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“Candidatus Midichloriaceae” fam. nov. (Rickettsiales), an Ecologically
Widespread Clade of Intracellular Alphaproteobacteria

Matteo Montagna,a,b Davide Sassera,a Sara Epis,a Chiara Bazzocchi,a Claudia Vannini,c Nathan Lo,d Luciano Sacchi,e Takema Fukatsu,f

Giulio Petroni,c Claudio Bandia

Dipartimento di Scienze Veterinarie e Sanità Pubblicaa and Centro Interdipartimentale di Studi Applicati per la Gestione Sostenibile e la Difesa della Montagna,b Università
degli Studi di Milano, Milan, Italy; Dipartimento di Biologia, Università di Pisa, Pisa, Italyc; School of Biological Sciences, University of Sydney, Sydney, New South Wales,
Australiad; Dipartimento di Biologia e Biotecnologie Lazzaro Spallanzani, Università di Pavia, Pavia, Italye; Bioproduction Research Institute, National Institute of Advanced
Industrial Science and Technology (AIST), Tsukuba, Japanf

“Candidatus Midichloria mitochondrii” is an intramitochondrial bacterium of the order Rickettsiales associated with the sheep
tick Ixodes ricinus. Bacteria phylogenetically related to “Ca. Midichloria mitochondrii” (midichloria and like organisms
[MALOs]) have been shown to be associated with a wide range of hosts, from amoebae to a variety of animals, including humans.
Despite numerous studies focused on specific members of the MALO group, no comprehensive phylogenetic and statistical anal-
yses have so far been performed on the group as a whole. Here, we present a multidisciplinary investigation based on 16S rRNA
gene sequences using both phylogenetic and statistical methods, thereby analyzing MALOs in the overall framework of the Rick-
ettsiales. This study revealed that (i) MALOs form a monophyletic group; (ii) the MALO group is structured into distinct sub-
groups, verifying current genera as significant evolutionary units and identifying several subclades that could represent novel
genera; (iii) the MALO group ranks at the level of described Rickettsiales families, leading to the proposal of the novel family
“Candidatus Midichloriaceae.” In addition, based on the phylogenetic trees generated, we present an evolutionary scenario to
interpret the distribution and life history transitions of these microorganisms associated with highly divergent eukaryotic hosts:
we suggest that aquatic/environmental protista have acted as evolutionary reservoirs for members of this novel family, from
which one or more lineages with the capacity of infecting metazoa have evolved.

“Candidatus Midichloria mitochondrii” is an intracellular bac-
terium associated with the sheep tick Ixodes ricinus (1), the

main vector of Lyme borreliosis and other diseases in Europe (2).
“Ca. Midichloria mitochondrii” presents an unusual lifestyle, sur-
viving and multiplying inside the tick mitochondria (3). Analysis
of 16S rRNA gene sequences revealed that the bacterium consti-
tutes a deep branch of the order Rickettsiales (1). In the second
volume of Bergey’s Manual of Systematic Bacteriology, the order
Rickettsiales encompasses three families: Rickettsiaceae, Anaplas-
mataceae, and Holosporaceae (4). Recently, oceanic environmen-
tal bacteria known as the SAR11 group have been proposed to
form a fourth family of Rickettsiales, the Pelagibacteraceae (5; see
also references 6 and 7). Based on phylogenetic results, “Ca. Midi-
chloria mitochondrii” is not attributable to any of the families/
main lineages of this order (8). In the last decade, projects aiming
at detecting and cataloguing the bacterial diversity in environ-
mental and biological samples have revealed that “Ca. Midichloria
mitochondrii” is likely just “the tip of the iceberg” of an emerging
novel group of intracellular bacteria. These bacterial lineages phy-
logenetically allied to “Ca. Midichloria mitochondrii” are associ-
ated with a wide range of hosts scattered throughout the eukary-
otic tree of life, from arthropods, such as ticks, fleas, and stink
bugs, to ciliates, amoebae, cnidarians, sponges, fish, and humans
(3, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19). Following Mariconti et
al. (15), we refer to the bacteria phylogenetically related to “Ca.
Midichloria mitochondrii” as MALOs (midichloria and like or-
ganisms). Besides the ecological and evolutionary interest of
MALOs, which derives from their widespread distribution and
peculiar intramitochondrial lifestyle (at least in ticks), we empha-
size that there is growing evidence for the infectivity of these bac-
teria to vertebrates, including humans, and for their immunolog-

