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he  symbiotic  gut  flagellates  of  lower  termites  form  host-specific  consortia  composed  of  Parabasalia
nd Oxymonadida.  The  analysis  of  their  coevolution  with  termites  is hampered  by  a  lack  of  informa-
ion, particularly  on  the  flagellates  colonizing  the  basal  host  lineages.  To  date,  there  are  no  reports
n the  presence  of  oxymonads  in  termites  of  the  family  Stolotermitidae.  We  discovered  three  novel,
eep-branching lineages  of  oxymonads  in  a  member  of  this  family,  the  damp-wood  termite  Porotermes
damsoni. One  tiny  species  (6–10  �m),  Termitimonas  travisi,  morphologically  resembles  members  of
he genus  Monocercomonoides,  but  its  SSU  rRNA  genes  are  highly  dissimilar  to  recently  published
equences of  Polymastigidae  from  cockroaches  and  vertebrates.  A  second  small  species  (9–13  �m),
xynympha loricata,  has  a slight  phylogenetic  affinity  to  members  of  the  Saccinobaculidae,  which  are

ound exclusively  in  wood-feeding  cockroaches  of  the  genus  Cryptocercus,  the  closest  relatives  of
ermites, but  shows  a  combination  of  morphological  features  that  is  unprecedented  in  any  oxymonad
amily. The  third,  very  rare  species  is  larger  and  possesses  a  contractile  axostyle;  it  represents  a phy-

ogenetic sister  group  to  the  Oxymonadidae.  These  findings  significantly  advance  our  understanding
f the  diversity  of  oxymonads  in  termite  guts  and  the  evolutionary  history  of  symbiotic  digestion.
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Introduction

Symbiotic  flagellates in the  hindgut  of lower
termites  and wood-feeding  cockroaches (genus
Cryptocercus)  are responsible  for the digestion of
lignocellulose  (Brune and Ohkuma  2011;  Brune
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2014). Proctodeal  trophallaxis  not only provides
all  colony members  with the same set of micro-
bial  symbionts  but also ensures  their vertical
transmission  to the next  generation,  which  favors
coevolution  of the symbionts  with  their respec-
tive  host  (Brune and Dietrich  2015).  Therefore,
termites  generally  possess  host-specific  flagellate
communities,  and members  of  the same host fam-
ilies  typically share  closely related  symbionts  (e.g.,
Honigberg 1970;  Kitade  2004; Tai  et al. 2015; Yamin
1979).

The symbiotic  gut flagellates  of lower termites
belong  exclusively  to the phylum Parabasalia  and
the  Oxymonadida (phylum Preaxostyla), which
have  been classified  as members of the supergroup
Excavata  (Adl  et al. 2019). Oxymonads  are  anaer-
obic  protists  that lack mitochondria  and  differ  from
parabasalids  by the absence  of hydrogenosomes,
a  discrete  dictyosomal  Golgi  apparatus,  and other
cell  organelles (Brugerolle 1991; Burki 2016). They
have  a unique  cytoskeleton composed  of two (or
a  multiple  of  two) pairs of basal  bodies  that are
connected  by a preaxostyle  and give  rise  to sev-
eral  root  structures and a stronger  microtubular  rod
(axostyle)  (Brugerolle  and Lee 2000;  Brugerolle
and  Radek  2006). Various  attempts  have been
made  to homologize basic cytoskeletal  elements  of
Metamonada  with the derived  structures  present  in
oxymonads  (Hampl 2016; Radek 1994;  Simpson
et  al. 2002;  Yubuki  and Leander 2013,  Yubuki  et al.
2016); here, we follow largely  the terminology of
Simpson et al. (2002) to avoid  terminological  con-
fusion.

The  phylogenetic relationships  among  the oxy-
monads  are only poorly resolved  (Radek et  al.
2014). Molecular data are  scarce, and  SSU rRNA
gene  sequences  of only  a limited  number  of  species
have  been  reported  (Heiss and Keeling 2006;
Moriya  et al. 1998,  2003;  Radek et al. 2014;  Stingl
and  Brune 2003). Some family  level  taxa  are rep-
resented  only by a few  phylotypes. In  most lower
termites,  the  presence  of oxymonads  has  not been
investigated  or is based exclusively  on microscopy
observations,  which  are  clearly biased towards the
larger  species (Yamin 1979).  In some of the  most
basal  termite lineages, such as members  of the
family  Stolotermitidae,  oxymonads have  not been
reported  at all.

The Stolotermitidae  comprise  the genera
Stolotermes  and Porotermes (Krishna et al. 2013).
Their  divergence  from other  termites dates back
115  Ma,  i.e., prior to the final breakup  of Pangaea
(Bourguignon  et  al. 2015). As Gondwanan  relicts,
extant  members  of the  genus Porotermes  are
endemic  to Australia (Porotermes  adamsoni)

and  the  southernmost  provinces  of  the Afrotrop-
ical  (Porotermes  planiceps) and  Neotropical
(Porotermes  quadricollis)  regions.

The gut flagellates  of P. adamsoni, which
was  originally described as Calotermes adamsoni
by  Froggatt  (1897) and  later placed in the
genus  Porotermes  by Desneux (1906),  have
been  investigated by several authors.  Grassi
(1917)  and  Sutherland  (1933)  described eight
species  of parabasalids  (Joenina  pulchella, Pseu-
dotrypanosoma  giganteum,  Pseudotrypanosoma
minimum,  Spirotrichonympha  grandis, Spirotri-
chonympha  mirabilis,  Spirotrichonymphella pudi-
bunda,  Trichonympha  magna,  and an unspecified
trichomonad);  an  additional  species, Microjoe-
nia  depressa,  was later added  by Brugerolle
(2001). The morphology  and ultrastructure of
several  of these flagellates have  been  comprehen-
sively  studied (Brugerolle  1999, 2001; Brugerolle
and  Patterson  2001), and the SSU rRNA gene
sequences  of several species  have  been  reported
(Keeling  et al. 1998; Izawa  et al. 2017).

However,  none of these  studies ever mentioned
the  presence  of  oxymonad  flagellates.  To date,
there  is no record of oxymonads  in any member
of  the Stolotermitidae,  which leaves  the impres-
sion  that  this basal termite family lacks oxymonad
flagellates  entirely. Here, we investigated the diver-
sity  of oxymonads  in P. adamsoni  and describe
three  novel, genus-level  lineages  of oxymonads.
We  present  a detailed  characterization  of morphol-
ogy  and ultrastructure  for two of these  species and
discuss  possible implications  of  their phylogenetic
position  for the coevolutionary  history  of oxymonad
flagellates  and  termites.

