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Abstract: In this paper, the growth requirements, fermentation pattern, and hydrolytic enzymatic ac-
tivities of anaerobic ciliates collected from the hindgut of the African tropical millipede Archispirostrep-
tus gigas are described. Single-cell molecular analysis showed that ciliates from the millipede hindgut
could be assigned to the Nyctotherus velox and a new species named N. archispirostreptae n. sp.
The ciliate N. velox can grow in vitro with unspecified prokaryotic populations and various plant
polysaccharides (rice starch-RS, xylan, crystalline cellulose20-CC, carboxymethylcellulose-CMC, and
inulin) or without polysaccharides (NoPOS) in complex reduced medium with soluble supplements
(peptone, glucose, and vitamins). Specific catalytic activity (nkat/g of protein) of x amylase of 300,
xylanase of 290, carboxymethylcellulase of 190, and inulinase of 170 was present in the crude protein
extract of N. velox. The highest in vitro dry matter digestibility was observed in RS and inulin after
96 h of fermentation. The highest methane concentration was observed in xylan and inulin substrates.
The highest short-chain fatty acid concentration was observed in RS, inulin, and xylan. In contrast,
the highest ammonia concentration was observed in NoPOS, CMC, and CC. The results indicate that
starch is the preferred substrate of the N. velox. Hydrolytic enzyme activities of N. velox showed that
the ciliates contribute to the fermentation of plant polysaccharides in the gut of millipedes.

Keywords: ciliates; hindgut protozoa; Nyctotherus; tropical millipedes; in vitro growth; enzymatic
activities; polysaccharide fermentation

1. Introduction

Ciliated protozoa often colonize the gastrointestinal tract of herbivorous animals. They
are common inhabitants of the foregut of ruminants and marsupials and in the colon of
many ungulates, large primates, fish, amphibians, and reptiles, as well as some birds and
invertebrates. Ciliates of the family Nyctotheridae are often found in the hindgut of cock-
roaches and millipedes, as well as reptiles, amphibians, and fish [1]. Previous physiological
studies have been devoted mainly to their energetic metabolism in specialized cellular
organelles—hydrogenosomes—and their relationships with mutualist methanogenic ar-
chaea and their hosts [2-5]. To date, Nyctotherus ovalis from cockroaches and Nyctotherus
species from frogs have been successfully grown in vitro [6-9]. Millipedes are litter trans-
formers (detrivores) that feed on decomposing plant material and play an important role in
nutrient cycling in soil. A stable microbial community inhabits the intestinal tract of tropical
millipedes (prokaryotes and eukaryotes), and it can degrade plant polysaccharides [10-12].
Taylor [13] and Sustr et al. [14] hypothesized that most cellulose and hemicellulose degra-
dation occurs in the midgut of millipedes they studied (Orthoporus ornatus, Comanchelus sp.,
Archispirostreptus gigas, and Epibolus pulchripes). Little is known about the fermentation of
polysaccharides in the millipede hindgut. Nyctotherus species are considered commensal
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protozoa. In addition, little is known about the ability of Nyctotherus species and bacteria
to ferment different substrates and their participation in the hindgut fermentation of their
host. The study deals with some physiological aspects of Nyctotherus ciliates obtained
from the hindgut of the tropical African millipede, Archispirostreptus gigas, and cultivated
for a prolonged period under in vitro conditions. The growth requirements, fermentation
pattern of the microbial consortium of Nyctotherus culture (prokaryotes and ciliates), and
hydrolytic enzymatic activities of these ciliates were studied to reveal their participation
in the hindgut fermentation of the host. The ciliate Nyctotherus velox was morphologically
described because no valid description of that species has been proposed in the literature [1].
In addition, a new species of the genus Nyctotherus that cohabited the hindgut of A. gigas
was described. The new name N. archispirostreptae was proposed.

2. Materials and Methods
2.1. Isolation of Ciliates

The hindgut content of African millipedes, Archispirostreptus gigas, was used as an
inoculum for in vitro cultivation. Millipedes came from the laboratory breeding of the
Institute of Soil Biology and Biogeochemistry of the Biology Centre of the ASCR in Ceské
Budéjovice. We transported live millipedes to the Institute of the Animal Physiology Centre
of Biosciences of the SAS in KoSice. Three millipede individuals were killed by keeping
them in a freezer temperature of approximately —20 °C for 5 min. The dead individuals
were dissected quickly, and hindgut contents were transferred into 1 mL of 30 °C warm
cultivation medium (see the Section 2.3), examined microscopically for the presence of
ciliates, and pooled. The number of ciliates varied significantly in hindgut contents and was
low (less than 50/animal). The inoculum (0.5 mL/tube) was divided into six cultivation
tubes (Schott Glass, Germany) filled with a cultivation medium of 2 mL. The inoculated
tubes were fed daily by three types of the feeding substrate: (1) wheat gluten (0.015 g/L,
Sigma-Aldrich) + rice starch (0.015 g/L, BDH Chemicals) + fine-ground meadow hay
(1.0 g/L), (2) wheat gluten (0.015 g/L) + 13% f3 sitosterol-covered rice starch (0.015 g/L),
and (3) rice starch (0.015 g/L). An equal volume of fresh culture medium was added into
tubes every other day up to the volume of 10 mL. Then, the contents of the cultivation
tubes were divided each 3—4 days (see the Section 2.3). After 2-3 weeks, only rice starch
covered with 13% [-sitosterol was used as no better growth was seen with the other tested
feeding substrates. The common inhabitants of the millipede hindgut (nematodes, fungi,
flagellates, and amoebas) disappeared after one month of cultivation in vitro. After that,
the culture of the ciliates (with an unidentified prokaryotic microbial population) was used
to study the growth requirements, fermentation parameters, and polysaccharide hydrolytic
activities. Ciliates were able to grow in vitro for 1.5 years.

2.2. Identification of Nyctotherus Species

The species composition of hindgut ciliates was determined by molecular methods us-
ing single-cell PCR of ciliates from the hindgut content of A. gigas. Ten ciliates were picked
out from millipedes” hindgut contents and ten ciliates were used from the stable in vitro
Nyctotherus culture. A single live ciliate was picked out under the microscope, washed
twice in a drop of sterile cultivation mineral buffer without additives, and transferred into
50 pL of 5% Chelex-100 (BioRad, California, USA) in water. Pre-incubated proteinase K
(Merck, Germany) was added to the reaction mixture to a final concentration of 20 pg/mL.
After proteinase treatment (55 °C for 30 min), DNA was released from the cell by heating
the sample to 98 °C for 5 min. After rapid cooling to 0 °C and centrifugation (3000 x g for
5 min), the DNA-containing supernatant was used for PCR amplification. All isolation
and manipulation steps were done under aerobic conditions [15]. Primers based on con-
served regions in eukaryotic 185 rDNA genes were used in the PCR amplification (EukFor
5'-AATATGGTTGATCCTGCCAGT-3' /EukRev 5'-TGATCCTTCTGCAGGTTCACCTAC-
3/) [13]. The PCR mixture contained PCR buffer with 1.5 mM MgCl2, 200 uM of dNTPs,
2.5 pmol of each primer, 0.75 U of Taq DNA polymerase (Qiagen), and 1 uL of template
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DNA. The PCR was performed as follows: after the initial denaturation step at 95 °C for
5 min, 35 cycles of denaturation (94 °C for 1 min), primer annealing (52 °C for 1 min), and
extension (72 °C for 1 min) steps were run, followed by final extension step at 72 °C for
10 min. Quality and quantity of amplicons were checked by gel electrophoresis on 1%
agarose gel in 1x TAE buffer and by measuring DNA concentration using NanoDrop®
ND-1000 Spectrophotometer (Thermo Fisher Scientific). PCR amplicons were purified
by ExoSAP-IT reagents (Affymetrix) and bi-directionally sequenced using the 3730 Se-
ries Genetic Analyzer (Applied Biosystems). Using an iterative E-INS-I algorithm, the
nucleotide sequences were aligned in MAFFT version 7 [16]. All ambiguously aligned
and unaligned sites and gaps were deleted from the dataset in BioEdit [17]. The edited
dataset was then used to infer phylogeny. Phylogenetic trees were constructed using
Bayesian Inference (BI), Maximum Likelihood (ML), and Maximum Parsimony (MP) using
MrBayes 3.2.7 [18], PhyML 3.1 [19], and PAUP* 4.0 [20], respectively. BI trees were inferred
using GTR + I + I' model with gamma distribution in six categories. The program was
run for 6,000,000 generations with a sampling frequency of 100. The consensus was com-
puted from 50,000 trees. ML trees were inferred under GTR + I + I' model with gamma
distribution in six categories. Finally, MP was performed using a heuristic search with
random sequence addition and branch swapping algorithm TBR. For both ML and MP,
100 bootstrap replicates were performed, and values were used to support topologies that
resulted from the Bl statistically. Nucleotide sequences were deposited at NCBI. The list
and description of sequences are summarized in the Supplementary Materials.