ical and potentially pathogenic roles (11, 14, 15). As for the
intramitochondrial niche of “Ca. Midichloria mitochondrii,”
analysis of both the symbiont and the tick mitochondrial genomes
has not yet revealed any clues leading to an understanding of the
biology of this peculiar type of symbiosis (20, 21, 22).

Despite numerous investigations focused on specific members
of the MALO group associated with novel hosts and the descrip-
tion of novel genera and species allied to the group, no compre-
hensive phylogenetic, statistical, and ecological studies have so far
been performed on the MALOs as a whole in the overall frame-
work of the Rickettsiales. Here, we present a study aiming at defin-
ing whether the MALO group represents a coherent and mono-
phyletic clade, whether it is structured into subgroups that could
represent genera, and whether the overall clade could represent a
novel family of the order Rickettsiales.

MATERIALS AND METHODS
Overview of the analytical approach. Our study is based on analysis of all
of the 16S rRNA gene sequences available for taxonomically described
Rickettsiales (as of August 2012) plus 16S rRNA gene sequences available
for MALOs, selecting only complete or almost complete gene sequences.
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We performed (i) phylogenetic analyses aimed at verifying the mono-
phyly of the MALO group; (ii) analyses aimed at detecting evolutionarily
significant units within the Rickettsiales and the MALO clades (through
the generalized mixed Yule coalescent [GMYC] method [23, 24]); (iii) a
principal-coordinate analysis (PCoA) on the 16S rRNA gene sequences;
and (iv) an analysis of molecular variance (AMOVA) between the four
Rickettsiales families (4, 5), with MALOs examined as a separate family or
as members of existing families, with tests of the significance of the groups
defined.