Results

We detected  three morphotypes  of oxymonad
flagellates  by light microscopy of the  hindgut
contents  of Porotermes adamsoni.  The small-
est  flagellate,  Termitimonas  travisi gen. nov. sp.
nov.,  has a pointed  anterior cell  pole and resem-
bles  members  of the  genus  Monocercomonoides.
The  second  morphotype,  Oxynympha  loricata  gen.
nov.  sp. nov., is slightly  larger and  possesses a
long  axostyle;  it does not closely  resemble any
described  species. The  third morphotype  resem-
bled  members  of the  genus  Saccinobaculus and is
very  rare.
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Figure  1.  Oxynympha  loricata,  general  cell  morphology.  Scale  bars:  A–F,  10  �m;  C  inset,  1  �m;  G,  5  �m;  H–J
2 �m.  A  Glutaraldehyde-fixed  cell  with  posteriorly  protruding  axostyle  (ax).  fl,  flagellum.  B–D  Different  focal
planes of  a protargol-stained  cell  show  all  four  flagella  (1–4),  which  are  robust  and  well  stained.  A  darkly
stained, globular  nucleus  lies  close  to  the  two  pairs  of  basal  bodies  (arrowheads).  The  protruding  axostyle
has a  darkly  stained  periaxostylar  ring  (arrow)  at  the  point  where  it  leaves  the  cell  body  proper  (C,  inset).  E,
F Another  protargol-stained  cell  in  two  focal  planes.  Four  flagella  (1–4)  arise  from  two  pairs  of  basal  bodies
(arrowheads); n,  nucleus.  The  periphery  of  the  cell  is  conspicuously  well  stained.  G–J  Scanning  electron
micrographs. Proximally,  the  flagella  are  particularly  thick  (G,  H  wide  arrowheads),  compared  to  their  more
distal part  (G,  H  narrow  arrowheads).  The  surface  is  covered  by  scales  (arrows)  that  seem  to  suffer  during
sample preparation;  small  holes  probably  represent  the  central  funnel  of  intact  scales  (J  arrowheads).  Partially
caved-in bacterial  rods  (b)  occur.  Axostyle  protrudes  posteriorly.

Morphological Characterization

Oxynympha loricata gen. nov. sp. nov.

Oxynympha loricata is the most common  and
second-smallest  oxymonad of P. adamsoni. The
cells  have a slightly pointed  posterior end, which
gives  them  the appearance  of an inverted  egg. They
have  a length of 10.8 �m (9–12.5  �m, n = 18)  and a
width  of 7.4 �m (5.6–9.4  �m, n = 21)  (Fig.  1A–G).
The  long axostyle  protrudes  at the posterior cell
pole  by another  5–7 �m (n =  9) (Fig.  1A,  D, G),
which  allows an easy  distinction  from the cells
of  Termitimonas  travisi. At  the  point  where  the
axostyle  protrudes  from the cell proper,  a peri-
axostylar  ring was evident in protargol-stained
specimens  (Fig.  1C and inset). Four  flagella arise
from  two pairs  of basal bodies  (Fig.  1B–H). They

appear unusually thick and  stained  intensively
with  protargol  (Fig.  1C, D). SEM  images revealed
that  the diameter  of the  flagella  is larger in the
proximal  half (ca. 0.4  �m) than  in the distal pos-
terior  half, which has a diameter  typically found in
other  eukaryotes  (0.2 �m) (Fig.  1G–I). The lengths
of  the  flagella  range  from  22 to 30 �m (mean
27  �m; n = 18). The  rounded  nucleus is situated
close  to the anterior cell pole and has  a mean
diameter  of 2.5 �m (2.0–3.2 �m, n = 21). Regions
in  the central and posterior  regions of the cell
stained  dark (Fig. 1B, E, F). The periphery of
the  cell was strongly impregnated  with protar-
gol  (Fig.  1C, E, F). The  SEM images  revealed
the  presence  of loosely  arranged  ring-like surface
structures  (scales) (Fig.  1I, J), which occur on the
cell  proper but not  on  the  flagella  or the protruding
axostyle.  Furthermore, small  holes were seen  in the
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smooth regions  between the  scales (Fig.  1J). The
cell  surface had elongate  invaginations  that con-
tain  rod-shaped  bacteria  of  more or less uniform
appearance  (Fig. 1G, I,  J).

TEM of ultra-thin  sections  showed  that the ante-
rior  cell pole is mostly  occupied  by the  large  nucleus
and  various  root  structures  arising  from the basal
body  pairs  (Figs  2A–E, 3 A).  The  nucleoplasm  often
contains  coccoid  bacteria  (Figs  2A, 3 A). Anteri-
orly,  the  nucleus is indented  by the preaxostyle,
which  connects  the basal  body  pairs  (Fig. 2A, D).
The  anterior plasma  membrane  is  supported  by a
pelta;  root  1 and a hook-like structure  (ribbon b)
arise  close to basal  body  1 (Fig. 2A,  B).  At  the base
of  cross-sectioned  basal bodies (distal from the
axoneme  of  the flagellum)  a typical cartwheel struc-
ture  is present (Fig.  2C).  Proximal to their  origin
at  the anterior cell pole, the flagella have an  irreg-
ular  outline with a wide space between axoneme
and  plasma  membrane  (Fig. 2A, D and  inset, D).
In  cross-sections  of flagella, electron-dense  tri-
angles  connect the doublets with the  membrane
(Fig.  2D).  Longitudinal  sections revealed  that  these
triangles  are long threads  with a fine, regular
striation  (Fig. 2E). The proximal  part  of the recur-
rent  flagellum  is supported  by microtubular  root
1  (Fig.  2D inset, E). Axostyle  microtubules  arise
in  intimate  contact to the preaxostyle  (Fig. 2D).
The  axostyle  consists  of  5–6 layers  of intercon-
nected  microtubules (Figs  2D, F, 3  C).  The layers
are  more or  less  straight  at the level of the nucleus
(Fig.  2D) but are  curved  inwards  by about  one
turn  in the posterior part of the cell (Figs 2F, 3
C). The  cytoplasm  contains  several  morphotypes
of  prokaryotes. Some are thick-walled  pleomorphic
cells  that are  apparently not enclosed  in vacuoles
(Fig.  2D),  and others  are  rod-shaped  with a gram-
negative  cell wall; it  was  not  always clear whether
they  were surrounded by a vacuole (Fig. 3A). Some
internal  bacteria  looked degenerated  (Fig.  3A). In
addition,  the external  surface  of each flagellate
showed  several  rod-shaped  prokaryotes  deeply
embedded  in pouches formed by the  plasma mem-
brane  (Fig. 3B). The  posterior  part  of the  cells
also  harbors large  vacuoles with transparent  and
electron-dense,  fine fibrillary  regions  (Fig. 3C),
rough  endoplasmic  reticulum, and curls of free ribo-
somes  (polysomes)  (Figs  2F, 3 A).

Favorable sections  of the cell periphery revealed
a  distinct  ectoplasmic  zone, which was much more
electron-dense  than  the endoplasm  (Fig.  3A, C).
Vesicles  with a  dense inner  coat occur  close to
the  plasma  membrane  or even open to the  surface
(Fig.  3C and inset).  The outside  of the cell  body
is  almost  completely covered with scales, which sit

in shallow indentations  of the  surface (Figs 2A,  D,
3 A–D). The plasma  membrane  under the  scales
has  a particularly prominent  glycocalyx (Figs 2D, 3
A inset). In top view, the scales  are rounded struc-
tures  of about  0.5–0.6 �m (Figs  1I, J, 3 D).  The
scales  consist  of a circular rim (150–200 nm high)
with  a  funnel-shaped  lid (Figs  2A, D,  3  A  and inset,
3B–D),  whose  borders are connected  to  the circular
base  by regularly spaced  fibrillous material (Fig. 3A
inset).  In the  center, the funnel-shaped  lid contacts
the  plasma  membrane via  a short  cylindrical part
(Figs  2D,  3 A and inset,  3 B).

Termitimonas travisi gen. nov. sp. nov.