The ciliates were microscopically described, according to Albaret [1]. Before the
morphological description of the ciliates, the description of the orientation of the cells
in the pictures is essential. The viewer looks at the right side of the ciliate when the
buccal entry (peristome) of the ciliate is on the right side. Similarly, the left side of the
ciliates is assigned to the side of the cell with the peristome on the left side [1]. During
light microscopy, the trophozoites are usually laid on either the left or the right side. The
dorsal or ventral sides of ciliates were rarely seen. The protozoan genus and species were
identified according to the size and shape of cells, macronucleus, peristome, infundibulum,
contractile vacuole, cytopyge, and ciliature. Different staining procedures were used to
stain intracellular amylopectin (iodine solution), nuclei (methyl-green-formalin-saline or
chrome-alum-carmine), and infraciliature (pyridinated silver carbonate method) [21,22].

The pictures of ciliates were taken under bright field illumination by Moticam Pro CCD
Camera (Motic Incorporation Ltd., Hong Kong) mounted on a BA400 microscope (Motic
Incorporation Ltd., Hong Kong). In addition, the UV autofluorescence of methanogens in
ciliates was observed with the Olympus BX51 fluorescence microscope (Olympus, Japan).
Because of the presence of specific fluorescent coenzymes, methanogens can produce blue
and green autofluorescence at wavelength 350 nm (coenzyme F350) and 420 nm (coenzyme
F420) [23]. Specimens for scanning electron microscopy (SEM) were prepared according
to Foissner [21] and observed with an electron microscope JSM-7401F JEOL (JEOL Ltd.,
Tokyo, Japan, acceleration voltage, 0.1-30 kV, resolution, 1 nm).

2.3. Cultivation of Nyctotherus In Vitro

The method of rumen ciliates cultivation was adopted. A stable culture of the ciliates
with an unidentified prokaryotic population was grown anaerobically in 10 mL of the min-
eral medium of simplex type [24] in glass tubes with screwed caps (Schott Glass, Germany).
Mineral medium composition (g/L): KoHPOy, 5.08; KH;POy, 4.0; NaCl, 0.52; CaCly, 0.036;
MgSO4 x 7 HyO, 0.072; and NaHCO3, 6.5. The mineral medium was supplemented with
(g/L): cysteine-HCI, 0.2; D-glucose, 0.4; peptone, 1.0 (Protease Peptone, Sigma-Aldrich,
Inc.), 1.0 mL of trace element solution [25], and 10 mL of vitamin solution [25]. All com-
ponents were of analytical grade. Before use, the medium was bubbled for 30 min with a
gaseous mixture (5% Hj + 5% CO,, in nitrogen) to obtain a negative oxidation-reduction
potential (ORP), which is essential for anaerobiosis (ORP, 234 & 63 mV and pH 7.6 & 0.2
after gassing). The complex medium was labeled as Medium A. Ciliates were fed daily
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with plant substrates of 0.015 g/L of the culture. The feeding substrate was resuspended
in distilled water before feeding, and appropriate aliquots were pipetted into tubes. After
feeding, the space above the medium was flushed out with the gaseous mixture. The
culture tubes were kept at 30 °C in an incubator (Jouan, Trigon, Bratislava, Slovakia). Every
4-5th day, the cultures were divided into two halves and filled with a fresh medium of
the same volume. After the establishment of the culture (about two months), we main-
tained the stock culture of at least 10 tubes and fed it daily with rice starch covered with
13% [3-sitosterol (Sigma-Aldrich, Inc.) [26]. Initiation of the culture from cysts harvested
from in vitro cultures was unsuccessful. No filamentous bacteria grew in the culture. In
Nyctotherus culture, prokaryotes of cocci and rod morphotypes were mainly observed.

2.4. Experiments on the Growth Requirements of the Nyctotherus

The growth experiments lasted for three months in six replicates for each parameter.
On the day of culture dilution, we collected samples from replicates by taking 1 mL of
well-mixed culture and conserving with the same volume of 8% formaldehyde solution to
count ciliates and bacteria.

2.4.1. Experiment 1

The growth at 23, 30, 35, and 39 °C was examined. Two media and feeds were tested.
Medium A was identical to the complex medium of stock culture. The soluble supplements
were omitted from Medium C (peptone, glucose, trace elements, and vitamins). The rice
starch (RS) and rice starch covered with 13% [3-sitosterol (SRS) were used as feed substrates.
Other growth conditions were the same as those of the stock culture.

2.4.2. Experiment 2

The growth with different polysaccharide feeds (substrates) was investigated. The
ciliate growth was examined with no particulate substrate (NoPOS), with xylan (Xylan
from beech wood, Sigma-Aldrich), carboxymethyl cellulose (CMC, Sigma-Aldrich), crys-
talline cellulose (CC, Sigmacel 20, Sigma-Aldrich), rice starch (RS, ANALAR, Hopkins and
Williams GB), and inulin (Inulin from Dahlia tubers, Sigma-Aldrich).

2.4.3. Experiment 3

The growth under aerobic and anaerobic conditions was examined. Under aerobic
conditions, the gas mixture and reductive agent (cysteine-HCI) were omitted. Tubes were
covered only with tin lids to allow for a free escape of fermentation gas. Other conditions
were the same as in the stock culture.

2.5. Counting of Ciliates and Total Bacteria

Trophozoites and cysts of Nyctotherus were counted microscopically in the aliquots
of well-mixed formaldehyde-fixed samples using a mechanical counter using the method
of Coleman [27]. At least four replicates were counted per sample. Samples of 12-32 per
treatment were counted. The abundance of total bacteria was estimated by direct bacterial
count through image analysis of pictures taken under bright field illumination of dried
smears of formaldehyde-fixed samples. Two smears of known dimension and known vol-
ume per sample stained with methylene blue were prepared using the Breed method [28].
For each smear, 40 randomly selected pictures were taken at an objective magnification of
100x (Camera MoticamPro 252A mounted on the microscope Motic BA400). Images were
processed and analyzed with Image] software according to Image] Software documenta-
tion [29]. Protozoa and bacteria counts were expressed per mL (in a natural logarithm, Ln)
as means =+ standard deviation.
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2.6. Morphometry of Trophozoites and Cysts

The effect of the substrates on the size of Nyctotherus trophozoites and cysts was
evaluated. The pictures were taken of the formaldehyde-fixed samples of the Nyctotherus
fed by different substrates with the Moticam Pro CCD Camera (Motic Incorporation LTD.,
Hong Kong) mounted on the BA400 microscope (Motic Incorporation LTD., Hong Kong).
The length and width of about 20 individuals of calibrated pictures were measured using
Image] software [30].