Taxon selection, alignment strategies, and phylogenetic analyses. A
data set of complete/almost complete 16S rRNA gene sequences for taxo-
nomically well-identified taxa belonging to Rickettsiales and from MALOs
were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/GenBank/;
August 2012). The 16S rRNA starting data set was composed of 103 spe-
cies/operational taxonomic units (OTUs) consisting of 7 non-Rickettsiales
alphaproteobacteria, 8 OTUs from Pelagibacteraceae, 3 OTUs from Ho-
losporaceae, 32 species/OTUs of Rickettsiaceae (genera Rickettsia, Orientia,
and Cryptoprodotis), and 23 species of Anaplasmataceae (genera Neorick-
ettsia, Erhlichia, Neoerhlichia, Anaplasma, and Wolbachia), plus 1 unde-
scribed OTU and 29 species/OTUs from MALOs. The accession numbers
and taxonomic status of all of the species/OTUs used in the analysis are
reported in Table S1 in the supplemental material. The retrieved data set
was subsequently subjected to different alignment methods in order to
explore variations of the informative sites in the alignments. The data set
was aligned using two algorithms for multiple-sequence alignment,
MUSCLE (25) with default settings and MAFFT version 6 (http://mafft
.cbrc.jp/alignment/server/ [26]) using a G-INS-i search strategy (27), a
200PAM scoring matrix (considering the divergence between the analyzed
organisms), and default parameters for the remaining settings. The data sets
obtained, identified with “A” for the one obtained using MUSCLE and
“B” for the one obtained with MAFFT, were trimmed using Gblocks (28)
with different parameters: “conservative” (c) mode, which did not allow
gap positions within the final block, and “liberal” (l) mode, which allowed
gap positions within the final block and allowed less strict flanking posi-
tions. These approaches resulted in four alignments, on which the phylo-
genetic analyses were performed. The four alignments were designated
“Ac” (aligned by MUSCLE plus Gblocks conservative mode), “Al”
(aligned by MUSCLE plus Gblocks liberal mode), “Bc” (aligned by
MAFFT plus Gblocks conservative mode), and “Bl” (aligned by MAFFT
plus Gblocks liberal mode). Phylogenetic analyses were performed on
each of the data sets using the following methods: the distance matrix-
based method neighbor joining (NJ) and the character state-based ap-
proaches maximum likelihood (ML) and Bayesian inference (BI). NJ trees
were inferred using MEGA 5 (29) implementing the Tamura-Nei (30)
model of nucleotide substitutions, including transitions and transver-
sions, rate variation among sites modeled with a gamma distribution
(shape parameter � 1), and gaps treated with partial deletion. Node sup-
port was estimated using 1,000 bootstrap replicates. For ML and BI, the
evolutionary models best fitting the analyzed data sets were selected with
jModeltest 0.1.1 (31) using the Akaike information criterion (AIC) and
the Bayesian information criterion (BIC). Both criteria led to the selection
of the General Time Reversible (GTR) (32) with proportions of invariable
sites (I) and gamma distribution (�) as the best model of nucleotide sub-
stitutions. ML analyses were performed using PhyML version 3.0 (33)
with the following options: GTR (32) as the nucleotide substitution
model, optimized proportions of invariable sites, estimated nucleotide
frequency, optimized rate variation across sites into six substitution rate
categories, estimated gamma shape parameter, the best of nearest neigh-
bor interchange (NNI) and subtree pruning and regrafting (SPR) tree-
searching operations, and nonparametric bootstrap analysis (1,000 repli-
cates). Bayesian inference was performed with MrBayes 3.2 (34) on the
Web-based Bioportal (35). In MrBayes, all the Markov chain Monte Carlo
analyses were implemented in two runs of 10 million generations with
four chains each, sample frequency settled every 1,000 generations, and
the GTR substitution model (32), estimated proportions of invariable

sites, and gamma distribution with 6 categories as parameters of the like-
lihood model. The convergence of each run was verified with Tracer 1.4
(36), and 0.25% of the sampled trees were discarded as burn-in.

Detection of ESUs. The GMYC method (23, 24) was applied to the 16S
rRNA gene tree obtained with ML on alignment Al in order to identify
evolutionary significant units (ESUs) (37). The null hypothesis assumes
that all samples belong to a single entity, while the alternative to be tested
assumes that the samples are divided into n independently evolving units;
the log-likelihood ratio test is performed to compare the likelihoods of the
two models. The method is implemented in the R package GMYC in
“splits” (SPecies LImits by Threshold Statistics, available at http://r-forge
.r-project.org/projects/splits/). The ML tree inferred on the alignment Al
was processed in order to drop all branches with 0 length. This operation
resulted in a tree with 71 terminal nodes and 69 internal nodes. The tree
was converted to ultrametric using penalized likelihood with a smoothing
parameter of 1 (selected after cross-validation of values between 0.1 and
100) as implemented in r8s 1.7 (38).

PCoA. We used PCoA (39), a commonly used ordination method for
data organized into distance matrices (40), to place the analyzed species/
OTUs in a new coordinate system. The pairwise nucleotide distance ma-
trix was calculated on alignment Al, which displayed the highest number
of likelihood-informative sites, using MEGA 5 (29) following the removal
of the outgroup taxa (i.e., on the remaining 96 species/OTUs). The im-
plemented model of nucleotide substitutions was the Tamura-Nei model
(30), including transitions and transversions, rate variation among sites
modeled with a gamma distribution (shape parameter � 1), and gaps
treated with partial deletion. The PCoA was performed with the software
MVSP 3.1 (41) using a Euclidean metric and no data transformation.

