaud et al. 2012).

Microbial symbiosis based on exchange of metabolites

for shelter within the host tissues usually involves homoge-

nous bacterial populations or complex microbial communities

with common metabolic pathways or products (Douglas 1989;

Baumann 2005; Kaltenpoth and Engl 2013). Although the pos-

sibility of similar symbiosis in the calcium bodies seemed less

likely due to diversity and affiliation of the analyzed sequences

to soil bacteria, the EDXS elemental analysis revealed the
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Figure 6. DAPI staining (A, C, E) of the in situ hybridized (B, D, F) calcium bodies of T. albus. (A and B) DAPI staining of the tissue section hybridized by the NON-338

probe (B), showing the background signal. (C and D) Overlapping of the polyphosphate-specific yellow signals (arrows) (C) and strong Alphaproteobacteria-specific

signal (arrowheads) after hybridization with the Alph-968 probe (D). (E and F) Partial overlapping of the polyphosphate-specific yellow signal (arrows) (E) and strong

Bacteroidetes-specific signal (arrowheads) after hybridization with the S-O-Bac-0962-a-A-19 probe (F). Scale bars: 50 µm.

presence of electron-dense cytoplasmic granules containing

polyP as a prevailing ultrastructural feature of bacteria coloniz-

ing the calcium bodies. To analyze the distribution of the polyP

in the calcium bodies and relate its presence to bacterial classes

detected in these organs by 16S rRNA gene analysis, we used

the combination of FISH analysis and histochemical analysis

based on yellow fluorescence of polyP after DAPI staining (Allan

and Miller 1980; Ruiz, Rodrigues and Docampo 2001; Pavlov et al.

2010). However, the emission of yellow fluorescent signal after

staining with DAPI is not exclusively specific for polyP and may

result from the presence of other negatively charged molecules,

like inositol phosphate, heparin (Kolozsvari, Parisi and Saiardi

2014) and amorphous calcium phosphate (Omelon, Georgiou

andHabraken 2016).While the presence of larger amounts of the

former two in the calcium bodies was not expected, the amor-

phous calcium phosphate is known to occur in these organs

(Vittori et al. 2012). The possibility of calcium phosphate being

the source of yellow fluorescence signal in the calcium bodies

has been significantly reduced by decalcification of our samples

subjected to light microscopy and by the elemental analysis by

EDXS. The latter confirmed that bacterial granules in the calcium

bodies of both species contain Ca and P in ratios characteristic of

polyphosphate (Doonan et al. 1979; Ashford et al. 1986), while the

presence of calcium phosphates, characterized by much higher

Ca to P ratios as observed (Wopenka and Pasteris 2005), was ex-

cluded.

FISH analysis linked the polyP-accumulating ability to

all bacterial classes detected in the calcium bodies and

considerably reduced the possibility of restriction of the

polyP-accumulating ability to single bacterial taxon. The

polyP-accumulating ability of the bacteria inhabiting the cal-

cium bodies has been further supported by previous descrip-

tions of the presence of polyphosphate kinase (Kornberg, Rao

and Ault-Riche 1999) or cytoplasmic polyP granules in the taxa

with the highest similarity to the phylotypes obtained from the

calcium bodies. These include genera Chitinophaga [ACU58911]

(Del Rio et al. 2010), Sphingobacterium [WP013663843], Sphingopy-

xis [ALH79362] (Ohtsubo et al. 2015), Rhizobium [WP018327404],

Devosia [WP049705541], Aminobacter [WP055978852], Mesorhizo-

bium [EHH13093] (Hao et al. 2012), Bradyrhizobium sp. (Kuyen-

dall 2005) and Variovorax paradoxus (Willems et al. 1991; Willems,

Maergaret and Swings 2005) [WP021007049]. Based on the deduc-

tion from known properties of their closest phenotypically char-

acterized relatives, other metabolic similarities between bacte-

ria in the calcium bodies were reduced to chemoorganotrophic

utilization of the carbohydrates.

