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bstract

The trypanosomatid Phytomonas  nordicus  parasitizing the predatory bug Troilus  luridus  was described at the twilight of the
orphotype-based systematics. Despite its monoxenous life cycle, this species was attributed to the dixenous genus Phytomonas

ue to the presence of long twisted promastigotes and development of flagellates in salivary glands. However, these characteristics
ere considered insufficient for proving the phytomonad nature of the species and therefore its description remained virtually
nnoticed. Here, we performed molecular phylogenetic analyses using 18S ribosomal RNA (rRNA) gene and region containing
nternal trascribed spacers (ITS) 1 and 2 and convincingly demonstrated the affinity of P.  nordicus  to the genus Phytomonas. In
ddition, we investigated its development in the salivary glands. We argue that in many aspects the life cycle of monoxenous P.

ordicus resembles that of its dixenous relatives represented by tomato-parasitizing Phytomonas  serpens.

 2015 Elsevier GmbH. All rights reserved.
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The genus Phytomonas  Donovan, 1909 unites dixenous
rypanosomatids with a life cycle split between two hosts:
he plants and the herbivore bugs (Camargo 1999; Dollet
001). In plants, the flagellates proliferate, accumulate, and
ifferentiate into insect-infective stages. The development of

hytomonads in the vector includes growth in the intestine,
igration of the parasites to the salivary glands, and

∗Corresponding author at: Angliyskiy prosp. 32, St. Petersburg 190121,
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o
t
d
1
h
o
a

ttp://dx.doi.org/10.1016/j.ejop.2015.08.002
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ormation of cells capable of infecting plants (Freymuller
t al. 1990; Jankevicius et al. 1989).

For a long time, the main criteria for assigning a species to
he genus Phytomonas  included the morphology of the pro-
astigote stage and the presence in plants (Vickerman 1976).
y the mid-1990s it became apparent that these traits were
ot sufficient for proper identification. In particular, some
pportunistic developmental stages of parasites belonging to
he genera Herpetomonas, Leptomonas, and Crithidia  were
ocumented in plants (Catarino et al. 2001; Conchon et al.

989; Fiorini et al. 2001). However, phytophagous bugs can
ost different monoxenous parasites with similar morphol-
gy (Podlipaev 1990). Thus, biochemical, immunological,
nd molecular phylogenetic methods became widely used

http://www.sciencedirect.com/science/journal/09324739
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejop.2015.08.002&domain=pdf
dx.doi.org/10.1016/j.ejop.2015.08.002
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nd generally accepted in the field (Hollar and Maslov 1997;
eixeira et al. 1996; Teixeira and Camargo 1989). Today
plant trypanosomatids” are considered monophyletic and
nclude 8–10 well-defined subgroups (Dollet et al. 2012;

aslov et al. 2013; Sturm et al. 2007).
The trypanosomatid Phytomonas  nordicus  Frolov et Maly-

heva 1993 was isolated from the predatory bug Troilus
uridus Fabricius 1775 and formally described at the twilight
f the “morphotype-based” systematics. It was attributed
o the genus Phytomonas  based on its twisted promastig-
te morphology and the parasite’s presence in the intestinal
ract, hemolymph, and salivary glands of its host (Frolov
nd Malysheva 1993). Experiments testing different modes
f horizontal transmission showed the monoxenous nature
f this species. It was never observed in the sap of plants,
ut it could be transmitted between individuals of T.  luridus
hrough prey (serving as a temporary reservoir) or fecal
ontamination. Without molecular data, its affinity to other
hytomonas  spp. was speculative and impossible to prove
ith any certainty. Therefore, this species was effectively
eglected in the scientific literature. Meanwhile, if confirmed,
his may be the first documented case of insect-only sec-
ndary monoxeny (evolvement of a monoxenous species
rom the dixenous predecessor). Indeed, predatory bugs have
o trophic connection with plants (indispensable hosts of
ll previously described Phytomonas  spp.). P.  nordicus  can
e transmitted between insects either by coprophagy or
hile sucking the prey (Frolov and Malysheva 1993). The
nly documented example of a similar kind is Trypanosoma
quiperdum, a tissue parasite of horses, donkeys, and their
ybrids (Hoare 1973; Jensen et al. 2008; Lai et al. 2008).