AMOVA. AMOVA was performed to quantify the genetic variation
between and within the families of Rickettsiales plus MALOs. AMOVA
(42, 43, 44) was performed on the nucleotide distance matrix used as
input for PCoA analysis (which used as input alignment Al). AMOVA was
performed considering three different possible scenarios, based on phy-
logenetic results, in order to explore the variability of the molecular vari-
ances between/within the families of Rickettsiales plus MALOs in the three
different situations. The three scenarios were defined as follows: (i)
MALOs assumed to be part of Rickettsiaceae, with the data set divided into
four groups corresponding to the four described families; (ii) MALOs
considered part of Anaplasmataceae, again with four groups correspond-
ing to the families; and (iii) MALOs considered separately, with the data
set divided into five groups corresponding to the four described families
plus MALOs.

Analysis of similarity between the described families plus MALOs.
In order to assess whether the five groups identified by phylogenetic anal-
ysis, GMYC, and PCoA were significantly different, and to validate our
decision to elevate MALOs to the family rank, the genetic pairwise dis-
tance matrix used for PCoA and AMOVA was subjected to a nonparamet-
ric one-way analysis of similarity (ANOSIM) (45) with permutations
(999). The R value, obtained by the ANOSIM analysis, is a measure of
similarity between groups; an R value of 1 indicates that members of the
selected group are more similar to each other than to members of other
groups. ANOSIM analysis was performed using the R package ANOSIM
in “vegan” (46).

Between- and within-group nucleotide distances. For the five groups
examined, i.e., MALOs and the four families of the Rickettsiales, the intra-
group mean nucleotide distances and the between-group mean distances
were calculated on the p distance matrix with complete deletion of gaps,
using MEGA 5 (29).

RESULTS AND DISCUSSION
Phylogenetic analyses. The different alignment algorithms and
masking strategies resulted in the following four aligned data sets:
two alignments without gaps (Ac and Bc, 868 and 867 bp in size,
respectively) and two alignments with gaps (Al and Bl, 1,396 and
1,361 bp in size, respectively). Features of the four data sets ob-
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tained with different alignment algorithms and masking proce-
dures (i.e., the size, the likelihood-informative sites, the parsimo-
ny-informative sites, and sites without polymorphism) are
reported in Table 1. Phylogenetic analyses based on the four data
sets consistently indicated that MALOs are monophyletic, as are
the four described families of the Rickettsiales (Rickettsiaceae, Ana-
plasmataceae, Holosporaceae, and Pelagibacteraceae) (Fig. 1 and 2;
see Fig. S1 to S12 in the supplemental material). All but one of the
phylogenetic analyses based on the four data sets using different
inference methods (BI, ML, and NJ) agreed with each other in
terms of the relationships between the Rickettsiales families. The
consensus cladogram of 11 of the 12 phylogenetic relationships
inferred from the four data sets and analyzed by the three methods
is shown in Fig. 1 (one topology was slightly different in that
MALOs formed a sister group of Rickettsiaceae). Differences in the
values of branch support were found among the trees inferred
from the four data sets, as shown in Fig. 1. The alignments ob-
tained by the conservative masking strategy (Ac and Bc) contained
fewer informative sites (403 likelihood-informative sites) than the
alignments obtained using a liberal masking strategy (Al and Bl,
with 813 and 787 likelihood-informative sites, respectively), re-
sulting in lower phylogenetic resolution of the former strategy at
the family level and below. The results obtained (excluding the
positions of MALOs) were in agreement with previously pub-

lished topologies inferred from concatenated gene and protein
alignments (5, 20, 47). Figure 2 shows the unrooted phylogeny
inferred from Al (the data set with the highest number of infor-
mative sites, 813) using the Bayesian method. In our analyses
based on 16S rRNA gene sequences, MALOs were placed as the
sister group of Anaplasmataceae, which is concordant with some
reports based on 16S rRNA gene sequences (1, 13) and multiple-
protein-sequence alignments (8) but differs from other reports
that found MALOs to be a sister group of Rickettsiaceae (8, 16, 20).
As shown in Fig. 2, the phylogeny of the Rickettsiales appears as a
typical evolutionary star radiation with short internal branches
supporting long clade branches. Reconstruction of the relation-
ships between main clades evolved by star radiation is generally
difficult to establish (48). Phylogenetic relationships within the
groups Holosporaceae, Anaplasmataceae, and MALOs were well
resolved, while the exact positioning of some lineages in Rickettsi-
aceae was elusive. The results inferred from all four data sets by
both the Bayesian and maximum-likelihood methods exhibited
consistent relationships between the taxa/OTUs within the MALO
group (Fig. 2 and 3).