Termitimonas  travisi is the smallest  and  second-
most  prevalent  oxymonad  in  P. adamsoni.  The
cells  have an average length of 7.7  �m (range
6–9.7  �m, n =  11) and an average width of  5.5 �m
(range  3.8–6.5  �m, n = 11). The  anterior cell pole
is  more or less pointed  and  lends  the cells an
ovoid-to-pyriform  appearance  (Fig.  4A–E). Four
flagella  arise anteriorly  in two  pairs  (Fig. 4A,  D,
E).  The  length of the flagella ranges from  13 to
23  �m (mean 16 �m; n = 5); the preparations did
not  allow  determination  of the differences in length
between  individual flagella. Protargol-stained  sam-
ples  revealed  two pairs of basal bodies  (Fig.  4B),
which  are  connected  by a bowl-like preaxostyle
(Fig.  4C) that is in contact  with the nucleus. The
nucleus  is rounded,  lies close to the anterior cell
pole,  and has  a diameter of 2–2.5  �m (mean
2.3  �m, n = 11). The  border of the nucleus often
stained  more  strongly. The  axostyle is a short, dark,
longitudinal  rod and  does  not  protrude  from  the pos-
terior cell pole  (Fig.  4A–D).  Other structures that
were  stained  with protargol are  a pelta,  which sup-
ports  the anterior  cell pole (Fig.  4B), and root  1,
which  supports  the  recurrent  flagellum  (Fig.  4C).
The  cytoplasm and  the  cell border stained only
faintly.  Food vacuoles were not obvious.  The SEM
images  clearly showed  two  pairs of flagella, one
arising  close to the anterior tip, and the other a
bit  shifted towards the  posterior  cell  pole (Fig. 4D,
E).  The  irregular surface is  probably  due to fixation
artifacts.

Although  we found only a single one of these
tiny  cells in the ultra-thin sections, TEM revealed
other  structural  details. The  plasma  membrane,
whose  wrinkled appearance  matches  the  irregular
cell  surface  in the  SEM images,  is not covered by
scales  or ectobacteria.  Typical oxymonadid struc-
tures occupy the  anterior  cell  pole (Fig. 4F, G).  A
pelta  supports the  plasma  membrane,  and a nar-
row  anterior microtubular root supports  the pelta.
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Figure  2.  Oxynympha  loricata,  fine  structure  (TEM)  of  the  anterior  cell  pole.  Scale  bars,  1  �m.  A,  B  A  curved
preaxostyle (pax)  is  closely  adjacent  to  the  nucleus  (n)  and  is  in  contact  to  basal  body  1 (1).  Root  1  (r1)
arises between  basal  body  1  and  4,  and  the  pelta  microtubules  (p)  support  the  plasma  membrane.  b,  bacteria;
bf, b  fiber;  fl,  flagellum;  s,  scale  on  surface;  v,  vacuole.  C  Cartwheel  structure  (arrow)  in  one  of  the  basal
bodies. D  Cross-sectioned  cell  with  microtubular  layers  of  the  axostyle  (ax)  arising  from  the  preaxostyle.  Cross-
sectioned flagella  show  a  wide  lumen;  some  duplets  of  the  axoneme  are  connected  to  the  distant  membrane  by
triangular structures.  Attached  part  of  the  recurrent  flagellum  is  supported  by  microtubular  root  1  (r1;  inset  D).
E Longitudinally  sectioned  flagellum.  Fine  regular  striations  connect  the  axoneme  with  the  distant  membrane.
F Posterior  to  the  nucleus,  the  sheets  of  the  axostyle  are  curved  in  for  one  turn.  Ribosomes  are  arranged  as
polysome curls  (po)  or  rough  endoplasmic  reticulum  (rer).
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Figure  3. Oxynympha  loricata,  fine  structure  (TEM)  of  the  posterior  cell  pole,  surface,  and  cytoplasmic  ele-
ments. Scale  bars:  1  �m;  inset  A,  0.5  �m;  inset  C,  0.1  �m.  A  Median-sectioned  cell  with  external  layer  of  scales
(s), dense  ectoplasm  layer  (ep),  nucleus  (n)  with  coccoid  bacteria  (b),  flat-cut  axostyle  (ax)  posterior  to  the
nucleus, light  granular  endoplasm  containing  bacteria  and  rough  endoplasmic  reticulum  (rer).  Inset:  scale  in
higher magnification.  A  circular  base  is  covered  by  a  lid,  which  forms  a  deep  funnel  at  its  center.  The  lid  is
connected to  the  circular  base  by  filaments  (arrowheads).  Plasma  membrane  under  the  lid  possesses  a  thick
glycocalyx. B  Rod-like  bacterium  deeply  sunken  in  indentation  of  the  surface.  C  Cross-section  through  posterior
cell pole.  Large  vacuoles  (v)  contain  fine,  fibrillary  material.  Small  vacuoles  with  dense  inner  layer  make  contact
to the  plasma  membrane  (arrows).  Inset:  small  opened  vesicle  under  scale.  sp,  spirochaetes.  D  Grazing  section
of surface  with  horizontally  sectioned  scales.  Outer  circular  base  is connected  to  border  of  the  lid  by  regularly
spaced fibrils  (arrowheads).  Arrow  points  to  central  cylinder  of  funnel-shaped  lid.

The  preaxostyle  connects  the basal  body pairs 1 +  4
with  2 + 3 (using  the terminology of Simpson et al.
2002, which  states  that basal body 1  belongs to
the  recurrent  flagellum  and is associated  with basal
body  4, whereas  the other  pair  consists of basal
bodies  2  and 3). Root 1 and the axostyle both  arise
near  basal body 1. The presence  of root 1 con-
firmed  the presence  of a recurrent  flagellum  with
partial  attachment  to  the cell surface in addition  to
three  freely  moving  flagella. A grazing section  of
the  nucleus (Fig. 4F, G)  showed superficial  nuclear
pores  and endonuclear  bacteria.  The  dense  cyto-
plasm  contains  vacuoles  with membranous  content
and  cisterns of rough  endoplasmic  reticulum.

Saccinobaculus-like flagellate

The  third morphotype is considerably  larger than
the  other two. We observed  only a few  of these  cells
in  live preparations  (Fig.  5J–K). The  cells constantly
change  their shape  by rolling  up  into a  ball and
stretching  their anterior  pole, which suggests that
they  have  a highly  flexible and contractile axostyle,
which  is characteristic  for members  of the genus
Saccinobaculus.  We postponed  the suggestion  of
a  name  and  the species description until we have
obtained  enough  material to investigate their ultra-
structure  in more detail.
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Figure  4.  Termitimonas  travisi.  Scale  bars:  A–D,  5  �m;  E–G,  1  �m.  A  Glutaraldehyde-fixed  cell  with  four  flagella
(arrowheads). B,  C  Two  slightly  different  focal  planes  of  a  protargol-stained  cell,  revealing  two  pairs  of  basal
bodies (1  +  4  and  2  +  3)  at  the  anterior  cell  pole,  nucleus  (n),  axostyle  (ax),  preaxostyle  (pax),  and  pelta  (p).
Root 1 (r1)  supports  the  recurrent  flagellum.  D,  E,  Scanning  electron  micrographs  of  the  same  cell  in  slightly
different views,  showing  the  pointed  anterior  end  of  the  cells  and  the  two  pairs  of  flagella  (1  + 4,  2  +  3);  the  origin
of pair  1  +  4  is  shifted  posteriorly.  F,  G  Transmission  electron  micrographs  showing  the  preaxostyle  connecting
basal bodies  1  +  4  and  2  +  3.  The  pelta  arises  near  basal  body  4  and  is  supported  by  the  anterior  root  (ar).  Root
1 will  support  the  recurrent  flagellum  (1).  Other  structures:  axostyle,  bacteria  (b),  flagellum  (fl),  nuclear  pores
(np), rough  endoplasmic  reticulum  (rer),  vacuole  (v).