In this work we performed molecular phylogenetic anal-
ses using 18S ribosomal RNA (rRNA) gene and region
ontaining internal trascribed spacers (ITS) 1 and 2 and con-
lusively demonstrated the affinity of P.  nordicus  to the genus
hytomonas. In addition, we investigated its development in

he salivary glands, which is the phase of the life cycle that
s indicative of this parasite’s dixenous ancestry.

aterial and Methods

ield work

Sixteen pentatomid bugs T.  luridus  were collected from
eaves of goat willow (Salix  caprea) and grey alder (Alnus
ncana) near Berezitsy (Pskov region, Russian Federation,
8◦30′34′′ N, 29◦43′17′′ E) in August 2014. The insects were
mmobilized by chloroform, and a drop of hemolymph from

 leg was investigated by dark-field light microcopy using
eica DM 2500. Three individuals were found to be positive

or parasites. They were dissected in normal saline solution,

nd their salivary glands were isolated. Only two insects
howed infection in these organs. The principal glands of
ne individual was used for smears and tissue impressions
ollowed by light microscopy and cultivation; the glands of

u
m
r
s

f Protistology 52 (2016) 1–10

he other were used for DNA isolation and ultrastructural
tudies.

ultivation of trypanosomatids

Our attempts to cultivate P.  nordicus  in different
edia–brain–heart infusion (BHI, Becton, Dickinson and
o, Franklin Lakes, NJ, USA), Grace’s Insect Cell Culture
edium (Life Technologies, Carlsbad, CA, USA), M199

BioloT, St. Petersburg, Russia), or a combination thereof
ere not successful. The best result was obtained using dipha-

ic blood agar media:liquid-phase BHI + 15% fetal bovine
erum (FBS; Life Technologies). Under these conditions,
agellates survived for 15–20 days, actively proliferating for

he first week. The cells died in subsequent passages. All
tudies reported here were conducted using populations of
agellates isolated from the salivary glands of insects.

ight microscopy

Smears and principal salivary gland impressions were
ir-dried on slides and fixed for 30 min in ethanol.
iemsa staining was performed as previously described

Kostygov et al. 2014; Yurchenko et al. 2008). All mea-
urements were conducted on digital images obtained
sing the light microscope equipped with the 14-Mpx
amera UCMOS14000KPA. In all cases, 25 cells were
easured. Statistical analysis was carried out with the
THSCSA Image Tool for Windows v. 3.0 software

http://compdent.uthscsa.edu/dig/itdesc.html).

ransmission electron microscopy

Transmission electron microscopy was performed as
escribed earlier (Yurchenko et al. 2014). In brief, the sali-
ary glands were fixed with 2.5% glutaraldehyde in 0.1 М
acodylate buffer (pH 7.4) for 1 h on ice. Cells were washed
hrice in 5% sucrose/0.1 М  cacodylate buffer and post-fixed
n 2% OsO4/0.1 М  cacodylate buffer for 30 min. The sam-
les were dehydrated stepwise in an ascending alcohol series,
nd flat-embedded in epon–araldite resin. Ultrathin sections
70 nm) were cut using a Reichert–Jung Ultracut E ultrami-
rotome (Leica Microsystems), collected on copper grids,
ontrasted in ethanolic uranyl acetate and lead citrate, and
bserved under a Jeol 100C microscope (Jeol, Tokyo, Japan).

NA isolation, amplification, cloning, and
equencing

Total genomic DNA was isolated from the field samples

sing a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Ger-
any) according to the manufacturer’s protocol. The 18S

RNA gene was amplified using primers S762 and S763 and
equenced directly as described previously (Maslov et al.