An evolutionary scenario for MALOs, from aquatic protists
to metazoa. Figure 3 shows the phylogenetic relationship of
MALOs only, along with their source hosts and environmental
origins. The phylogenetic relationships among the MALO taxa/

TABLE 1 Features of the16S rRNA gene sequence alignment data sets

Data
set

Alignment
algorithm

Gblocks
strategy Size (nt)

No. (%) of sites

Likelihood
informative

Parsimony
informative Invariant

Ac MUSCLE Conservative 868 403 (46.4) 360 (41.5) 448 (51.6)
Al MUSCLE Liberal 1,396 813 (58.2) 820 (58.7) 635 (45.5)
Bc MAFFT Conservative 867 403 (46.5) 362 (41.8) 447 (51.6)
Bl MAFFT Liberal 1,361 787 (57.8) 787 (57.8) 574 (42.2)

FIG 1 Majority rule consensus cladogram of the four Rickettsiales families
plus MALOs based on the four 16S rRNA gene sequence data sets (Ac, Al, Bc,
and Bl) implementing BI, ML, and NJ inference methods. Support values
inferred from the four aligned data sets are reported on the branches, with the
Bayesian posterior probability above and the maximum-likelihood (left) and
NJ (right) bootstrap values below. The asterisk represents the sole branch that
does not agree with the majority rule consensus cladogram (i.e., MALOs were
found to be the sister clade of Rickettsiaceae in the tree inferred with NJ on data
set Bc).

FIG 2 Unrooted Bayesian phylogram of the Rickettsiales based on the 16S
rRNA gene sequence Al alignment. Bayesian posterior probability and ML
bootstrap values are reported for the main lineages. (Phylograms obtained
with BI, ML, and NJ on the four alignment data sets are shown in Fig. S1 to S12
in the supplemental material.) The scale bar indicates the distance in substitu-
tions per site.
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OTUs were generally well resolved and supported (Fig. 2 and 3).
The basal branch within MALOs is the lineage leading to bac-
teria harbored by brackish water ciliates and bacteria from wa-
ter samples from Kelike Lake in Tibet (it is possible that these
are symbionts of some aquatic eukaryote). It is notable that
host taxonomic groups were generally coherent; for example,
we identified MALO clades exclusively associated with cnidar-
ians, arthropods, amoebae, and ciliates. However, there are
some exceptions, e.g., “Candidatus Anadelfobacter veles” was
not grouped with the other symbionts of ciliates (i.e., “Candi-
datus Cyrtobacter comes”) but clustered with the group of
MALOs associated with ticks. The taxonomic distribution of
MALO hosts was quite diverse, ranging from amoebae to ver-
tebrates. We speculate that aquatic eukaryotic microorganisms
like ciliates and amoebae, which feed on bacteria and are likely
prone to establish stable interactions with phagocytosed bacte-
ria (49, 50, 51), might represent a sort of evolutionary reservoir
of MALOs from which the lineages infecting animals could
have evolved, plausibly more than once. The deepest branch in
the MALO tree leads to symbionts associated with aquatic pro-
tists (Fig. 3, clade 1). Furthermore, a sister group relationship is