Figure  5.  Capillary  picking  of  individual  cells  of  Oxynympha  loricata  (A),  Termitimonas  travisi  (G),  and  the
Saccinobaculus-like morphotype  (J)  for  molecular  identification.  The  cells  of  O.  loricata  (B–F)  were  distinguished
from those  of  T.  travisi  (H–I)  by  their  slightly  larger  size,  their  longer  flagella,  and  their  protruding  axostyle
(arrows). The  Saccinobaculus-like  morphotype  was  identified  by  its  constantly  changing  shape  (J,  cells  a  and
b) and  the  probing  movement  of  its  anterior  cell  pole  (K,  arrow).  Phase-contrast  micrographs  of  living  cells.
Scale bars:  10  �m,  except  J  (50  �m).

Phylogenetic Analysis

The  SSU rRNA  gene sequences  of oxymonads
obtained  from the  hindgut of P. adamsoni  fell
into  three distinct  clades.  They differed  consider-

ably with  respect  to amplicon  length  (1948, 2191,
and  2012  bp, respectively) and showed a high
sequence  dissimilarity  between members of the
clades  (16–20%).  A thorough  phylogenetic analy-
sis  based on a manually  curated  alignment of all
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Figure  6.  A  Phylogenetic  analysis  of  the  SSU  rRNA  genes  of  Oxymonadida,  showing  the  relationship  of  the
three new  species  from  Porotermes  adamsoni  obtained  in  the  present  study  (in  bold)  to  the  oxymonads  from
other hosts.  The  arrow  marks  the  clade  whose  members  occur  exclusively  in  termites  and  Cryptocercidae.  The
tree was  reconstructed  using  maximum-likelihood  analysis  (PhyML),  with  members  of  Trimastigidae  and  Paratri-
mastigidae as  outgroup.  Tree  topology  was  confirmed  by  IQ-TREE,  RAxML,  and  Bayesian  (Ba)  analysis.  Bullets
summarize node  support  (aLRT  support/ultrafast  bootstrap  support/posterior  probabilities:  �, ≥95/99/1.00,  ©,
≥70/95/0.99); otherwise  individual  values  are  shown.  The  dash  indicates  a  conflicting  node  in  Ba.  The  back-
ground colors  indicate  the  host  range  of  the  respective  lineages.  B  Phylogenetic  relationship  of  the  host  lineages
with oxymonad  symbionts  (schematic).  The  arrow  marks  the  ancestral  acquisition  and  the  cross  the  subsequent
loss of  the  termite-specific  clade  of  oxymonads  (see  A);  the  dashed  line  marks  the  proposed  transfaunation
event (see  text).  For  more  details,  including  accession  numbers  of all  sequences  and  root  information,  see
Supplementary Material  Figure  S2.

homologous gene  sequences of the order Oxy-
monadida  revealed  that each clade  represents
a  novel, deep-branching  lineage  of oxymonads
(Fig.  6A).

Sequences of two clades  were recovered already
from  a small  clone library  (20 clones).  While Clade
1  (12  clones)  consisted  of  a single phylotype
(i.e.,  clones  with a sequence  similarity ≥99.7%),
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Clade 2 (8  clones)  comprised  two phylotypes
(4.3%  dissimilarity).  The  third  clade was detected
only  in a second,  substantially larger clone library
(93  clones), which yielded  mostly  sequences  that
belonged  to Clade 1 (76 clones)  and  Clade  2 (15
clones).  Sequences  of Clade 3 were very  rare (2
clones)  and represented  a single phylotype.

Clade  1 falls into the radiation of the family  Poly-
mastigidae.  It forms a separate  line of  descent
that  is most closely related  to  members  of the
genus  Monocercomonoides,  which  comprises sev-
eral  distinct lineages representing  isolates from
the  intestinal tracts of either  invertebrate or ver-
tebrate  hosts  (Treitli et al. 2018).  In all  analyses,
the  genus Blattamonas  formed a sister group to the
higher  taxa of Oxymonadida,  and  in  trees  inferred
by  Bayesian  analysis, Clade 1 fell into a well-
supported  position  basal  to  Monocercomonoides
and  Blattamonas  (see Supplementary  Material  Fig.
S2),  which  suggests  that the family Polymastigidae
may  be paraphyletic.

The remaining  higher taxa of Oxymonadida  were
monophyletic  in all analyses,  and the relationships
between  individual  families  were  stable,  irrespec-
tive  of the method  used for tree  reconstruction.
However,  the sister position  of Clade 2 to the family
Saccinobaculidae  is only weakly supported,  which
suggests  that  members  of this lineage  may rep-
resent  an independent  line of descent  with family
rank.  By contrast,  the sister-group  position  of Clade
3  to the  genus Oxymonas was highly supported  in
all  analyses.

Assignment of Morphotypes to
Phylotypes

To  assign the morphotypes to  their  respective
phylotypes,  we  amplified  the SSU rRNA from
capillary-picked  individual cells using nested PCR.
Because  the cells of Oxynympha  loricata and
Termitimonas  travisi are very small  and  hard  to dis-
tinguish  in live preparations, we initially  tested the
procedure  by amplifying  the SSU rRNA  genes from
a  mixed suspension  of both  morphotypes. Gel elec-
trophoresis  of the  PCR  products  yielded  two distinct
bands  (Supplementary  Material Fig.  S3) with the
amplicon  length predicted  for  the  partial sequences
of  members  of Clade 1 (1037  bp)  and Clade  2
(1193  bp)  generated  with the internal  primer pair.
When  both  bands  were excised and  sequenced,
they  matched the  corresponding  phylotypes.

Then,  we picked individual  flagellates from these
suspensions  for single-cell  PCR  (Fig. 5).  After some
practice,  it was  possible to  distinguish  O. loricata by
their  slightly  larger  cells,  with longer flagella  and a

protruding axostyle  at the posterior  cell pole. They
rounded  off when immersed  in solution  U,  whereas
those  of T. travisi kept their  irregular  shape.

Only  cells  with the morphology of O.  loricata
yielded  a PCR  product.  The  partial sequences fell
into  Clade  2, confirming  that O. loricata is the  new
lineage  loosely affiliated  with the Saccinobaculidae.

All  attempts to amplify  the SSU rRNA genes from
single  cells with the morphotype  of T.  travisi were
unsuccessful.  However, based  on the presence of
the  phylotype of Clade  1  in the mixed suspension
of  both  flagellates, we consider it safe to  conclude
that  T. travisi represents  the phylotype  related to
Monocercomonoides.

The  third,  Saccinobaculus-like  species  was easy
to  identify based on its  size and characteristic motil-
ity.  Although  the  cells were extremely rare, we  were
able  to isolate  an individual  cell of  this morphotype
and  successfully  amplified  its  SSU rRNA gene. The
sequence  was virtually identical to  those  of Clade
3,  which  matches  the low representation of this
phylotype  in  the  clone  libraries. Based  on these cri-
teria,  we tentatively assign  the Saccinobaculus-like
species  to the  new lineage  of  oxymonads that is
sister  to the Oxymonadidae.