http://compdent.uthscsa.edu/dig/itdesc.html


ournal of Protistology 52 (2016) 1–10 3

1
w
e
(
t
f
(
r

P

s
G
o
r
s
c
o
p
t
a
T
M
f
a
c
2
s
r
t
i
f
m
r
e
d

R

P

i
w
t
(
w
e
t
s

w
t

Fig.  1.  Maximum likelihood phylogenetic tree reconstructed using
18S ribosomal RNA gene sequences. Numbers at nodes indi-
cate posterior probability and bootstrap percentage, respectively.
Values <0.5 and <50% are replaced with dashes. Nodes having
1.0 posterior probability and 100% bootstrap support are marked
with black circles. The tree is rooted with the sequences of Her-
petomonas  spp. (shown in gray). The scale bar represents the number
of substitutions per site. The species under study (Phytomonas
nordicus) is highlighted. The geographic origin of all strains is
included in their names with the following abbreviations used:
Br = Brazil, Co = Colombia, Ec = Ecuador, Fr = France, Gh = Ghana,
Gu = French Guiana, Se = Senegal, and Sur = Suriname.
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996; Yurchenko et al. 2006). The ITS1-containing region
as amplified with the primers IAMWE and Tc5.8SR (Dollet

t al. 2012), and then cloned using InsTA PCR Cloning Kit
Thermo Fisher Scientific, Waltham, USA). Both strands of
wo clones were sequenced. The GenBank accession numbers
or the new sequences determined in this work are KT223609
18S rRNA), KT223610, and KT223611 (ITS1-containing
egion).

hylogenetic analyses

The 18S rRNA sequences of 16 isolates of Phytomonas
pp. and five species of Herpetomonas  spp. retrieved from
enBank (Suppl. Table 1) were aligned with the sequence
f P.  nordicus  using Muscle 3.8.3.1 (Edgar 2004). The
esulting alignment was refined manually using the BioEdit
equence alignment (Hall 1999). The data matrix for the ITS-
ontaining region was prepared similarly, with sequences
f P.  nordicus, 20 isolates of other phytomonads and Her-
etomonas muscarum  being included (Suppl. Table 1). As
his region was much more difficult to align properly, many
mbiguous alignment positions were removed manually.
he final dataset thus contained only 780 nucleotides (nt).
aximum likelihood-based phylogenetic inference was per-

ormed in PhyML (Guindon et al. 2010) under TIM2ef + I + G
nd TPM3uf + G models (for 18S rRNA gene and ITS-
ontaining region, respectively) as selected in jModeltest
.1.6 (Darriba et al. 2012) with four gamma categories and the
ubtree pruning and regrafting (SPR) branch-swapping algo-
ithm. The edge support was estimated using the bootstrap
est (1000 replicates). Bayesian inference was accomplished
n MrBayes 3.2.5 (Ronquist et al. 2012) with the analysis run
or two million generations in the GTR + I + G or GTR + G
odels (for 18S rRNA gene and ITS-containing datasets,

espectively), with four gamma categories and every 500 gen-
rations being sampled. Other parameters were left in their
efault states.

esults

hylogenetic analyses

The maximum likelihood and Bayesian phylogenetic trees
nferred using 18S rRNA gene and the ITS-containing region
ere similar to those published before, with paraphyly of

he latex-derived isolates and polyphyly of the fruit parasites
Figs 1 and 2). The trees reconstructed using both markers
ere congruent with each other, despite significant differ-

nces in taxa composition. The most important result was
he unambiguous clustering of P.  nordicus  within one of the

ubgroups of the genus Phytomonas.

As seven out of 17 Phytomonas  18S rRNA gene sequences
ere extremely short (309–358 bp in length), the part of

he tree holding these sequences allowed only very poor

o
t
t
p

esolution (Fig. 1). Nevertheless, the presence of two full-
ength sequences of flagellates obtained from phytophagous
ugs (isolates G24 and G65) allowed delineating a group
f isolates closely related to P.  nordicus. This clade, which
lso includes some parasites of latex, showed high bootstrap
upport.