also observed between symbionts of other protists and those of
metazoans, i.e., vertebrates and ticks (Fig. 3, clade 2). Finally,
there is also a group of MALOs associated with filter-feeding
aquatic invertebrates, that is, a sister group to arthropod-asso-
ciated MALOs (Fig. 3, clade 3). These relationships indicate the
potential for the origin of metazoan-associated MALOs from
water-dwelling organisms. Regarding clade 2 in Fig. 3, one hy-
pothesis to explain the trajectory of MALOs from aquatic/en-
vironmental protista/amoebae to ticks could be the infection
(even transient) of a vertebrate host, from which ticks obtain
their blood meals. Amoebae demonstrated to harbor MALOs
have been isolated from humans (9) and belong to the genus
Acanthamoeba, a well-known group of environmental protists
capable of infecting vertebrates. The possibility that bacteria
from the MALO group are infectious to vertebrates is sup-
ported by several independent studies, from the well-estab-
lished case of the rainbow trout (11) to the results indicating
the circulation of “Ca. Midichloria mitochondrii” in humans
(15) (see the introduction). Therefore, although it is not cer-
tain at this stage that MALOs are infectious and pathogenic to
vertebrates, it is reasonable to conclude that vertebrates are at

FIG 3 Bayesian phylogram of MALOs/“Ca. Midichloriaceae” fam. nov., obtained from the 16S rRNA gene sequence Al data set. The values on the nodes are the
Bayesian posterior probabilities and maximum-likelihood bootstrap percentages (values below 50% are not reported). The names after the accession numbers
are those of the hosts of the included MALO bacteria. Where 16S rRNA gene sequences were obtained from environmental samples, the source is indicated in
parentheses. Visual representations of hosts (or sources) of the bacteria are mapped beside the terminal tips. The scale bar indicates the distance in substitutions
per site.
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least transient hosts for these bacteria (thus, in Fig. 3, we have
indicated a vertebrate, i.e., Homo sapiens, as a possible host for
MALOs from clades 2 and 3). In summary, the scenario that we
propose is that aquatic/environmental protista have acted as
evolutionary reservoirs of MALOs, from which one or more
lineages have evolved with the capacity to infect metazoa.

Detection of evolutionary significant units within the order
Rickettsiales. In addition to the above-mentioned phylogenetic
analyses, we also applied the GMYC method (23), a tool devel-
oped for the detection of ESUs within a given data set based on a
maximum-likelihood approach that has recently also been ap-
plied to a 16S rRNA gene sequence data set from prokaryotes (37).
The main results of GMYC analysis are shown in Fig. 4. The
GMYC model exhibited a significantly better likelihood (L) than
the null model (log LGMYC � 303; log LNULL � 295.4; 2�L � 15.2;

�2 test, P � 0.0016) and identified a transition (T1) in the branch-
ing rate at the threshold time �0.094 from the present (see the
lineage through time plot in Fig. S13 in the supplemental mate-
rial), which detected 12 ML ESU clusters for a total of 22 ML
entities (cluster range, 11 to 14; entity range, 18 to 26). Analyzing
the peaks on the likelihood plot, we derived a second threshold
line (T2; threshold time, �0.7 from the present; log L � 297.5).
The two threshold lines, albeit generated independently of any
taxonomic/nomenclature information, correspond to the genus
level (T1) and to the family rank (Fig. 4). Considering T1 in detail,
there is an overall correspondence throughout the order Rickett-
siales between the ESUs identified by this analysis and described
genera. Minor differences are observed in the genus Rickettsia,
where GMYC recognizes two ESUs, the first encompassing most
of the species so far described (Rickettsia cluster 1, which includes