2.7. Measurement of Fermentation Activity

The in vitro gas technique was used to measure the fermentation activity of the mi-
croorganism community of Nyctotherus culture [31]. The in vitro dry matter digestibility
(IVDMD), gas volume, methane, ammonium nitrogen, short-chain fatty acids (SCFA),
and the number of ciliates after 96 h of fermentations were measured in 50 mL gradu-
ated gas-tight glass syringes at 30 °C under anaerobic conditions. The aliquots of 35 mL
of stock culture with six substrates (0.25 g per syringe; xylan, carboxymethylcellulose,
crystalline cellulose20, rice starch, inulin, NoPOS) and four replicates per substrate were
used. No gas space was left above the inoculum. After 96 h of incubation, the volume
of accumulated gas was measured. The volume of produced gas was read directly from
the graduated fermentation syringe. At the end of incubation, gas from each fermentation
syringe was collected in a 2 mL glass syringe (for each fermentation syringe separately)
and immedjiately analyzed for methane concentration using a gas chromatograph with FID
detector (Perkin-Elmer Clarus 500; Perkin-Elmer, Inc., Shelton, CN, USA). The percentage of
methane was expressed per 1 mL of gas volume. The concentration of SCFA in the fermen-
tation medium was determined by gas chromatography using crotonic acid as the internal
standard [32]. The concentration of ammonium N was determined by phenol-hypochlorite
reaction [33]. The in vitro dry matter digestibility was determined from the difference in
the weight of the substrate before and after incubation and the dry weight (DM) of the
control group (syringes without substrates). The contents of the fermentation syringes
were centrifuged at 3500 x g for 10 min, and the residues were washed twice with distilled
water, centrifuged again, and dried at 105 °C to constant weight [34]. Metabolic hydrogen
recovery (HR, net amounts of “metabolic hydrogen” produced and recovered in reduced
end-products formed) was calculated as the ratio between total hydrogen incorporated and
produced [35,36].

2.8. Measurement of Hydrolytic Enzymatic Activities
2.8.1. Harvesting the Ciliates

To measure enzymatic activities, the ciliates growing on rice starch were harvested
in the stationary phase (after 6 days of growth and after 24 h of starvation). After 24 h
starvation, the free rice starch particles were not detectable microscopically in the culture.
Two-thirds of the liquid part of the culture was sucked off, and ciliates were pooled and cen-
trifuged for 5 min at 1000 rpm (Heraeus Labofuge 400 Centrifuge, Thermo-Scientific). The
bacterial population was reduced by washing five times with a sterile mineral medium with-
out the addition of supplements. Then, the ciliates were concentrated in one polypropylene
microtube (1.5 mL, Eppendorf). On average, 250,000 & 150,000 ciliates were concentrated
into one sample (one microtube) from a volume of 800-1000 mL. The concentrated ciliates
were stored at —70 °C until analysis. Ciliates were gradually harvested from a culture
volume of approximately 27 L.
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2.8.2. Preparation of Crude Protein Extracts for the Measurement of Hydrolytic Activities

Thawed samples of concentrated ciliates were diluted at a 1:5 ratio in the phosphate-
citrate buffer, pH 7.2 [37], containing a protease inhibitor cocktail (Complete Mini EDTA-free
protease inhibitor cocktail tablets, Roche Diagnostics, Meylan, France). Cells were disrupted
by sonication on ice (10 times for 1 min per sample, 100 W, Ultrasonic Homogenizer
4710 Series, Cole-Parmer Instrument Co., Chicago, IL). Cooling of the sample for one
minute was performed within the sonication intervals. Only the suspension without
intact cells was used for the measurement of hydrolytic activities. The presence of intact
cells was examined microscopically. After sonication, the sample was centrifuged at
6000 rpm for 10 min at 8 °C (Juany Bri Centrifuge, Thermo-Scientific). After centrifugation,
the supernatant was resuspended into polypropylene mini tubes (1.5 mL, Eppendorf).
Supernatants were labeled as crude protein extracts and stored in the freezer at —70 °C
until analysis.

2.8.3. The Measurement of Protein Concentration

The Bradford method was used to determine the protein content of the crude protein
extracts [38]. The bovine serum albumin (Sigma-Aldrich, Inc.) was used as the protein
standard.

2.8.4. The Measurement of Hydrolytic Activities

To measure hydrolytic activities, the method of measuring the formation of reduc-
ing sugars with dinitrosalicylic acid (DNSA) was used [39]. Enzymatic activities of o-
amylase, carboxymethyl-cellulase, xylanase, and inulinase were measured against respec-
tive 1% polymeric substrates (starch, CM-cellulose, 4-0o-methyl-D-glucurono-D-xylan, and
inulin) [40—42]. Enzymatic reactions were performed at 30 °C in the phosphate-citrate
buffer, pH 7.2, for three hours in duplicates. Hydrolytic activities were measured for
each enzyme separately in at least two assays. Enzymatic activities were expressed in SI
units, katals (1 kat = 1 mol/s). Specific catalytic activities were expressed as nanokatals of
reducing sugar equivalent produced per gram of protein (nkat/g).

2.9. Statistical Analysis

Kruskal-Wallis nonparametric analysis with Dunn’s multiple comparison tests was
used to estimate the effects of growth conditions (temperature and substrates) on the counts
and size of ciliates and bacteria. One-way ANOVA with Bonferroni’s Multiple Comparison
Test was used to estimate differences in the parameters of fermentation activity. Treatment
effects were determined to be significant at p < 0.05. GraphPad Prism software (GraphPad
Software 5.0, Inc. San Diego, CA, USA) was used for statistical evaluations.

3. Results
3.1. Effects of Temperatures and Soluble Nutrients

The trophozoites were able to grow within a temperature range from 23 °C to 35 °C
(Figure 1). At 39 °C, the trophozoites died within 24 h. The best growth was observed
at 30 °C with the complex medium and (3-sitosterol rice starch (or rice starch) substrate
(Figure 1, 1420 & 81/mL of trophozoites, 560 + 36/mL of cysts, mean £ SEM). The presence
of (3-sitosterol on rice starch had no significant effect on the growth of trophozoites and
cysts at 30 °C in comparison to rice starch. The growth also depended on the presence
of soluble nutrients. Omitting soluble nutrients from the medium (peptone, glucose, and
vitamins) resulted in a lower abundance of trophozoites and cysts (Figure 1, 415 £ 48/mL
of trophozoites, 214 & 34/mL of cysts, mean & SEM).



Life 2023, 13,1110 7 of 24
Growth of Nyctotherus velox in vitro. Trophozoite counts
40007 — | o
; | : i = A-23°C mediumA SRS
3000~ ! : B-30°C, mediumd, SRS
iy C-30 °C, mediumA, RS
§ } | * D -30 °C, mediumC, RS
C 20004 E-35 °C, mediumA, RS
3 HE
o
1000+ b 0 fdedian
T % []2586-75%
0 ? ] ' ; T Min-Max
A B C D E
Treatment

Growth of Nyctotherus velox in vitro. Cyst counts

C D E

Treatment

1500~ ——— ==
i = A- 23 °C, mediumA, SRS
) | X {=+ B-30°C, mediumA, SRS
R 1000+ —_— C- 30 °C, mediumA, RS
3 I { === [-30 °C, mediumC, R3S
3 T 1 E - 35 °C, mediumA, RS
[
5001 = % O Median
[[]25%-75%
L —_ L T Min-Max
ol = L S
B

A

Figure 1. Growth of Nyctotherus velox in vitro. Effect of temperature, soluble nutrients, and f3-
sitosterol on the trophozoites and cyst counts. Medium A, complex cultivation medium. Medium C,
cultivation medium without soluble nutrients (peptone, glucose, and vitamins). SRS, rice starch
covered with (3-sitosterol. RS, rice starch. Probability values: * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. Effects of Plant Polysaccharide Substrates

The effects of polysaccharide substrates on Nyctotherus growth are summarized in
Table 1. The type of substrate influenced not only ciliates counts, but also the size of
trophozoites. The counts of ciliates were also influenced by the age of the culture. The best
growth was observed in the first six months of cultivation. The best growth was observed
for rice starch with (-sitosterol at 30 °C (1420 &+ 80/mL, Figure 1). Then, the growth
decreased gradually (690 £ 240/mL on rice starch, Table 1). The Nyctotherus culture died
after 1.5 years. Among the polysaccharide substrates tested, rice starch stimulated the
growth of ciliates best. On the other hand, ciliates could grow without tested insoluble plant
polysaccharides for an extended time (about 30 days). The tested substrates had no effects
on the counts of total prokaryotes abundance except for CMC. Direct counting of bacteria
revealed their decreased growth with the CMC substrate (Ln 20.685/mL, Table 1). The
tested substrates also influenced trophozoite size. The smaller ciliates were observed under
in vitro conditions compared to in situ. The smallest ciliates grew under the conditions
in vitro with the CMC substrate (Table 1). The formation of cysts was decreased only by
inulin compared to rice starch. The type of substrate did not affect the size of cysts.
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Table 1. The effects of substrates on the number and size of the ciliate Nyctotherus velox and bacteria
counts grown in the xenic culture established from the hindgut contents of the African millipedes
Archispirostreptus gigas.