Discussion

Oxymonads  in termite  guts were  discovered  almost
150  years  ago  (Leidy  1877). All extant genera  had
been  established  by the  mid-20th century (Grassé
1952). More than 65 years  after the last  genus
description  from  termites  (Sauromonas),  we  found
representatives  of  three  new genus-level  lineages
of  oxymonads  in Porotermes  adamsoni,  two  of
which  are  described  as new genera  in the present
study.  This  report  establishes the presence of oxy-
monads  in termites  of  the family  Stolotermitidae
and  provides  new insights into  the internal phy-
logeny  of Oxymonadida  and their coevolution with
lower  termites.

Hidden Diversity of Oxymonads

The  order Oxymonadida  presently  consists of the
families  Oxymonadidae,  Polymastigidae,  Pyrson-
ymphidae,  Saccinobaculidae,  and  Streblomastigi-
dae  (Brugerolle  and Lee 2000; Hampl 2016);  the
phylogenetically  isolated  members  of the genus
Opisthomitus  might  represent a sixth  family-level
lineage  (Radek et al. 2014). The  diversity  and  host
distribution  of extant species have  been compre-
hensively  reviewed by Yamin (1979) and Hampl
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(2016). These species  represent  11  genera  that
occur  exclusively  in termites, one genus  (Sac-
cinobaculus)  from wood-roaches  of the genus
Cryptocercus,  and three  genera  (Brachymonas,
Monocercomonoides,  and the recently  described
Blattamonas)  that are found also in the guts of other
insects  and vertebrates, and even in  anoxic  habitats
such  as cesspits  (Treitli et al. 2018).

Although the  gut  flagellates  of Porotermes
adamsoni  have been  studied by several authors
(see  Introduction),  the presence  of oxymonads
has  never been mentioned.  It is  likely  that the
earlier  microscopy-based  surveys  overlooked the
large  Saccinobaculus-like  morphotype  because  it
is  quite scarce,  and  the other  two were proba-
bly  neglected  because of their tiny size. None of
them  were detected  in previous  molecular  studies
of  P. adamsoni  because the SSU rRNA genes were
obtained  from single  cells of larger (parabasalid)
flagellates  and  from clone  libraries  prepared  with
parabasalia-sized  amplicons (Keeling et al. 1998).
In  another  short-read  library  of total  hindgut  DNA
generated  with a general  primer  pair  (Tai et al.
2015), the amplicons of oxymonad  SSU rRNA
genes  probably  remained undetected  because they
should  have been much  longer  (Oxynympha, 1035
bp;  Termitimonas,  878 bp; Saccinobaculus-like
flagellate,  894 bp)  and less abundant than  those
of  the co-amplified  parabasalids (590–600  bp).

Phylogeny of Oxymonads

In the eusocial termites  and the subsocial
Cryptocercidae,  the gut flagellates  are  vertically
transmitted  to their  progeny via proctodeal  trophal-
laxis,  i.e., the exchange  of hindgut  fluid  among
nestmates  (Nalepa  2015). This  behavior  explains
the  high  level  of similarity  of the flagellate  assem-
blages  within a  termite genus and among  termite
family  members (Kitade  2004;  Tai et al. 2015;
Yamin  1979).  Although  the distribution  of flagellates
strongly  suggests  a  codiversification  of  the sym-
bionts  with their  hosts, cocladogenesis  has been
documented  only in the case of the parabasalid
genus  Pseudotrichonympha  and termites  of the
family  Rhinotermitidae  (Noda et  al.  2007).

There  is ample evidence for a  codistribution
of  different oxymonad  genera  and  certain ter-
mite  families (e.g., Oxymonas, Opisthomitus  in
Kalotermitidae;  Saccinobaculus  in  Cryptocercidae;
Fig. 6). All  apical lineages  of oxymonads  (excluding
Streblomastigidae  and Polymastigidae)  form a well-
supported  monophyletic clade,  whose  members
are  found exclusively  in termites and  cockroaches
of  the genus  Cryptocercus. The sister-group  posi-

tion of Saccinobaculidae  to the termite-specific
families  suggests that  the entire  clade was derived
from  an  ancestral  oxymonad  that was acquired
before  termites and Cryptocercidae  split more than
170  Ma  ago (Bourguignon  et al. 2015;  see arrows
in  Fig. 6).

The absence  of  oxymonads  from most  Rhinoter-
mitidae  and all Termitidae,  and the  presence of
two  independent  lines of descent  in Porotermes
(Oxynympha  and  the Saccinobaculus-like  species)
and  Neotermes  (Oxymonas and  Opisthomitus)
indicates  that  the vertical transmission  of the oxy-
monad  lineage  was accompanied  by at least one
split  and  several independent  losses  of oxymonads
during  the  evolution  of lower  termites. So far,  the
lack  of information on the  presence  and molecu-
lar  phylogeny  of oxymonads  in members of several
basal  termite families  precludes  a detailed hypoth-
esis  of the  evolutionary history of the entire  clade.
The  presence  of hitherto  undetected  lineages of
oxymonads  in P. adamsoni  underscores  the  neces-
sity  of a comprehensive  investigation  of oxymonads
in  termite  guts, particularly  in hitherto unstudied
members  of the basal  termite families  (Archoter-
mopsidae,  Hodotermitidae,  Mastotermitidae).

In parabasalids,  the evolutionary  history of  flag-
ellates  is complicated  by the  occasional horizontal
transmission  of flagellates  between  different host
lineages  (Kitade  2004; Radek  et  al. 2018).  It
has  been proposed  that the  presence of closely
related  Trichonympha  species  in both  Hodotermop-
sis  and Zootermopsis  species  (Archotermopsidae)
and  in the genus  Reticulitermes  (Rhinotermitidae)
is  explained  by a horizontal  transfer (transfauna-
tion)  of flagellates to  an ancestral  Reticulitermes
species,  accompanied  by the concomitant  loss
of  other flagellates  characteristic for rhinotermi-
tids  in the recipient  (Kitade  2004;  Radek et  al.
2018). Such  a transfaunation  could  also explain
the  conspicuous presence  of oxymonads in all
members  of the genus Reticulitermes.  Oxymonads
are  entirely  absent  from all other  Rhinotermitidae,
and  the  Dinenympha  and Pyrsonympha species
in  Reticulitermes  are closely  related to their  sis-
ter  species  in Hodotermopsis  (Archotermopsidae),
which  strongly suggests  that these  pyrsonymphids
were  transferred during  the same  transfaunation
event  as the trichonymphids  (see  dashed line in
Fig. 6B).

In contrast  to  the apical  lineages  of  oxymon-
ads,  the phylogeny  of  the more basal lineages
(Polymastigidae  and Streblomastigidae) does not
indicate  a coevolutionary  history with  a particular
host.  While the members  of several deep-branching
lineages  show a specificity  for a particular host
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group (Blattamonas,  Termitimonas),  members  of
the  genus Monocercomonoides  have apparently
switched  among a wide  range  of hosts (i.e., from
invertebrates  to vertebrates;  Hampl  2016, Treitli
et  al. 2018).  The apparent  paraphyly  of the Poly-
mastigidae  has  to be treated  with caution  in  view of
the  lack  of sequence data for members  of several
genera  (Tubulimonoides,  Paranotila,  Polymastix)
and  the uncharted diversity of polymastigids in both
invertebrate  and vertebrate hosts. Future studies
will  be greatly  facilitated  by the  oxymonad-specific
primers  presented  in this study  and  the growing
alignment  of SSU rRNA gene  sequences  of oxy-
monads.