Because the resolution within the clade of interest was
ow, we decided to estimate these relationships using the
TS1/ITS2-containing region (Fig. 2). Although only some
solates were shared between the two phylogenetic datasets,
he affinity of P.  nordicus  to the same group of phytomon-
ds was evident. In addition to flagellates from latex, the P.
ordicus-containing clade also included one isolate from the
ruit (tomato). Interestingly, we detected close relationships

f the species under study with some flagellates parasitizing
he latex of different plants from Suriname. These rela-
ionships were supported by high bootstrap percentage and
osterior probability values.
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Fig.  2.  Maximum likelihood phylogenetic tree reconstructed using
ITS-containing ribosomal RNA sequences. Double-crossed branch
appears at 50% of its original length. Numbers at nodes indi-
cate posterior probability and bootstrap percentage, respectively.
Values <0.5 and <50% are replaced with dashes. Nodes with
1.0 posterior probability and 100% bootstrap support are marked
with black circles. The tree is rooted with the sequence of
Herpetomonas  muscarum. The scale bar represents the number
of substitutions per site. The species under study (Phytomonas
nordicus) is highlighted. The geographic origin of all strains
is included in their names with the following abbreviations
used: Br = Brazil, Co = Colombia, Fr = France, Gu = French Guiana,
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somes, which were more abundant in the cells of the first
nd = India, Pe = Peru, Se = Senegal, Sp = Spain, Sur = Suriname,
nd Vz = Venezuela.

evelopment of  P. nordicus in salivary glands of
. luridus

ight  microscopy
Smears of hemolymph and impressions of the salivary

lands allowed us to study different morphotypes and the
evelopment of intracellular and extracellular forms of P.
ordicus. The predominant morphotype in hemolymph was a
arge, twisted (three to seven twists) promastigote (Fig. 3A).
ll standard measurements are summarized in Suppl. Table
. The intensity of infection was usually low with only a few
low-moving cells detected in each microscopic field. In rare
ases of high infection (dozens of cells per microscopic filed),
bout 5–10% of promastigotes were found captured by the

ost’s hemocytes (data not shown).
Analysis of the principal salivary glands revealed four
ajor morphotypes corresponding to the developmental

t
t
i

f Protistology 52 (2016) 1–10

tages of P.  nordicus: free promastigotes, promastigotes
ithin vacuoles, haptomonads attached to the microvilli of

he salivary gland epithelium, and endomastigotes. Free pro-
astigotes were often U-shaped and reached 60 �m in length
ith the flagellum adjoining the cell body. The nucleus was

ocalized at the posterior end of the cell, with the kineto-
last lying near the bottom of the flagellar pocket (Fig. 3B).
romastigotes within vacuoles occupied their whole volume;
ells were interwoven, thus preventing accurate measure-
ents (Fig. 3C–E). The nucleus was close to the anterior end

f the cell. These promastigotes proliferated actively. The
ize of a parasitophorous vacuole correlated with the number
f flagellates within it. The largest conglomerates contained
p to 50 parasites (Fig. 3E). Club-shaped haptomonads mul-
iplied on the surface of the salivary gland epithelium and
overed it entirely (Fig. 3F, G). The free flagellum was short
nd used for attachment. The anterior part of the parasite cell
as widened, containing an adjacent nucleus and kinetoplast.
he posterior part was extended forming a long-tail fiber. The
umerous endomastigotes were significantly smaller than the
romastigotes and divided in the lumen of the salivary gland
Fig. 3H, I).

ransmission electron microscopy

Here, we describe the fine details of the salivary gland
nfection of T.  luridus  by P.  nordicus. From the hemocoel,
arasites enter the myocytes and the epithelial cells situated
n the border of the salivary gland. Then they perforate the
asal lamina and invade the salivary gland tissue. Proliferat-
ng flagellates advance through the gland epithelium finally
eaching the lumen where they form the final infective stages.

Traversal of the salivary gland by P.  nordicus: The flagel-
ates were observed inside the cells lining the salivary gland
rom the hemocoel side. U-shaped parasites with flagellum
djacent to the cell surface were enclosed in parasitophorous
acuoles (Fig. 4A). There were multiple glycosomes and aci-
ocalcisomes in the trypanosomatid’s cytoplasm. Most of the
yocytes and the epithelial cells were infected and exhibited

ifferent stages of decay. The part of the parasitophorous
acuole membrane that faced the decomposing basal lam-
na came in tight contact with the flagellates (Fig. 4A, B).
hinning and breaking of the basal lamina caused the para-
itophorous vacuole to advance into the cell of the salivary
land epithelium (Fig. 4B).
Proliferation of P.  nordicus  in the salivary gland of T.