Rice Starch CMC Celulose20 Xylan Inulin In Situ NoPOS
Trophozoites
Number, n/mL 690 £ 240 * 490 + 160 500 + 300 360 + 140 390 + 280 ND 450 £ 70
Length, um 68 £92% 51 £ 5.1 59 £ 9.4 62 £ 7.1 %+ 61 £129** 75492 55 4 6.0 ***
Width, um 43 £7.9* 33 £ 4.0 42 £9.0** 40 4= 5.4 *** 38 +£12.0%*  50+8.1 36 4 4.4
L/W 1.6+02 15+02 1.54+02 1.5+0.9 1.7+02 15402 1.6+02
Cysts
N}tllmber, n/mL 160 £ 100 200 + 150 130 £ 100 140 £ 90 60 £ 40 * ND 290 + 90
Length, pm 30£19 27 £39 30 £3.0 28+£1.8 33+£39 - 31+£0
Width, um 24 £ 16 21+£12 24 £21 22+£20 24 £20 - 23+0
L/W 13+£0 13+£01 12+£0 13+£01 14+£0.1 - 14+£0
Bacteria (n/mL, Ln) 22175+02  20.685+£0.5* 22173 +£05 21273 +£03  22.387+£03 - -

CMC, carboxymethylcellulose; NoPOS, no polysaccharides; ND, not determined; Values are means + standard
deviation; L/W, length to width ratio; * p < 0.05; ** p < 0.01; *** p < 0.001.

3.3. Growth in Aerobic Conditions

The ciliates could not grow for a prolonged time under aerobic conditions. The
ciliates died within 20 days. It seems that the Nyctotherus trophozoites can tolerate aerobic
conditions for a shorter time (up to several days). In aerobic conditions, the bacteria
overgrew in the culture.

3.4. Fermentation Patterns

The effects of substrates on the fermentation pattern of the xenic culture of the Nyctotherus
ciliates are presented in Table 2. The highest in vitro dry matter digestibility (IVDMD) was
observed after fermentation of the rice starch (92.46 g/kg DM substrate) followed by inulin
(88.3), CMC (59.3), CC (50.6), and xylan (48.1). The results of IVDMD of rice starch differed
significantly in comparison to CC and xylan (p < 0.05). The results of IVDMD of inulin differed
significantly in comparison to xylan and CC (p < 0.05). The rice starch and inulin supported
the best gas production (174 and 150 mL/g DM substrate), followed by xylan (75 mL/g DM),
CMC (16 mL/g DM), and CC (4 mL/g DM). Gas production from rice starch significantly
differed in comparison to xylan, CMC, and CC (p < 0.001). Gas production from rice starch was
not significantly different in comparison to inulin. Gas production from inulin significantly
differed in comparison to xylan (p < 0.05), CMC (p < 0.001), and CC (p < 0.001). Gas production
from xylan significantly differed in comparison to CC (p < 0.05). The concentration of methane
in fermentation gas was significantly highest for xylan (17.9%) in comparison to the other
substrates (CMC, 4.11; CC, 8.77; RS, 5.29; inulin, 10.2; NoPOS, 3.85%). No differences were
observed for the other substrates compared to each other. The highest concentration of ammonia
was observed for CC (148.63 mg/L) followed by CMC (144), NoS (143.5), RS (32.88), inulin
(30.78), and xylan (20.94). Ammonia concentrations after CMC, CC, and NoS fermentations
were significantly higher in comparison to the concentrations of ammonia after xylan, RS, and
inulin fermentations. The significantly highest concentrations of short-chain fatty acids (SCFA)
were observed after fermentation of RS and inulin (45.5 and 40.6 mmol/L). The lowest SCFA
concentrations were observed after CMC, CC, and NoS fermentations (3.5, 5.4, and 5.6 mmol/L).
The acetate (from 63 to 68 mol%), propionate (from 22 to 30 mol%), and n-butyrate (from 6
to 9 mol%) were the dominant SCFA after the fermentation of xylan, RS, and inulin. On the
other hand, higher proportions of acetate (from 75 to 84 mol%) were observed at the expense of
propionate (from 1 to 14 mol%) and n-butyrate (from 0.5 to 1.7 mol%) after the fermentations of
CMC, CC, and without substrate. Higher proportions of some minor SCFA (i-butyrate and i-
valerate) were observed after the fermentations of CMC, CC, and without substrate. The highest
hydrogen recovery was observed after the fermentation of xylan (80%). The lowest hydrogen
recovery was observed after the fermentation of CMC (28%). No significant changes in the
counts of the trophozoites after 96 h of fermentation were observed. In contrast, cyst counts
were influenced by substrates. The highest count of cysts was observed in the fermentation
syringes with NoPOS (263/mL) and CMC (243/mL) in comparison to RS (105/mL).



Life 2023, 13,1110

9 of 24

Table 2. The effects of substrates on the fermentation pattern of the xenic culture of the ciliate Nyctotherus velox established from the hindgut contents of the African
millipede Archispirostreptus gigas.

Item Xylan CMC CcC Rice Starch Inulin NoPOS SE p-Value
IVDMD g/kg DMsubst 48.10 4 59.27 50.59 &b 92.46 b4 88.30 ¢ - 5.211 0.0019
Gas mL/g DMsubst 75 248 16 be 4of8 174 abe 150 def - 16.156 0.0001
Methane % (vol/vol) 17.89 abede 4112 8.77b 5.29 ¢ 10.194 3.85¢ 1.182 0.0001
Ammonia mg/L 20.94 abc 144.00 @98 148.63 beh 32.88 det 30.78 8t 143.50 o 12.627 0.0001
SCFA mmol/L 22,892 3.47 5.43 45.45P 40.63 ¢ 5.60 &P< 3.581 0.0001
Acetate mol% 62.69 2 83.89 74.78 65.72 67.91 4 82.36 4bed 1.719 0.0001
Propionate mol% 29.722 1.38 14.14° 21.99¢ 23.39d 3.50 #bed 2.220 0.0001
nButyrate mol% 6.132 0.52 1.72 9.09b 5.83¢ 1.51 abc 0.482 0.0001
iButyrate mol% 0.622 5.50 3.92 0.23b 0.40°¢ 5.22 abe 0.649 0.0001
nValerate mol% 0.522 3.27b 2.22 2.67 2.00 2.102b 0.185 0.0001
iValerate mol% 0.332 5.36 3.16° 0.28 ¢ 0.47 4 5.26 abed 0.474 0.0001
2H-recovery % 80.132 28.23 47.91°b 48.02°¢ 53.93 4 30.16 abed 3.787 0.0001
Trophozoites number, T n/mL 608 823 650 115 800 558 70.985 0.0708
Cysts number, C n/mL 108 243" 160 105 2P 175 2632 14.674 0.0035
Cyst proportion % 12.05 2275 19.67 63.42 2b 29.98 36.06 2 5.24 0.0035

Values are arithmetic means. SE, standard error; CMC, carboxymethylcellulose; CC, crystalline cellulose20; NoPOS, no polysaccharides; IVDMD, in vitro dry matter digestibility; SCFA,
short-chain fatty acids; *, values within a row with an identical superscript letter are significantly different (p < 0.05).



Life 2023, 13, 1110

10 of 24

3.5. Enzyme Hydrolytic Activities

All examined enzyme activities were observed in the crude cell extracts of Nyctotherus
cells (Table 3). The highest catalytic activity was observed in xylanase followed by inulinase,
a-amylase, and CM-cellulase activities (ukat/L, 91.9, 87.8, 59.8, and 14.9). On the other
hand, the specific catalytic activity of a-amylase was highest followed by xylanase, CM-
cellulase, and inulinase (nkat/g protein, 300, 290, 190, and 170).