Structural Characteristics

In contrast  to the  free-living members  of Preax-
ostyla  (Trimastix, Paratrimastix),  oxymonads  have a
derived  morphology  probably evoked by their  endo-
biotic  lifestyle  (Hampl  2016). Trimastigids  are small
and  have a simple  outer  morphology  with four flag-
ella,  but their  internal cytoskeleton  shows  typical
excavate  features  with many specific  root struc-
tures  (Simpson  2003;  Simpson et al.  2000;  Yubuki
et  al.  2016). Extant oxymonads  have  much more
diverse  cell forms and size ranges, but their typical
excavate  cytoskeleton  has been  reduced (Radek
et  al. 2014; Simpson et  al. 2002). A  problem  in
comparing  structures  of oxymonads  is that different
authors  use different  names  for  the  same  structures
(Hampl 2016;  Radek 1994; Simpson  et al. 2002;
Treitli  et al. 2018;  Yubuki and Leander  2013; Yubuki
et  al.  2016).  We  here  used mainly  the  terminology
of  Simpson  et  al. (2002)  in accordance  with sug-
gested  homologies of the oxymonad cytoskeleton
with  that of typical  excavate taxa. Since  the  identity
of  root 2 and  3 was used divergently,  we instead
preferred  the more descriptive  terms right  root and
anterior  root  (Simpson et al. 2002). The left root  of
excavates  originates at basal  body 1, corresponds
to  R1 in the universal  scheme of eukaryotes  (e.g.,
Heiss et al.  2013; Yubuki  and  Leander  2013), and
is  mostly  called  root 1 in oxymonads; therefore,  we
kept  the latter  name.

Termitimonas  travisi gen. nov. sp. nov. forms
a  deep-branching  lineage  within the  Polymastigi-
dae,  which is in agreement with its small  cell size,
the  presence of four  flagella,  a pelta,  a slender
non-contractile  axostyle, and the absence  of an
attachment  organelle (Hampl  2016). It resembles
members  of the  genus Monocercomonoides  in cell
size,  the oval-to-pyriform shape  of its body, the
anterior  position and arrangement  of the two pairs
of  flagella, and the absence  of scales  (Brugerolle

and Joyon  1973; Radek 1994;  Simpson et al.
2002;  Travis  1932). We do  not have  comprehen-
sive  data of the cytoskeletal elements  of  O. loricata,
but  typical structures also occurring  in Monocer-
comonoides  could be found: three freely moving
flagella,  one recurrent flagellum,  axostyle,  preax-
ostyle,  pelta,  root 1, and  anterior root.  However,
as  its deep-branching  phylogenetic  position clearly
separates  it  from members of the  genus Monocer-
comonoides  (Fig.  6A), the creation of a new genus
is  required.

The  morphological  characteristics  we observe
in  T. travisi exclude  it from the  polymastigid  gen-
era  Polymastix, Paranotila, and Tubulimonoides;
molecular  data  are  missing.  Members  of the genus
Polymastix  occur in various insect  taxa, includ-
ing  termites, but are  densely  covered by long
ectobacteria  (Grassé  1952). The  cells of Para-
notila,  a monotypic  genus  described  from  the
cockroach  Cryptocercus  punctulatus,  are much
larger  (15–25  �m) than T. travisi and  undergo sex-
ual  cycles during the molt of  their host  (Cleveland
1966). We  did not  observe  any sexual cycles  but
did  not specifically  study the gut fauna of molt-
ing  termites. The  flagella in members  of the genus
Tubulimonoides  (Krishnamurthy  and  Sultana 1976)
are  not arranged  in two pairs  but rather in a 3-plus-1
configuration;  their classification  among  oxymon-
ads  is questionable  per  se.

Oxynympha loricata gen. nov. sp. nov. represents
a  novel, deep-branching  lineage  and  a combination
of  morphological  characters  that is unique among
oxymonads.  Like the members  of  Polymastigidae,
it  is small,  has four flagella, a  pelta, a slender non-
contractile  axostyle, and  no attachment  organelle.
However,  its  prominently protruding  axostyle com-
bined  with the  presence  of a periaxostylar ring
clearly  distinguish  it from most  members of this
family,  the genus  Blattamonas  from cockroaches
forming  a notable exception  (Treitli et al. 2018).
Another  distinguishing  character is the  shape of the
flagella.  While the flagella  of polymastigids are uni-
form  in  diameter  (0.2–0.25  �m), all four  flagella  of
O.  loricata are  considerably  thicker in their proximal
part.  Also  in their  internal  morphology,  they resem-
ble  the flagella of Pyrsonympha  (Pyrsonymphidae),
which  have a wavy outline, a considerably thicker
layer  of cytoplasm  around  the axoneme, and
show  triangular  connections  between  the micro-
tubular  duplets and the plasma  membrane of
the  flagellum  in cross-sections  (Bloodgood et  al.
1974;  Brugerolle 1970;  Grassé 1956;  Hollande and
Carruette-Valentin  1970).

A characteristic feature  of many oxymonads
is  the presence  of surface  structures,  which are
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considered to stabilize the cells  and  serve as
attachment  devices  for bacteria (Bloodgood  et al.
1974;  Rother  et al. 1999;  Smith  and Arnott 1974).
They  are  absent  from Polymastigidae  and most
likely  evolved  several times  in other oxymonads
(Brugerolle 1970; Lavette  1973; Rother  et al. 1999).
The  Oxymonadidae  (Oxymonas, Microrhopalod-
ina)  have  scale-like  structures  that consist of a
cylindrical  hollow basis covered  by a circular  lid,
which  is connected to the basis with  fibrils  (Rother
et  al. 1999). The scales of O. loricata  have a sim-
ilar  structure  but  deviate in several details. The
lid  forms a  central,  cross-striated  funnel  that  con-
tacts  the plasma membrane.  While  the plasma
membrane  of Oxymonadidae  is deeply invaginated
directly  under the scales, the invaginations  of  O.
loricata  do not always correspond with the  loca-
tion  of the scales. The  surface structures of
Pyrsonymphidae  (Pyrsonympha and Dinenympha)
have  an  entirely  different  morphology; they  are
composed  of a straight  stalk with  prongs branching
from  the distal end (Smith  and  Arnott 1973). In our
SEM  samples,  the  scales of O.  loricata  appeared
more  variable  in form and  less densely  distributed
than  the corresponding  structures  in the TEM  sam-
ples.  This  is most  likely due to their  destruction
during  sample preparation. Most of the surface
scales  apparently  collapsed  to ring-like  structures;
only  in some  regions of the  cell surface, the  lids of
the  scales remained  intact  and connected  to each
other.  Their central funnels  appear as small  holes
with  a smooth circumference.