uridus and formation of the infective stages: parasitophorous
acuoles within the cells of the principal salivary glands of T.
uridus contained either singular large nondividing or multi-
le small actively proliferating promastigotes (Fig. 5A, B).
hey differed in the number of glycosomes and acidocalci-
ype. During migration of the parasitophorous vacuoles to
he apical part of the host cells, the quantity of the flagellates
ncreased (Fig. 5B, C).
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Fig.  3.  Phytomonas  nordicus  in the hemolymph and salivary glands of Troilus  luridus, light microscopy, Giemsa stain. A, H, I, dry smears;
B–G, impressions of the salivary gland tissue. A,  promastigote in the bug’s hemolymph. B, U-shaped promastigote with the flagellum
adjacent to the cell body (arrowheads) from the salivary gland epithelium. C–E, promastigotes during various stages of proliferation within
parasitophorous vacuoles of the salivary gland epithelial cells. F, G, impressions of the inner surface of salivary gland epithelium covered by
h – cytop
–  kineto
p bars: A
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aptomonads. H, I,  endomastigotes in the salivary gland lumen. ch  

 haptomonads on the surface of the salivary gland epithelium; k  –
arasitophorous vacuole; and tf  – tail fibers of haptomonads. Scale 

On the inner surface of the salivary glands, haptomonads
ere found to be attached to the microvilli of the host cells
sing modified flagella (Fig. 5C, D). The flagellum was bulb-
haped with a shortened axoneme and a reduced paraflagellar
od (Fig. 5D). Acidocalcisomes and glycosomes were scarce.

Small promastigotes and endomastigotes were observed
n the lumen of the salivary glands (Fig. 5E). No acidocalci-
omes were present in their cytoplasm. The flagellum lacking

 paraflagellar rod plugged up the narrow flagellar pocket.

iscussion
Until now, the description of P.  nordicus  has remained vir-
ually unnoticed, which is due to its dubious affiliation to
he genus Phytomonas  (Frolov and Malysheva 1993). With-
ut a proven phytomonad origin, this species was considered

a
t
k
M

lasm of the host cell (salivary gland epithelium); f – flagellum; ha
plast; n  – flagellate’s nucleus; nh  – nucleus of the host cell; pv  –
–E, H, and I  – 10 �m; F  – 30 �m; and G  – 20 �m.

othing but one more monoxenous trypanosomatid from a
rue bug. The presence of long, twisted promastigotes and
evelopment in salivary glands were indeed reminiscent of
hytomonas  spp. However, two members of the unquestion-
bly monoxenous genus Herpetomonas  (H.  mirabilis  and
ecently described H.  wanderleyi) are characterized by the
ame morphology (Borghesan et al. 2013). The presence of
arasite cells in salivary glands was reported for some typical
onoxenous trypanosomatids and therefore does not imply a

irect origin from the dixenous ancestors (Frolov et al. 2014;
ascimento et al. 2010). Sufficient data for comprehensive

omparative morphological analyses of P.  nordicus  and other
hytomonas  spp. were not available. Although phytomonads

re always considered to be of great practical significance,
hey remain poorly studied and the overwhelming majority of
nown isolates remains undescribed (Jaskowska et al. 2015).
eanwhile, this genus is of great interest, not only because
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Fig.  4.  Traversal of the salivary gland by Phytomonas  nordicus. A, flagellates within a parasitophorous vacuole of a degrading epithelial cell.
Arrows indicate the thinned basal lamina in the zone of the parasite adjoining. B, penetration of parasites into the cells of the salivary gland
epithelium through basal lamina. Arrows show breaches of the basal lamina. ac  – acidocalcisomes; ax  – flagellar axoneme; bl  – basal lamina;
c ocoel
c  – 2 �
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h  – cytoplasm of the host cell (salivary gland epithelium); hc  – hem
ytoplasm of the host cell; and tr  – trachea. Scale bars: A  – 1 �m; B

f its dixenous lifestyle but also because parasitism in plants
s quite uncommon for protists (Adl et al. 2012).