Table 3. Enzyme hydrolytic activities of the ciliate Nyctotherus velox grown in vitro and fed with rice

starch.
Enzyme Catalytic Activity Specific Catalytic Activity
nkat/L £+ SD n nkat/g Protein & SD n
Amylase 59 830 + 71 490 2 300 120 2
CM-cellulase 14 900 + 21 830 6 190 £ 110 6
Xylanase 91930 + 72 440 4 290 + 100 4
Inulinase 87 830 £ 110 300 2 170 £ 220 2

Values are arithmetic means =+ standard deviation.

3.6. Molecular and Morphological Description of Ciliates

Single-cell PCR of trophozoites of the hindgut contents of Archispirostreptus gigas
revealed the presence of at least two species (Figure 2). One sequence from hindgut
contents can be assigned to the species Nyctotherus velox (11E). Two sequences (3E, 8E) from
hindgut contents probably present species that have not been molecularly described yet. It
can be assigned to the genus Nyctotherus. Eight sequences from the ciliates grown in vitro
were assigned to the species N. velox. Molecular results and morphological observation
pointed to only one species in the culture (Figure 3).

Taxonomic summary

Phylum Ciliophora Doflein, 1901

Subphylum Intramacronucleata Lynn, 1996

Class Armophorea Lynn, 2004

Order Clevelandellida de Puytorac and Grain, 1976
Family Nyctotheridae Amaro, 1972

Genus Nyctotherus Leidy, 1849

Description of Nyctotherus velox. In vitro growing trophozoites were pear-shaped
when observed from the left and the right side (Figure 3). From either dorsal or dorsal-
left (-right) sides, ciliates appeared as plum-shaped or ovoid (Figure 3). In samples from
hindgut contents, the trophozoites are either oval or ovoid. The dorsal side is usually more
convex than the ventral one. In some trophozoites, a large depression was observed on
the ventral side under the peristome and in the plane of the infundibulum (Figure 3). The
body surface was longitudinally furrowed (Figure 3D1,D2). The surface furrows labeled as
creases can be described as sharp indentations when seen in cross-sections [43—45].
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Figure 2. Phylogeny of the Nyctotherus velox and Nyctotherus archispirostreptae n. sp., the ciliates
isolated from the hindgut content of the millipede Archispirostreptus gigas. Sequences obtained in
this study are in the bolded text (3E, 8E, 11E, single-cell samples from the hindgut contents; 2K-10K,
single-cell samples from the culture). Phylogeny of the Nyctotherus species was based on 185
rDNA gene sequences. The phylogenetic tree was constructed using Bayesian Inference (BI). The
topology is further supported by Maximum Likelihood (ML) and Maximum Parsimony (MP). The
first number at the nodes, followed by ML and MP bootstrap values, indicates posterior probabili-
ties. The star indicates the maximum possible support (posterior probability 1, bootstrap 100). The
presence of the dash denotes posterior probability less than 0.90 and bootstrap less than 50. The
scale bar represents two substitutions per 100 nucleotide positions. The sequences are listed in the
Supplementary Materials.

The creases were regularly spaced 2.7 um apart (2.4-3.0 um, SD = 0.18, n = 17). That
striation pattern was also visible under the light microscope (Figure 3A3). The number of
creases was estimated at 31 from the dorsal side and about 27 from the left side. Cilia as
dikinetids grew from the creases (Figure 3D2) [46]. The body was uniformly (holotrichous)
covered by cilia from the apical to caudal poles. The apical pole was rounded. The caudal
pole was tapered from the dorsal and ventral regions (Figure 3D1). The region ventral to the
anus (cytopyge) slit was prolonged into the caudal ventral lobe (Figure 3B1,B2,C1). From a
dorsal point of view, the caudal ventral apex was longer, approximately 3 pm (2.3-5.8 um,
SD = 0.76, n = 28). This enlargement of the caudal ventral apex was not so pronounced in
trophozoites from samples of hindgut contents. The cytopyge slit between lobes was usually
narrow in trophozoites from samples of hindgut contents. The single pulsatile vacuole was
situated near the ventral side of the cytopyge slit near its point of origin in the ventral caudal
lobe. The in vitro grown trophozoites were filled with storage polysaccharide grains and
amylopectin and colored brownish-red by iodine solution. Polysaccharide grains from the
sonicated samples of the ciliates were polygonal particles (Figure 3F). It is unclear whether
the grains were flat or had a polyhedral shape. The particle lengths ranged from very small
(less than 1 pm) to 7 um (mean = 3.5 pm, SD = 1.31, n = 67). The analysis of the particle area
distribution revealed that the particles of 1.2 um? prevailed (count 32 of 67). The polygonal
shape of the grains was also visible in the intact ciliates from in vitro culture and hindgut
samples. In hindgut samples, trophozoites contained far fewer storage grains, and they
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were of smaller size. In vitro, the mass of storage grains obscured the details of the other
structures in the cell endoplasm except for the macronucleus, infundibulum, and pulsatile
vacuole. Storage polysaccharide grains were also visible in cysts. Peristome started near
the apical pole, extended over one-third of the cell, and divided that part into left and right
lips, which were covered inside by the tufts of cilia (membranelles). In one-third of the cell,
the peristome entered the cell and continued as an infundibulum at the angle of 93-116°
from the longitudinal cell axis (mean = 107°, SD = 5.7, n = 14; measured either on the left
or right cell side). The infundibulum was a straight funnel-shaped tube, 27 pm long on
average (21-36 um, SD = 3.7, n = 21), and directed to the dorsal surface. In the entry into
the cell, the infundibulum was 7 pym width on average (4-10 pm, SD = 1.6, n = 21). The
inner surface of the infundibulum was regularly transversely striated. It is probable, that
tufts of cilia (membranelles) can grow from the infundibulum creases. The cilia or tufts of
cilia were not visible in the infundibulum under light microscopy. The cytopharynx and
cytostome were not visible. The mean trophozoites area was 3270 um? (1770-4283 um?,
median = 3235 pm?2, SD = 775.8, n = 15), mean length was 79 um (56-91 um, SD = 10.2,
n = 15), mean dorsoventral width was 53 um (41-63 um, SD = 6.4, n = 15), and mean L/W
ratio was 1.5 (1.3-1.6, SD = 0.08, n = 15) of N. velox from hindgut contents (in vivo). Table 1
presents the mean length and dorsoventral width of trophozoites and cysts of cultures fed
different substrates in vitro. Trophozoites’ mean lengths (L) varied from 51 um to 75 pum,
the dorsoventral width (W) varied from 36 pm to 50 um, and the L./ W ratio varied from 1.5
to 1.7. The length of the left-right axis varied from 37 um to 51 pm (mean = 44 um, SD = 6.3,
n = 4). The different feeding conditions produced trophozoites of different sizes. The ciliates
were smaller in cultures with no particulate polysaccharide substrate or substrate with too
large feeding particles (CMC). The macronucleus (MaN) was situated almost horizontally
in the karyophore in the anterior part of the cell just above the infundibulum. The shape
was often lenticular, sometimes an inverted pyramid or trapezoid. MaN was a relatively
large organelle: mean MaN area was 300 um? (150-470 um?, SD = 94.4, n = 22), mean
length was 30 pm (21-40 um, SD = 5.5, n = 22), mean width was 14 pm (10-18 um, SD =24,
n = 22), and mean L/W ratio was 2.3 (1.8-2.7, SD = 0.28, n = 22). It was hard to distinguish
the micronucleus from the mass of the macronucleus. The blue and green autofluorescence
of intracellular methanogens was observed (Figure 3C2,C3), which points to the presence
of both coenzymes (F350 and F420) in the intracellular methanogenic archaea.
Description of cysts: The cysts were oval with a thick wall and a single small round
protrusion (Figure 3E1,E2). When viewed from the protrusion side, the cysts were round.
The oval macronucleus usually lay in the cyst’s lower half near the center. The cysts
contained storage polysaccharide grains. The cyst size was not influenced by the tested
in vitro conditions (Table 1). The mean area of cysts was 707 um? (497-998 um?, SD = 102.2,
n = 83), the mean length was 35 pm (28-41 pm, SD = 2.5, n = 83), the mean width was
28 um (23-34 um, SD = 2.2, n = 83), and mean L/W ratio was 1.2 (1-1.4, SD = 0.05, n = 83).