The ability of the bacteria to accumulate polyP evolved

several times independently since it is widespread in diverse
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Kostanjšek et al. 9

Figure 7. DAPI staining (A, C, E) of the in situ hybridized (B, D, F) calcium bodies of H. riparius. Overlapping of the polyphosphate-specific yellow signals (arrows) (A, C,

E) and strong Alphaproteobacteria-specific signal (arrowheads) after hybridization with the Alph-968 probe (B), Betaproteobacteria-specific signal (arrowheads) after

hybridization with the probe BET42a (D) and Bacteroidetes-specific signal (arrowheads) after hybridization with the S-O-Bac-0962-a-A-19 probe (F). Scale bars: 20 µm.

prokaryote taxa (Hirschler, Lucas and Hubert 1990). Despite the

involvement of polyP in various processes in the bacterial cell,

the main role of this polymer is considered to be the storage

of phosphorus and energy in high-energy phosphorous bonds

(Kornberg, Rao and Ault-Riche 1999). PolyP is reversibly poly-

merized by polyP kinase when sufficient amounts of phos-

phate and energy are available and depolymerized by phos-

phatases and other enzymes under conditions of energy or

phosphorus deprivation (Hirschler, Lucas and Hubert 1990;

Kornberg, Rao and Ault-Riche 1999). Thus, the presence of

bacteria with polyP granules in the calcium bodies indicate

the availability of phosphate and nutrients in the lumen of

calcium bodies, which can be, as shown by the anatomy of

the calcium bodies, delivered to the lumen only by transep-

ithelial transport. At the same time, the presence of calcium

phosphate in the colonized posterior calcium bodies and ab-

sence of phosphorus in the bacteria-free anterior pair of these

organs in H. riparius strongly indicate the release of phos-

phate from polyP accumulated in bacterial symbionts (Vittori

et al. 2013). As polymerization and hydrolysis of polyP cannot

occur simultaneously, the most likely explanation for both pro-

cesses would be the fluctuations of the available nutrients in the

lumen. Regarding the described calcium dynamics in the cal-

cium bodies during the molting cycle (Vittori et al. 2012), the for-

mation of the glassy layer would be the most likely factor lim-

iting the diffusion of the nutrients between the epithelium and

bacteria inhabiting the lumen (Fig. 8). The bacteria would there-

fore store the energy by formation of polyP during absence of

the glassy layer, and then, after the formation of this layer, recy-

cle the stored energy in polyP under conditions of limited nu-

trient diffusion. According to the model we present here, the

cyclic deprivation of nutrients might also constitute selective

pressures favoring bacteria with efficient energy-storage capa-

bilities, which would eventually result in the observed preva-

lence of the polyP-accumulating bacteria in the calcium bodies.

The bacteria present in the core of the calcium bodies are the

most affected by limited nutrient diffusion through the epithe-

lium covering the organs. Consequently, the bacteria in the core

are forced to hydrolyze larger amounts of polyP to fulfill their

energetic needs, comparing to the bacteria positioned closer to

the epithelium. Increased concentrations of released inorganic

phosphate in the core of the calcium bodies most likely provide

the required amount of phosphate for the synthesis of apatite.

Inorganic phosphate is, despite large amounts of calcium, the

limiting factor for apatite precipitation in other parts of the cal-

cium bodies (Omelon and Grynpas 2008; Omelon et al. 2014). As

one of the most stable forms of calcium phosphate at neutral

pH, the apatite gradually accumulates around the bacteria in

the central region of the calcium body, forming the stable min-

eralized core of the organ (Vittori et al. 2012). Despite recently
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Figure 8. A schematic representation of the proposed model of changes affecting the bacterial population in the calcium bodies during a molting cycle. In non-molting

individuals (a), solute transport between bacteria in the calcium bodies and the calcium body epithelium is unhindered, allowing the accumulation of polyphosphate

by the bacterial cells. During preparation for molt (i.e. during late premolt stage) (b), the diffusion is limited by a glassy layer of calcium phosphate and calcium

carbonate forming around the bacteria. As the bacterial population starves, it may resort to accumulated polyphosphate in their cytoplasm as a source of metabolic

energy, releasing phosphate ions. After molt (c), the glassy layer dissolves, re-establishing solute transport between bacteria and the epithelium. As this occurs, the

released phosphate ions may become available to the host.