In contrast  to other  oxymonads, such as
Microrhopalodina  and Oxymonas (Rother  et al.
1999), there  are no  ectobacteria  attached  to the
surface  scales of O. loricata.  However, both SEM
and  TEM showed a few rod-shaped bacteria  deeply
embedded  into indentations  of the cell surface
between  the  scales, enabling  a close  contact
between  the cells.  However, colonization  is not
very  dense,  and  the plasma membrane  of the flag-
ellate  does  not show any specializations  typical
for  cell  contacts, such as an enhanced  glyco-
calyx  and electron-dense  substances  underneath
the  contact site (Radek  et al. 1992,  1996; Radek
and  Tischendorf,  1999;  Smith and Arnott 1974).
In  the cytoplasm,  we  occasionally  observed  small
vacuoles  with rod-shaped  bacteria that appeared
degraded,  but it is not  clear  if  they represent  ecto-
bacteria  that were  phagocytized  by the  flagellate.
There  are  also larger  vacuoles that do  not contain
remnants  of  bacterial  cells walls but unstructured
material  of unknown nature.  Similar vacuoles have
been  observed  also other  members  of the Oxy-

monadida;  it is possible  that they are involved in
scale  production  (Rother  et al. 1999).

The rare Saccinobaculus-like  species is unusual
because  it combines  a  highly contractile  axostyle
with  a close affiliation to  the family Oxymonadi-
dae,  whose  axostyles  are typically  not  very  agile.
Unfortunately,  the number  of individuals  in the spec-
imens  of P. adamsoni  investigated  in this  study was
extremely  low.  For a  detailed  analysis  of their ultra-
structural  features and  their  comparison with  other
oxymonad  genera,  more material is required. Since
the  larger termite gut flagellates  may quickly dete-
riorate  when the  termite host is maintained under
poor  conditions, we hope  that fixation of gut con-
tents  immediately  after collection  would preserve
more  cells of this species.

Taxonomic Summary

Oxynympha gen. nov.
Etymology:  N.L. prefix oxy-, from  Ancient  Greek
oxús, sharp,  pointed;  Gr. fem. n. nymphe,  a beau-
tiful  maiden;  figurative  name  for certain termite gut
flagellates.  N.L. fem. n. Oxynympha,  a flagellate
with  a pointed shape.

Diagnosis:  Small cells (9–13  �m long) without
anterior  rostellum.  Proximal  part of  the  four flagella
about  twice as thick as usual. Protruding axostyle
with  periaxostylar  ring. Scales  on surface.

Type species: Oxynympha  loricata
Taxonomy: Preaxostyla,  Oxymonadida;  incer-

tae  familiae

Oxynympha loricata sp. nov.
Etymology:  L. fem. n. lōrı̄ca, a coat  of mail, breast-
plate;  L. fem. suff. -ata, provided  with; N.L. fem.
adj.  loricata, harnessed,  clad  in mail, referring to
the  scales on the cell surface.

Diagnosis:  Small, egg-shaped  cells measuring
10.8  �m (9–12.5 �m) × 7.4 �m (5.6–9.4 �m). Well
stainable  ectoplasm  zone; sometimes  cytoplasmic
and  nuclear bacteria.

Type  host:  The  hindgut of Porotermes  adamsoni
(Froggatt, 1897).

Type host  locality: Fallen log near Lamington
National  Park, Queensland,  Australia.

Type material:  The  holotype  is a labelled cell on
a  protargol-stained  microscopy slide  deposited at
the  Biology  Centre  of the Upper  Austrian Museum,
J.-W.-Klein-Strasse  73,  4040  Linz, Austria under
type  number  2019/2. Holotype (label 1)  and a
paratype  (label  2)  have been outlined  in black (see
Supplementary  Material  Fig.  S4).
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Gene  sequences:  SSU rRNA gene  acces-
sion  numbers MH373374, MH373375,  MH373377,
MH373380,  MH373386

ZooBank number: urn:lsid:zoobank.org:act:
8A498B07-59EF-4B04-BBCD-DB98487C091F

Termitimonas gen. nov.
Etymology:  L. n. termes -itis, a worm that eats
wood,  a termite. Gr. fem. n. monas,  a unit, monad;
here:  a unicellular  organism. N.L. fem.  n.  Termiti-
monas,  a unicellular  organism  occurring in termites.

Diagnosis:  Small cells (6–10 �m  long)  with
four  flagella, slender,  non-contractile, and non-
protruding  axostyle,  pelta, no attachment  organelle,
no  surface scales.

Type species:  Termitimonas  travisi
Taxonomy: Preaxostyla,  Oxymonadida,  Poly-

mastigidae

Termitimonas travisi sp. nov.
Etymology:  N.L. gen. n. travisi, of Travis, named
for  Bernard  V. Travis, American  entomologist  and
parasitologist,  who introduced  the closely related
genus  Monocercomonoides.

Diagnosis:  Cell body  egg-to-pear-like,  with a
more  or less pointed  anterior  cell pole and  a
rounded  posterior  cell  pole. 7.7 �m in length  (range
6–9.7  �m) and 5.5 �m in width  (range  3.8–6.5  �m).

Type  host: The  hindgut of Porotermes  adamsoni
(Froggatt,  1897).

Type host  locality:  Fallen log near Lamington
National  Park, Queensland,  Australia.

Type material:  The holotype  is a labelled  cell on
a  protargol-stained microscopy slide  deposited  at
the  Biology Centre  of the Upper  Austrian  Museum,
J.-W.-Klein-Strasse  73,  4040 Linz, Austria under
type  number  2019/2.  Holotype  (left) and  a paratype
(right)  have been  outlined in red (see  Supplemen-
tary  Material Fig.  S4).

Gene sequences:  SSU rRNA gene  acces-
sion  numbers MH373373, MH373376,  MH373378,
MH373381,  MH373385, MH373387.

ZooBank number: urn:lsid:zoobank.org:act:
BC7CFD22-58AA-41EB-8676-85C6957BAC84

Methods

Termites:  Specimens  of  Porotermes  adamsoni  (Froggatt)  were
collected  from  a  decomposing  log  next  to  the  access  road
to Lamington  National  Park,  Queensland,  Australia,  in  2014
(Po218).  Specimens  used  for  the  assignment  of  individual  mor-
photypes  to  phylotypes  were  collected  from  a  dead  tree  in
a forest  near  East  Kangaloon,  New  South  Wales,  Australia,
in 2019  (Po515).  Their  identity  was  confirmed  by  COII  gene

sequence  analysis  (Inward  et  al.  2007);  the  Genbank  accession
numbers  are  MK736309  and  MN306295.  The  deduced  amino
acid sequences  were  almost  identical  (>99%  similarity)  or  iden-
tical to  those  of  specimens  previously  identified  as  P.  adamsoni
(LC193947,  Izawa  et  al.  2017; Supplementary  Material  Fig.  S1).

Light  microscopy:  Termites  were  dissected  with  fine-tipped
forceps.  The  hindgut  paunch  was  opened  either  in  2.5%  glu-
taraldehyde  in  50  mM  phosphate  buffer,  pH  7.0,  for  prolonged
light microscopy  observations,  or  in  0.6%  NaCl  and  fixed  with
osmium  vapors  prior  to  protargol  (silver  proteinate)  staining
(procedure  A;  Foissner  1991).  Protargol  staining  visualizes  dic-
tyosomes  (parabasal  bodies),  basal  bodies,  flagella,  nuclei,  and
axostyles.  The  slide  mounts  were  observed  with  an  Axiophot
light microscope  (Zeiss)  equipped  with  differential  interference
contrast.  Images  were  recorded  with  a  MicroLive  digital  camera
(Linkenheld,  Oppenau,  Germany;  http://www.mikroskopie.de/).
All measurements  were  taken  from  protargol-stained  slides.