Type locality: Hindgut of the millipede Archispirostreptus gigas.

Type host: Archispirostreptus gigas Peters, 1868

Country of the host origin: Tanzania

Gene sequences. The nuclear 185 rDNA gene sequences were deposited in GenBank.
Accession numbers are listed in the Supplementary Materials.

Family Nyctotheridae Amaro, 1972

Genus Nyctotherus Leidy, 1849
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Figure 3. Photomicrographs of Nyctotherus velox from the hindgut of the millipede Archispirostreptus
gigas. Samples were colorized by iodine (B1) and chrome-alum-carmine solutions (B2,E2), and
the pyridinated silver carbonate method (E1). Scale bars are 1 um (D2), 10 um (B1,B2,D1,E1,E2/F),
20 pm (C1-C3), and 50 um (A1-A3). Samples from hindgut contents (A1-A3); samples from the
culture (B1,B2,C1-C3,D1,D2,E1,E2 F); the protozoan right side (A1); the protozoan left side (A2); the
striation pattern of ciliature (A3); MaN, the macronucleus; PV, the pulsatile vacuole; the green and
blue autofluorescence of intracellular methanogens in UV light (C2,C3); the scanning electrograph
of the ciliate right side (D1); the scanning electrograph of the dikinetid cilia growing from the
furrows (D2); cysts (E1,E2); intracellular amylopectin from broken ciliates fed by rice starch (F).
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Description of Nyctotherus archispirostreptae n. sp. The pooled hindgut contents of
three A. gigas were a source of samples as the number of ciliates was low. The trophozoites
were very similar to the N. velox. The trophozoites were ovoid (Figure 4C3). The dorsal side
was slightly more convex than the ventral one. A slight depression occurred on the ventral
side, in the place of the entry of the peristome to the cell, in one-third of the cell. The body
surface was longitudinally furrowed (Figure 4A3). The body was uniformly (holotrichous)
covered by cilia from the apical to caudal poles. Apical and caudal poles were usually
rounded. Some trophozoites had the caudal lobes pointed gently (Figure 4B2,B3). The
lower part of the cell was divided by a cytopyge slit into the dorsal and ventral lobes, with
a longer cutout on the left side (Figure 4B3). The cytopyge opened into the space (the
slit) between these lobes. Usually, the slit was narrow. The caudal lobes had similar sizes
from the left side. The pulsatile vacuole was located near the cytopyge on the ventral side
of the trophozoite (Figure 4B2). The storage amylopectin grains were visible in the cells.
Morphometric data are summarized in the Table 4. The mean length of trophozoites was
78 um (61-91 um, SD = 10 um, n = 9), the mean width was 54 um (42-70 um, SD = 10.5 um,
n =9), the mean L/W ratio was 1.5 (1.2-1.7, SD = 0.14, n = 9), and mean trophozoites area
was 3274 pm? (1952-4588 um?2, SD = 971.2, n = 9). Peristome started near an apical pole,
extended over one-third of the cell, and divided that part of the cell into left and right lips
(Figure 4A1,A2,B1-B3,C1,C2). The peristome was covered by membranelles. In one-third
of the cell, the peristome entered the cell and continued as an infundibulum at the angle
121-126° from the longitudinal cell axis (mean = 125°, SD = 2.2, n = 4). The infundibulum
was a funnel-shaped tube directed to the dorsal surface (Figure 4A1,A2,B1). Its mean length
was 28 um (21-33 um, SD = 3.9 um, n = 5). The inner surface of the infundibulum was
regularly transversely striated. The cytopharynx and cytostome were usually not visible.
The peristome narrowed into a short cytopharynx, which ended in a small, almost spherical
cytostome (Figure 4A3). The macronucleus (MaN) was situated almost horizontally in the
karyophore in the anterior part of the cell above the infundibulum. The shape was often
lenticular, sometimes an inverted pyramid. The micronucleus was hard to distinguish from
the mass of the macronucleus.

Type locality: Hindgut of the millipede Archispirostreptus gigas.

Type host: Archispirostreptus gigas Peters, 1868

Country of the host origin: Tanzania

Gene sequences: The nuclear 185 rDNA gene sequences were deposited in GenBank.
Accession numbers are listed in the Supplementary Materials.

Etymology: The species name is derived from the generic name of the host.

Table 4. Morphometric data of Nyctotherus archispirostreptae n. sp.

Ciliate Ciliate ('Ziliate MaN MaN Infund. Infund.
Area (um?) Lenght (L)  Width (W) L/W Lenght Width Angle () Lenght
rea (um ngle
(um) (um) (um) (um) (um)

Arith. mean 3270 78 54 1.5 30 10 125 28
SD 970 10 11 0.14 4.5 2.8 22 39
Min 1950 61 42 1.2 23 8 121 21
Median 3080 81 50 1.5 32 9 126 28
Max 4590 91 70 1.7 36 16 126 33
n 9 9 9 9 7 7 4 5

SD, standard deviation; MaN, macronucleus; Infund., infundibulum.
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Figure 4. Photomicrographs of Nyctotherus archispirostreptae n. sp. from the hindgut content of
the millipede Archispirostreptus gigas. The samples (B1-B3,C1,C2) were colorized by methyl-green
formalin solution. Scale bars are 10 um (B1-B3,C1,C2) and 50 pm (A1-A3). The protozoan right
side (A1,B1,B2); the protozoan left side (A2,A3,B3); the striation pattern of ciliature and the infundibu-
lum ending into cytostome (A3); view from the ventral-right side (C1,C2); the image segmentation
illustrates the variability in ciliate size and shapes (C3). Inf, the infundibulum; CPh, the cytopharynx;
CSt, the cytostome; MaN, the macronucleus; PV, the pulsatile vacuole; CPs, the cytopyge slit, PER,
the peristome.

4. Discussion

To date, Nyctotherus species of frogs and cockroaches have been cultivated, but no
studies on axenic cultures have been carried out. Generally, it can be assumed that all work
on the cultivation of the Nyctotherus species has used xenic cultures, which means that
various microbes, mainly prokaryotes, were present in Nyctotherus cultures. Aragao [47]
kept N. cordiformis from the frog Leptodactyllus ocellatus in Petri dishes with 0.5% egg white
in 0.85% NaCl. He obtained a multiplication of the Nyctotheri usually in three to four
days; they lived for up to a fortnight, and then either encysted or simply died. Additional
feeding of the ciliates with frog blood only resulted in a stronger overgrowing of bacteria.
Pinto [48] kept N. cordiformis alive for short time, in a physiological solution of diluted feces
of the host (Bufo marinus) at room temperature, for up to 30 days, without multiplication
or conjugation of the ciliates. Nelson [7,49] kept N. cordiformis from the rectum of Rana
pipiens in an extract from rectum content in Ringer’s solution and a supplementary feeding
with rice starch. The ciliates lived up to 180 days, reaching an abundance of 550 ciliates per
test tube. The addition of alcoholic extracts of frog tissues (liver and stomach) extended
the duration of the culture up to 455 days and increased the number of ciliates to 2200 per
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test tube. Lucas [50] maintained N. ovalis from Periplaneta americana for up to 19 days at
28 to 30 °C in a serum-saline medium and starch supplement. Balch [6] kept N. ovalis
from Blatella germanica in 0.5% salt solution with non-inactivated rabbit serum for 40 days
at room temperature. Chen [9] maintained N. ovalis from Periplaneta orientalis for more
than 3 months in the albumin-serum medium at 28-30 °C. Kudo [51] maintained N. ovalis
in Ringer ‘s solution with albumin supplement for several weeks at room temperature
and pH 7-7.8 in Petri dishes. Lom [8] maintained N. cordiformis and N. hylae from five
species of frogs, and N. ovalis from cockroaches (Periplaneta americana) and European mole
crickets (Gryllotalpa gryllotalpa) in test tubes. He tested four media. Ciliates grew best in the
Ringer ‘s solution (supplemented with pig caecum content rich in bacteria) at laboratory
temperature and aerobic conditions. Ciliates were fed rice starch. N. cordiformis survived
up to 212 days at a density of about 210/mL. N. hylae survived up to 168 days at a density
of 100/mL. N. ovalis survived up to 150 days at a density of 140/mL. Recently, Suzuki
et al. [52] succeeded in culturing the N. teleacus from the feces of a tortoise (Astrochelys
radiata). N. teleacus grew in BR medium supplemented with a 4% bovine serum. No further
details were provided.