The results of molecular phylogenetic analysis performed
ere definitely confirm that P.  nordicus  descended from phy-
oparasites. The most closely related isolates originated from
outh America (Fig. 2), whereas its bug host (T. luridus) is
onsidered to be mainly Palearctic species with some records
rom India and Indonesia (Rider and Zheng 2002), which is
ot paradoxical as phytomonads have mostly been sampled
n the New World thus far (Jaskowska et al. 2015). More
omprehensive probing of their diversity would likely reveal
ven closer kins of the species under study.

Most of the known relatives of P.  nordicus  were isolated

rom lactiferous plants. This clade seems to be archetypal
or all phytomonads. It is reasonable to suggest that this
roup is the least specialized and, under certain conditions,

t
a
t

; n  – parasite’s nucleus; nh  – nucleus of the host cell; rc  – residual
m.

ts representatives can give rise to new forms with life cycles
dapted to new environments. Indeed, parasites of fruits
ndependently emerged at least twice in the evolutionary
istory of the genus Phytomonas  (Figs 1 and 2). In the case
f P.  nordicus, we speculate that at some point the infection
f the predatory bug T.  luridus  did not become a deadlock
or the development of a phytomonad and its life cycle
hanged to adjust to the new conditions. Since transmission
o plants from such an insect host was no longer possible,
he trypanosomatid turned to monoxeny.

In the current work, we also studied the development
f P.  nordicus  in salivary glands, which is reminiscent of
his parasite’s dixenous ancestry. We attempted to correlate

his phase of its life cycle with that of typical phytomon-
ds. Infection with P.  nordicus  begins in the intestine of
he bug host and proceeds into the hemolymph and then to
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Fig.  5.  Proliferation of Phytomonas  nordicus  in the salivary gland of Troilus  luridus  and formation of the infective stages. A, flagellate in the
parasitophorous vacuole of the salivary gland cell. B, dividing parasites within the parasitophorous vacuole. C, giant parasitophorous vacuole
in the apical part of the salivary gland cell with multiple promastigotes and numerous haptomonads in the lumen. D, haptomonad in the
lumen of the salivary gland attached to an epithelial cell. E, endomastigote. Arrows indicate the membrane of the parasitophorous vacuole,
whereas asterisks denote the residual body after division of the flagellates. ax  – axoneme; ac  – acidocalcisomes; ch  – cytoplasm of the host
cell; f  – flagellum; ha  – haptomonads on the surface of the salivary gland epithelium; k  – kinetoplast; lu  – lumen of the salivary gland; mv  –
m r  – pa
h d E  – 

t
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p

icrovilli of the salivary gland epithelium; n  – parasite’s nucleus; p
aptomonads. Scale bars: A  – 0.2 �m; B, C – 3 �m; D  – 2.5 �m; an

he salivary glands (Frolov and Malysheva 1993). We con-
ider hemolymph as a transitional route in the course of P.
ordicus  dispersal within the host. The number of flagellates
etected was significantly lower in the hemolymph than in the
ntestine or salivary glands, with only few of them dividing.

nfection of the hemolymph is usually coupled with coloniza-
ion of the salivary glands (Hecker et al. 1990; Jankevicius
t al. 1989; Nascimento et al. 2010; Tobie 1965). Traversal

c
s
l

raflagellar rod; pv  – parasitophorous vacuole; and tf  – tail fibers of
2 �m.

hrough the salivary gland epithelium varies among differ-
nt species of trypanosomatids. Phytomonas  serpens  can
igrate by the intercellular space or through epithelial cells

ither in vacuoles or in direct contact with the host cell cyto-
lasm (Freymuller et al. 1990). All P.  nordicus  promastigotes

rossing this tissue were detected only in vacuoles. In both
pecies, those cells are rich in acidocalcisomes. In the gland
umen, promastigotes of P.  nordicus  are localized on the
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pithelial surface using their modified flagella for attachment,
hereas promastigotes of P.  serpens  are not attached. Both

pecies undergo extensive cell proliferation resulting in the
ormation of infective stages in the shape of endomastigotes
Jankevicius et al. 1989).