Electron  microscopy:  For  scanning  electron  microscopy
(SEM),  the  contents  of  the  extracted  hindguts  were  fixed  in
2.5% glutaraldehyde,  post-fixed  in  1%  OsO4,  dehydrated  via
increasing  concentrations  of  ethanol,  critical  point  dried,  and
sputtered  with  gold  prior  to  examination  with  an  environmental
scanning  electron  microscope  (FEI  Quanta  200;  FEI,  Frank-
furt/Main,  Germany).

For  transmission  electron  microscopy  (TEM),  samples  were
fixed in  glutaraldehyde  and  OsO4 solutions  containing  ruthe-
nium red  to  enhance  the  visualization  of  the  glycocalyx  (Luft
1971).  The  samples  were  then  washed,  dehydrated,  and
embedded  in  Spurr’s  resin  (Spurr  1969).  Post-stained  ultrathin
sections  were  examined  with  a  Philips  EM  208  (FEI,  Frank-
furt/Main,  Germany).

A  more  detailed  description  of  the  procedures  can  be  found
in Radek  et  al.  (2018).

DNA  extraction  and  amplification:  The  hindguts  of  five  ter-
mites were  pooled  in  an  Eppendorf  tube  with  750  �l  solution
U (Trager  1934)  and  homogenized  with  a  micro-pestle.  DNA
was extracted  from  the  homogenate  with  the  NucleoSpin  kit  for
soil (Macherey-Nagel,  Düren,  Germany)  following  the  manufac-
turer’s  instructions,  except  that  the  samples  were  not  vortexed
but instead  subjected  to  bead  beating  in  a  FastPrep-24  (MP
Biomedicals,  Ilkirch,  Germany)  for  45  s  at  a  velocity  of  6.5  m/s
to disrupt  all  microbial  cells.

The  SSU  rRNA  genes  of  oxymonad  flagellates  were
amplified  by  PCR  with  a  specific  primer  pair  (OxyT21f,
5′-GCCAGTAGTCATATGCTTGTC-3′;  Fla1484  r,  5′-
CTTGTTACGACTTCTCCTTCC-3′).  PCR  started  with  a
denaturing  step  at  94 ◦C  for  3  min,  followed  by  30  cycles  at
94 ◦C  for  20  s,  58 ◦C  for  20  s,  and  72 ◦C  for  50  s,  and  a  final
extension  step  at  72 ◦C  for  7  min.  PCR  products  were  checked
by gel  electrophoresis  (3%  agarose)  and  cloned  with  the
TOPO-TA  cloning  kit  (Invitrogen).

Cloning,  sequencing,  and  phylogenetic  analysis:  Inserts
were amplified  using  M13  primers,  checked  for  correct  length
by gel  electrophoresis,  and  commercially  sequenced  using  both
internal  primers  (Oxy356f:  5′-AGGCGCGCAAATTACCCA-3′
and  Oxy1057r:  5′-CCACCAACUAAGAACGACC-3′)  and  vector
primers  (T7  and  M13  r)  (GATC  Biotech,  Konstanz,  Germany).
Clones  with  a  sequence  similarity  ≥99.7%  were  defined  as
one phylotype.  All  full-length  sequences  have  been  submitted
to GenBank  under  accession  numbers  MH373370–MH373378,
MH373380–MH373387,  MK088236,  MK088237.

The  assembled  sequences  and  all  other  oxymonadid
sequences  available  in  public  databases  were  imported  into
the Silva  SSURef  database  (Quast  et  al.  2013; version
106; http://www.arbsilva.de)  using  the  ARB  software  package
(Ludwig  et  al.  2004;  version  6.0.6).  After  automatic  alignment

http://www.mikroskopie.de/
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of  the  full-length  sequences  against  the  prealigned  reference
sequences  using  PT  server  and  Fast  Aligner  tool  implemented
in ARB,  the  alignment  was  manually  refined,  taking  into  account
the secondary  structure  of  the  rRNA.  After  removing  sites
with >50%  gaps,  the  alignment  consisted  of  1869  sites  with
unambiguously  aligned  base  positions.  After  exclusion  of  highly
variable  positions  (<50%  identical  bases),  which  decreases
the likelihood  of  a  site  being  homoplastic,  the  final  alignment
had  1655  positions,  of  which  766  were  invariant  and  747  were
parsimony-informative  sites.

Phylogenetic  trees  were  reconstructed  by  maximum-
likelihood  analysis  with  PhyML  v3.0  (Guindon  et  al.  2010)
using the  evolutionary  model  GTR  +  G  +  I  suggested  by  SMS
(Lefort  et  al.  2017).  Tree  topology  was  tested  with  IQ-TREE
(Nguyen  et  al.  2015),  RaxML  (Stamatakis  2014),  and  Bayesian
inference  analysis  (MrBayes,  Ronquist  et  al.  2012;  1,000,000
generations,  burn-in  0.25).  Node  support  was  assessed  with
the approximate  likelihood  ratio  test  (aLRT,  Lemoine  et  al.
2018)  and  ultrafast  bootstrap  analysis  (UFBoot, 1,000  repli-
cates,  Hoang  et  al.  2018).

When  we  tested  the  effects  of  automated  alignment  software
(MUSCLE, Edgar  2004;  MAFFT, (Katoh  and  Standley  2013)
and/or  masking  algorithms  (GBlocks,  Talavera  and  Castresana
2007),  the  resulting  trees  showed  the  same  the  topology  but
node support  was  considerably  lower.  Also  less  stringent  fil-
tering of  our  alignment  (inclusion  of  highly  variable  sites)
decreased  the  bootstrap  support  and  in  some  cases  even
changed  the  topology  of  the  deep-branching  nodes.

Identification  of  capillary-picked  flagellates:  Hindgut  con-
tents were  carefully  suspended  in  solution  U  (Trager  1934),  and
aliquots (10  �l)  were  transferred  into  the  wells  of  a  Teflon-coated
microscope  slide  and  inspected  with  an  inverted  phase-contrast
microscope  (Zeiss  AxioVert  A1,  Jena,  Germany)  at  200-  or
400-fold  magnification.  Individual  flagellate  cells  were  pho-
tographed  with  a  CCD  camera  and  collected  by  micropipetting
using  a  Patchman  NP  2  micromanipulator  with  CellTram  vario
(Eppendorf,  Hamburg,  Germany)  with  glass  microcapillaries
of 15  or  50  �m  tip  diameter,  depending  on  cell  size.  Flag-
ellate cells  were  transferred  to  PCR  tubes  in  a  droplet  of
solution  U  (ca.  2  �l),  and  their  SSU  rRNA  genes  were  amplified
using  nested  PCR  with  the  primer  pairs  OxyT21f–Fla1484r  and
Oxy356f–Oxy1057r  (see  above)  and  commercially  sequenced
using  the  internal  amplification  primers.  To  ascertain  the  func-
tionality  of  this  procedure,  we  also  used  a  mixed  suspension
of the  two  smaller  morphotypes  (ca.  20  cells  each),  checked
the length  of  the  amplicons  by  agarose  gel  electrophoresis,
and verified  their  identity  by  excising  and  sequencing  of  the
corresponding  bands.
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Foà  reported  from  lower  termites  (Isoptera  families  Mas-
totermitidae,  Kalotermitidae,  Hodotermitidae,  Termopsidae,
Rhinotermitidae,  and  Serritermitidae)  and  from  the  wood-
feeding  roach  Cryptocercus  (Dictyoptera:  Cryptocercidae).
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