In our study, the best growth of N. velox was observed at 30 °C in the buffered complex
medium under anaerobic conditions and rice starch feeding. The ability of N. velox to grow
in the range of temperatures of 20 35 °C agreed with other studies [7,8,48,51,53]. We and
other workers have observed the best growth at 30 °C [9,50]. Soluble supplements were
useful as growth promoters in our experiments and in other works too. In our opinion, these
soluble supplements may serve as nutrient sources also for the accompanying prokaryotes.
It is probable that engulfed bacteria are the main source of proteins for the ciliates. Similar
results were also observed in other studies [6,8,50,51]. The suitability of rice starch has
been confirmed in most studies referred to above. In addition, we observed relatively good
growth on other plant polysaccharides (inulin, xylan, CMC, and CC). The stable density of
prokaryotes was observed in experiments with different polysaccharide substrates except
for CMC. CMC has very large particles that are likely difficult to digest by both ciliates
and prokaryotes, resulting in lower counts of total prokaryotes. In addition, N. velox
could grow without insoluble polysaccharide substrates for at least 30 days. It seems
that the prokaryotes in culture could be a good source of nutrients for the growth of the
ciliates if suitable soluble nutrients are present. It can therefore be concluded that the plant
polysaccharides tested are not essential for the growth of the ciliates. Nevertheless, it can
be recommended the addition of rice starch to support the stable growth of the ciliates
over an extended period in vitro. It can be assumed that rice starch may stimulate the
growth of ciliates as well as some populations of accompanying prokaryotes. The absence
of soluble nutrients (vitamins, glucose, and peptone) resulted in low counts of trophozoites
and cysts (Figure 1). Rice starch did not replace the effect of soluble nutrients. It cannot be
excluded that these soluble supplements are used directly by ciliates. Further experiments
are needed to determine which soluble nutrients are the best growth promoters. In addition,
ciliates can probably metabolize granules of their intracellular storage polysaccharide under
starving conditions.

Trophozoites fed on rice starch had plenty of granules, so their shape was pear-
shaped. In contrast, trophozoites from hindgut samples had far fewer granules and were
more plum-shaped. The occurrence of intracellular storage polysaccharide particles was
repeatedly observed in many Nyctotherus species [1,8,54-56]. In older literature, the name
paraglycogen was used. In the presented study, the reddish-brown color of Nyctotherus
intracellular grains stained by iodine solution indicated that the grains are amylopectin or
glycogen. Further research may clarify the nature of these polysaccharide grains [57-59].
Lom [54] described the storage polysaccharide particles of several Nyctotherus species from
the hindgut of frogs and cockroaches as round or oval flat granules, sometimes concave
or lenticular. These amylopectin-like granules ranged from very small up to 4 um. In
polarized light, the grains had a regular birefringence. In the study, amylopectin-like
granules of N. velox were similar in size with the prevalence of the small particles (with an
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area of about 1 um?). We observed a prevalence of polygonal-shaped grains. It is not clear
whether the observed particles are products of the ciliates” metabolism or whether they
are only engulfed rice starch particles. Rice starch particles have a similar size distribution
(2-7 um) and similar polyhedral shape [60,61]. Scanning electron microscopy may reveal
more details about the shape of the amylopectin-like granules of the Nyctotherus species.

The most controversial feature is the requirement for anaerobic conditions. In previous
works, Nyctotheridae ciliates were kept in vitro without emphasis on anaerobic conditions.
In previous studies, growth in Petri dishes (open system) usually lasted only for a short
time. Growth in test tubes was more successful. No previous works specified whether
the test tubes were closed. In laboratory practice in the past, either cotton plugs and tin
lids or rubber stoppers were commonly used in these experiments. It can be inferred that
the accompanying facultative anaerobes could generate low oxygen conditions in the test
tube cultures. The presented experiments confirmed that aerobic conditions (test tubes
with non-reduced medium and covered only with tin lids) gradually led to the death of
protozoa. Recently, anoxic conditions in the hindgut of millipedes were described in a study
by Horvathova [62]. In addition, most of the trophozoites preferred to swim on the bottom
of test tubes, which is another sign of low oxygen preferences. Swimming of Nyctotherus
species at the bottom of test tubes was also observed in the study by Lom [8]. These results
point to the facultative anaerobic nature of Nyctotherus species. Other intestinal ciliates,
rumen ciliates, are also facultative anaerobes and can tolerate low oxygen levels for a short
period [63-65]. In contrast, aerobic ciliates (e.g., Paramecium, Euplotes, and Tetrahymena)
usually swim near the air-liquid medium interface.

Cultivation conditions also influenced the size of N. velox trophozoites. Generally, we
observed smaller trophozoites under in vitro conditions in comparison to hindgut samples.
The size of cysts was not influenced by cultivation conditions. Similar effects were observed
in experiments on other Nyctotherus species [8].

To date, no study has investigated the fermentation pattern of Nyctotherus species fed
different polysaccharide substrates in vitro. Microbes in anaerobic ecosystems compete
for metabolic hydrogen in three major ways: methanogenesis, reductive acetogenesis,
and non-assimilatory sulfate reduction. In a hindgut environment, reductive acetogen-
esis and methanogenesis can occur simultaneously [66]. The comparisons of calculated
hydrogen recovery (HR, net amounts of “metabolic hydrogen” produced and recovered
in reduced end-products formed) revealed much lower HR in the hindgut environments
compared to the rumen, especially when no ciliates were present in the hindgut [66].
The fermentation results showed that the microbial community in the hindgut of A. gi-
gas is well-adapted to the feeding behavior of the host [11], and it can ferment different
storage and fiber polysaccharides. In the study, the fermentation of different polysaccha-
ride substrates revealed a methanogenic fermentation pattern of the N. velox microbial
community, as did rumen ciliates, horse hindgut ciliates, and chimpanzee hindgut cili-
ates [67-70]. Several studies have focused on methanogenesis in the hindgut of millipedes
and cockroaches [2,62,71,72]. Methanogenesis can be greatly enhanced when ciliates are
present in the hindgut of tropical millipedes and cockroaches [2,62]. Methanogenic ar-
chaea use molecular hydrogen produced by anaerobic mitochondrion or hydrogenosomes
of anaerobic eukaryotic microorganisms [5,73,74]. The association of anaerobic ciliates
with methanogens is a well-described feature not only in Nyctotherus species, but also
in rumen ciliates, hindgut ciliates of great apes, equine hindgut ciliates, and free-living
anaerobic ciliates [75-79]. The relatively low HR (except for xylan) indicates the presence
of additional metabolic hydrogen sinks, probably through reductive acetogenesis in the
fermentation experiments. Taylor [13] and Sustr et al. [14] hypothesized that most cellulose
and hemicellulose degradation occurs in the midgut of millipedes they studied (Orthoporus
ornatus, Comanchelus sp., Archispirostreptus gigas, and Epibolus pulchripes). The fermentation
experiment showed a remarkable proportion of cellulose and hemicellulose (xylan) degra-
dation in the hindgut. In addition, we found activities against CMC and CC in the crude
protein preparation of Nyctotherus cells. Enzymatic activities against cellulose were found
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in the gut content of several millipedes [13,14,80]. The storage polysaccharides (inulin
and rice starch) were the highest digestible substrates. Taylor [13] suggested that storage
polysaccharides are fermented primarily in the hindgut. We observed amylolytic activity
in Nyctotherus crude cell extract. We hypothesize that Nyctotherus could contribute to starch
fermentation in the hindgut. The amylolytic activities of other members of the hindgut
microbiome need to be studied to compare their contributions. Amylase activities were
also reported in ciliates of other anaerobic gut environments: rumen ciliates, horse hindgut
ciliates, and great ape hindgut ciliates Troglodytella abrassarti [24,67,81,82]. Inulins are plant
storage fructan polysaccharides typically found in roots or rhizomes. We hypothesized that
the diet of millipedes might contain this polysaccharide, and their hindgut microbiome
might ferment it. Laboratory observations reveal that A. gigas prefer fresh or decaying
vegetables [11]. So far, no study has dealt with the inulinase activity in the hindgut contents
of millipedes. The high IVDMD of inulin was comparable to that of rice starch. Enzymatic
assay confirmed the presence of inulinase hydrolytic activity in Nyctotherus crude cell
extracts. The results point to the adaptation of the hindgut microbiome of millipedes to
the fermentation of inulins. Inulinase activity was also found in zebra hindgut ciliates and
bacteria as well as in a bacterial fraction of chimpanzee feces [67,81].