FIG 4 Maximum-likelihood ultrametric tree, obtained from the Al data set, depicting the identified ESUs within Rickettsiales plus MALOs/“Ca. Midichlori-
aceae” fam. nov. (the tree was processed in order to drop all branches with 0 length; see Materials and Methods). Clusters of ESUs are highlighted in red; black
terminal tips indicate the identified single entities. The likelihood-through-time plot is mapped on the tree. The vertical blue line T1 shows the maximum-
likelihood transition point of the switch in branching rates. T2 shows a second likelihood peak corresponding to the family rank on the tree. The scale bar on the
x axis indicates the time unit from the root of the ultrametric tree (time �1.0) to the tips (time 0).
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human pathogens), and a second (Rickettsia cluster 2), which en-
compasses Rickettsia endosymbionts of leaches (Torix tukubana-
torix and Hemiclepsis marginata) and insects (Rickettsia limoniae).
Rickettsia cluster 2 could perhaps be recognized as a novel genus,
in agreement with the results of previous studies (52, 53). With
regard to MALOs, GMYC recognizes three groups of sequences
that are defined at the T1 threshold as ESUs, i.e., MALO cluster 2
(from I. ricinus and other ticks), MALO cluster 3a (from cnidar-
ians and sponges), and MALO cluster 3b (from Hemiptera bugs,
fleas, and ticks). In addition, GMYC identified six single-lineage
ESUs at the T1 level, corresponding to two described genera (i.e.,
“Candidatus Cyrtobacter” and “Candidatus Anadelfobacter”
from ciliates) and four undescribed lineages (from two types of
environmental samples, Acanthamoeba sp., and rainbow trout).
In summary, threshold level T1, which shows good correspon-
dence with the genus level for all of the other Rickettsiales, indi-
cates the existence of nine lineages that might deserve to be ranked
at the genus level within the MALO group, supporting the four
published genera within the group (i.e., “Candidatus Midichlo-
ria,” “Candidatus Lariskella,” “Ca. Anadelfobacter,” and “Ca.
Cyrtobacter”) and indicating that five further genera could be
proposed. Interestingly, T2, the second identified likelihood peak,
identifies five evolutionary lineages that correspond to the four
described families of the Rickettsiales plus MALOs (Fig. 4). Thus,
at the family level, the GMYC method also generates results that
match the current classification of Rickettsiales and indicates that
the MALO group should to be elevated to the family rank. We
therefore performed a series of analyses to obtain further support
for this indication.

Statistical analyses of the main clades of the order Rickettsia-
les. The results of the PCoA performed on the distance matrix
generated on Al are presented graphically in Fig. 5 (PCoA case
score plot). After the analysis of the eigenvalues and of the scree
plot, the first three principal components were considered. These
components explain a total of 89.1% of the variation (1st compo-
nent, 52.6%; 2nd component, 24.2%; and 3rd component,
12.3%). Figure 5 shows the case score plot for the first three prin-
cipal components, in which five groups of OTUs that correspond
to the five clades of Rickettsiales (i.e., the four described families

plus MALOs) are displayed with different shapes. We note that all
five clades of Rickettsiales are well isolated. Interestingly all of the
members of MALOs are grouped together, while there are mem-
bers of Rickettsiaceae and Anaplasmataceae that are located rather
far from the centroid of the corresponding family. Within Rickett-
siaceae, the deviating taxa are the two species of Orientia and “Ca.
Cryptoprodotis polytropus.” In agreement with this result, in the
phylogenetic tree, these species stem as long basal branches and
are quite divergent from the members of the genus Rickettsia
(Fig. 2). A similar situation arises in both Anaplasmataceae and
Holosporaceae, where the two species of Neorickettsia and “Ca.
Paraholospora nucleivisitans,” which constitute basal and long
phylogenetic branches within the families (Fig. 2), appear quite
divergent in the PCoA case score plot.

AMOVAs were performed on the nucleotide pairwise genetic
distance matrix (implementing the Tamura-Nei [30] model of
nucleotide substitutions; see Materials and Methods) estimated
on Al (after removal of the outgroups) simulating three possible
scenarios for the ranking and positioning of MALOs: (i) assumed
to be part of the Rickettsiaceae, (ii) assumed to be part of the
Anaplasmataceae, or (iii) assumed to be a separate family (see
Materials and Methods for details). The results of the AMOVAs
(shown in Table 2) indicate that when MALOs are considered a
separate family, the explained percentage of variance among fam-
ilies is 63.1%, i.e., well above that explained when MALOs were
grouped into the Anaplasmataceae (55.5%) or the Rickettsiaceae
(49.6%). In parallel, the explained percentage of variation within
families is lower when MALOs are considered a separate group
(Table 2). In other words, the assumption of MALOs as a separate
group at the family rank maximizes the intergroup variance and
minimizes that within the groups.