suggested involvement of polyP in intracellular sequestration of

calcium and biomineralizaion in unicellular marine algae

(Sviben et al. 2016), the intracellular mineralization has not been

observed in the polyP-accumulating bacteria in the calcium bod-

ies.

The consequences of the symbiosis for the isopod host, on

the other hand are not so unambiguous. Absence of pathogen-

esis and presence of dense bacterial population with common

metabolic feature in specialized organs provide circumstantial

evidence of isopod’s adaptation to these symbionts. Soil bacte-

ria were also recognized as a source of mutualistic symbiosis

providing common metabolite to arthropod hosts (Kaltenpoth

2009). However, the costs and benefits of interaction between

the isopod and symbionts in the calcium bodies are not clear.

As the phosphate ions are an important component of the cal-

cified exoskeleton and represent approximately 10% of the cuti-

cle’s dry weight in T. albus (Hild et al. 2009), the utilization of the

phosphate released by symbionts in cyclic regeneration of the

cuticle would be one of the likely benefits for the host from the

symbiosis.

Most of the phosphate deposited in the isopod exoskeleton is

located in the endocuticle, the cuticle layer which forms in the

postmolt stage of the molting cycle (Hild et al. 2009). The need

for phosphate used in the endocuticle deposition therefore coin-

cides with the disintegration of the glassy layer surrounding the

bacteria in the core of the calcium bodies (Vittori et al. 2012). In

accordance with the postulated model of phosphate dynamics

in the calcium bodies, it is plausible that removal of the glassy

layer facilitates the diffusion of the phosphate accumulated in

the core during symbiotic hydrolysis of polyP to the tissues and

therefore enables its sequestration by newly forming endocuti-

cle. In contrast to the polyP-accumulating bacterial community

in marine sponges, which provide the phosphorus sequestered

from the filtered sea water to the host (Zhang et al. 2015), the

phosphate accumulated in the symbionts of the calcium bodies

originates from the isopod’s tissues and excludes the host’s de-

pendence on polyP-accumulating bacteria in the process of the

calcium storage and recycling.

The presence of calcium bodies has been demonstrated in

numerous other trichoniscids, including the genera Alpionis-

cus, Androniscus, Calconiscellus, Haplophthalmus and Trichoniscus

(Verhoeff 1926, 1927; Méhelÿ 1932; Vittori and Štrus 2016). Bac-

teria have been demonstrated within these organs in all species

studied ultrastructurally, namely in T. albus, H. riparius, Andro-

niscus roseus, and Haplophthalmus mengei (Vittori et al. 2012, 2013;

Vittori and Štrus 2016). However, such structures are not known

outside trichonscids and further work is necessary to establish

in which oniscidean lineages they occur.

In conclusion, the symbiosis described here appears to be

non-obligate for both host and symbionts. The latter apparently

exploits the niche within the calcium bodies, while the bene-

fit for the host is much more ambiguous and, if present, most

likely includes the utilization of the phosphate released by the

symbionts in exoskeleton formation. Further experiments, as

well as comprehensive anatomical studies at earlier develop-

mental stages, are required to elucidate the routes of primary

colonization of calcium bodies as well as the exact costs and

benefits of the this unique association, which, to our knowledge,
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represents the first evidence on polyP-accumulating bacterial

symbionts in the tissue of a terrestrial animal.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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