For the dixenous trypanosomatids of genera Trypanosoma
nd Phytomonas, the development in salivary glands is an
nherent phase of their life cycle ensuring transmission of
arasites to a vertebrate or plant host, respectively (Hoare
972; Jankevicius et al. 1989). When monoxenous trypanoso-
atids, such as Blastocrithidia  culicis  in the mosquito Aedes

egypti (Diptera: Culicidae) or Leptomonas  pyrrhocoris  in
he true bug Pyrrhocoris  apterus  (Hemiptera: Pyrrhocori-
ae), are concerned, the biological rationale for infecting the
alivary glands is not evident (Frolov et al. 2014; Nascimento
t al. 2010). As for P.  nordicus, its development in the sali-
ary glands, accompanied by intensive multiplication and
ccumulation of infective endomastigotes, is necessary for
he autoinvasion of bugs. When feeding on a caterpillar, T.
uridus injects saliva with endomastigotes of P.  nordicus  into
he prey. When the bug starts sucking, it retrieves the para-
ites, which then pass into the intestine in order to replenish
he gut population. Without this process, intestinal flagellates
ould vanish as they do not attach to the gut walls and are con-

tantly removed with fecal masses. P.  serpens  also produces
ndomastigotes in the salivary glands of the insect host, but its
urpose is considered to be the establishment of a flagellate
opulation in a tomato (Freymuller et al. 1990). Nevertheless,
he possibility of autoinvasion, as in the case of P.  nordicus,
annot be excluded, because the bug host should ingest back
ome of the endomastigotes during feeding. It is further jus-
ified by the fact that gut-dwelling stages of P.  serpens  are
ot attached to the intestinal walls as well (Jankevicius et al.
989).

The horizontal transmission of P.  nordicus  also occurs
y means of endomastigotes. However, in this case, endo-
astigotes are formed in the hindgut and disseminated with

eces (Frolov and Malysheva 1993). The parasite can sur-
ive a winter only by persisting in hibernating adults. We
bserved that infected females appearing in the field after
ibernation laid eggs smeared with feces. After hatching,
he young nymphs of T.  luridus  soon became infected with
. nordicus  (Frolov, unpublished). We also found that keep-
ng infected adult bugs together with the nymphs resulted in
apid infestation of the latter (Frolov and Malysheva 1993).
hese facts are easily explained by the coprophagous habit
f the young bugs, which is implicated in the effectiveness of
he contaminative mode of transmission in trypanosomatids.
ccasionally, horizontal transmission of the parasites can be

chieved when two or more bugs feed simultaneously on one
aterpillar. By contrast, P.  serpens  uses its plant host to infect
ew bugs. However, the presence of endomastigotes in the

rine and feces (Jankevicius et al. 1989) indicates that the
raditional mode of transmission inherited from monoxenous
ncestors remains fully operational. Thus, in many aspects,
he life cycle of the monoxenous P.  nordicus  still resembles

C
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hat of its dixenous relatives, as represented by the tomato-
arasitizing P.  serpens.  The switch from a phytophagous host
o a predatory host rendered the proliferation of the parasite
utside the bug impossible. Nevertheless, the developmen-
al stages inhabiting salivary glands remained to be in high
emand for other purposes (primarily for autoinvasion), thus
reventing a reduction of this phase of the life cycle.

We believe that the case of P.  nordicus  demonstrates the
igh evolutionary plasticity of trypanosomatids. Unlike Try-
anosoma  equiperdum, which became monoxenous when it
topped to develop in the insect host and thus lost the basic
art of its life cycle (Carnes et al. 2015; Lai et al. 2008), P.
ordicus exhibits reversal to a state that appear close to the
ncestral one. The data regarding the life cycle of P.  nordicus
rovides insight into the biology of its dixenous relatives and
he evolutionary history of the whole genus Phytomonas.
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Adaptations of Trypanosoma  brucei  to gradual loss of kineto-
plast DNA: Trypanosoma  equiperdum  and Trypanosoma  evansi
are petite mutants of T.  brucei. Proc. Natl. Acad. Sci. U. S. A.
105, 1999–2004.
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