The ANOSIM performed on the estimated genetic pairwise
distance matrix on alignment Al confirms significant diversity be-
tween the five groups examined here, i.e., the four families of
Rickettsiales plus MALOs (R � 0.976; significance, P � 0.001).
Finally, Table 3 presents a summary of the distances within and
between the Rickettsiales families and the MALO group.

In summary, the results obtained by different approaches (i.e.,
phylogeny, GMYC, PCoA, and AMOVA) indicate that bacteria
belonging to the MALO group deserve to be ranked at the family
level. We thus propose to create a novel family in the order Rick-
ettsiales, i.e., “Candidatus Midichloriaceae.”

Taxonomy. “Candidatus Midichloriaceae” fam. nov. (Mi.di-
.chlo.ri.a.ce=a.e. N.L. n. “Candidatus Midichloria,” type genus of
the family; suffix -aceae, ending to denote a family; N.L. fem. pl. n.

TABLE 2 AMOVA

Tested hypothesis

Variation among
groups

Variation within
groups

Variance
component

Variation
explained
(%)

Variance
component

Variation
explained
(%)

MALOs assumed as part
of Anaplasmataceae

0.60 55.5 0.48 44.5

MALOs assumed as part
of Rickettsiaceae

0.54 49.6 0.55 50.4

MALOs assumed as
separate group

0.63 63.1 0.37 36.9

FIG 5 Principal-coordinate analysis based on Euclidean distances of the pair-
wise nucleotide distance matrix obtained from the 16S rRNA gene sequence Al
data set. The explained variances are as follows: 1st axis, 52.6%; 2nd axis,
24.2%; 3rd axis, 12.3%. The four Rickettsiales families plus MALOs are labeled.
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“Candidatus Midichloriaceae,” the family of the genus “Candida-
tus Midichloria”). The new family encompasses bacteria associ-
ated with a wide range of hosts, from protists to vertebrates, in-
cluding humans; all of the members of this family that have so far
been investigated by transmission electron microscopy have been
shown to be intracellular, with a typical Gram-negative cell wall.

Concluding remarks. The novel family described here, “Can-
didatus Midichloriaceae,” is to be regarded as a group of organ-
isms of potential medical and veterinary relevance, considering
their capacity to induce an immune response in tick-exposed hu-
man subjects and the detection of their DNA in tick salivary glands
and in tissue/blood samples from different vertebrates (11, 14,
15). The results obtained by phylogenetic analyses for members of
“Candidatus Midichloriaceae” and their hosts suggest a possible
scenario of life history transitions from MALOs infecting water-
dwelling protists to those infecting different types of metazoa (as
discussed above). The idea that arthropod- and vertebrate-associ-
ated intracellular bacteria arose from aquatic/environmental pro-
tists is not new (9). In addition to the scenario discussed here for
the “Candidatus Midichloriaceae,” there is also evidence for the
deep branching of a lineage of the Rickettsiaceae that infects
aquatic protista (53). Considering that current evidence places the
family of ciliate-infecting bacteria Holosporaceae as the sister
group of the lineage leading to Rickettsiaceae, Anaplasmataceae,
and “Candidatus Midichloriaceae,” there is overall evidence indi-
cating that intracellular Rickettsiales were originally associated
with aquatic/environmental protista that served (and potentially
still serve) as an ecological and evolutionary reservoir for the Rick-
ettsiales infecting animals.
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ADDENDUM IN PROOF

On the same day this study was accepted for publication, an ad-
vanced online publication presented data on a novel bacterium
phylogenetically related to “Ca. M. mitochondrii” (T. Driscoll et
al., Genome Biol. Evol. doi:10.1093/gbe/evt036, 2013) and re-
ferred to this species and related organisms as “Midichloriaceae,”
following a previous informal proposal to rank this bacterial
group at the family level, discussed in a recent book chapter (J. J.
Gillespie, E. Nordberg, A. F. Azad, and B. W. Sobral, p. 84 –141, in
A. F. Azad and G. H. Palmer, ed., Intracellular pathogens II: Rick-
ettsiales, 2012).
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