In terms of fermentation gas volume, the concentration of short volatile fatty acids
(SCFA), and ammonia, the results indicate two fermentation patterns according to the sub-
strates used. Fermentation without substrates or with cellulosic substrates resulted in high
ammonia concentration at the expense of SCFA and fermentation gas. This suggests that
the microbial consortium preferentially fermented nitrogenous sources. Since Nyctotherus
can survive in vitro for quite a long time without polysaccharides, it can be assumed that
the high ammonia concentration results from the digestion of ingested bacteria and soluble
nitrogen sources (peptone). In addition, the ciliates may also metabolize their intracel-
lular amylopectin stores, as methanogenesis at non-substrates conditions was similar to
those of rice starch fermentation. It cannot be excluded that this fermentation mode may
occur in the hindgut of the host as an alternative mode of fermentation when the host
is poorly nourished [13]. Gonzales et al. [83] observed higher ammonia concentrations
and lower millipedes” weight when lignin-rich leaf litter was present in the experimental
chambers. Fermentation of CMC substrate (or without any polysaccharide substrate) led
to a higher proportion of acetate at the expense of propionate and n-butyrate propor-
tions, accompanied by lower methanogenesis and hydrogen recovery. We can speculate
that fermentation could have shifted to reductive acetogenesis [66,84]. Xylan is a major
component of plant hemicelluloses and can constitute up to 30% of plant tissues. In the
study, the fermentation of xylan produced the highest concentration of methane in the
fermentation gas and the highest hydrogen recovery, similar to the level of HR in the
rumen [66]. It seems that the xylan strongly stimulated the association of the xylanolytic
microbial consortium with methanogenic archaea. The observed relatively high xylanolytic
activities in crude extracts of N. velox were comparable to amylolytic activities. In the
study by Sustr et al. [14], xylanolytic activity was not observed in the midgut and the
hindgut of A. gigas and E. pulchripes. These authors assume this was due to the methods
used to measure this activity. On the other hand, Nunez and Crawford [80] found xy-
lanolytic activities in the hindgut contents of the dessert millipede Orthoporus ornatus. The
xylanolytic activity was also found in rumen ciliates, horse hindgut ciliates, and great ape
hindgut ciliates T. abrassarti [24,67,81,82]. Observed fermentation patterns and enzymatic
activities point to the excellent adaptation of N. velox to the diverse feeding behavior of A.
gigas. Recently, metatranscriptomic holobiont analysis of the millipede Telodeinopus aoutii
revealed the expression of more than 50% of carbohydrate-active enzymes in the hindgut
microbiome [85].
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Short-chain fatty acids (SCFA) are an important source of energy for ruminants and
serve as a supplementary energy source in the hindgut tissues of monogastric animals.
The importance of SCFA in the metabolism of millipedes has not been elucidated so far.
The millipedes can benefit from the gut microbiota if millipedes can absorb the products
of microbial fermentation from the hindgut, as shown previously in termites and cock-
roaches. The utilization and the active transport of volatile fatty acids across the hindgut
of the cockroach (Panesthia cribrata) and the termite (Mastotermes darwiniensis) have been
described [86]. Even though the structure of the hindgut of millipedes differs from that of
cockroaches and termites, it cannot be excluded that millipedes use products of microbial
fermentation, for example, SCFA.

The genus Nyctotherus and the species N. velox (from julid millipede) and N. ovalis
(from Blatta orientalis) were first introduced and shortly described by Leidy [87,88]. The
descriptions were considered insufficient, and N. ovalis was redescribed in detail by Al-
baret [1]. To date, no detailed description of N. velox has been carried out. Leidy described
the N. velox as a protozoon with a white, translucent, and ovate body; anteriorly obtusely
rounded; and posteriorly angular. The anterior areola was faintly granular and trapezoidal,
with bulging sides. Interiorly furnished with several minute vacuoles, and usually one
large and globular vacuole situated just at the end of the posterior fissure. Antero-inferiorly
and middle line, the body is furnished with a semicircle of large vibrillae, anterior to which
is a large, granular areola, and posteriorly, there is a short fissure passing inwards and
downwards [87]. The work of Savin dealt with the other description of N. velox from the
millipede Spirobolus marginatus [89]. Based on the presented drawings, we believe that there
were about two species in the hindgut of S. marginatus. Due to the remarkable similarity,
the author described them as one species. Differences are observable in the course of
the infundibulum and the shape of the lower part of the ciliates. Nevertheless, Savin’s
observations were very similar to our observations. Albaret [1] distinguished the genera of
the Nyctotheridae family (Pronyctotherus, Nyctotherus, Metanyctotherus, and Nyctotheroides)
also by the presence of kinetal suture systems (somatic kineties forming a variety of sutures
or complex secant systems on the ciliate surface). According to Albaret [1], the Nyctotherus
genus has one apical suture on the right side. Unfortunately, we were unable to identify
these structures in our isolates. In the work, molecular analyses showed two types of
ciliates in A. gigas. Molecularly, the name N. velox was assigned to an isolate from an
unspecified julid millipede [90]. Unfortunately, no images of the isolate were presented
in that work. The isolate from millipede and in vitro culture, molecularly identified as N.
velox, resembles the drawings presented by Leidy [87]. The ciliate measurements made
by Leidy appear to be in error and cannot be compared with ours. The typical features
of N. velox are the position and shape of the macronucleus, the course of the peristome
and the infundibulum, and the shape of the lower part of the cell around the anus slit.
Microscopic comparison between the two species cohabited in the hindgut of A. gigas
revealed differences in the course of the infundibulum and the shape of the lower part
of the ciliate cells. Morphometry analysis revealed very similar cell and macronucleus
size distributions. Few Nyctotherus species have been subjected to molecular analysis. The
molecular data revealed a probable common origin of the N. archispirostreptae n. sp. and
N. velox. The samples of N. archispirostreptae n. sp. form a distinct group from those of N.
velox. They are paraphyletic to the species of amphibians (Nyctotheroides) and cockroaches
(Nyctotherus ovalis and species of the Clevelandellidae family.). Nyctotherus ovalis and Cleve-
landellidae species from cockroaches formed a separated clade. When more Nyctotherus
isolates from the millipedes are sequenced, it could determine whether millipede isolates
form a clade distinct from cockroaches [91]. Our data and other studies showed that species
of Nyctotherus and Nyctotheroides are paraphyletic [52,91-93]. Molecular analyses of the
members of the order Clevelandellida have shown that N. velox has an unstable relationship
with other species assigned to the genus Nyctotherus [90-95]. The order Clevelandellida
is monophyletic [91,92,95], and the orders Armophorida and Clevelandellida are sister
taxons [90,91,96]. To reveal taxonomic differences of the Nyctotheridae species, more de-
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tailed morphological studies (TEM, SEM, and silver impregnations) of oral apparatus and
somatic ciliature are essential.

5. Conclusions

The presented study was the first step to understanding the complex relationships
in the hindgut microbiome of millipedes. The simplified community under in vitro con-
ditions can somewhat simulate these conditions. The study demonstrated that N. velox
is a facultative anaerobic ciliate involved in the fermentation of plant polysaccharides in
the hindgut of its millipede hosts. The observed methanogenic fermentation patterns and
hydrolytic enzymatic activities point to the excellent adaptation of N. velox to the diverse
feeding behavior of A. gigas. The success in the long-term growth of N. velox in vitro can
promote further studies on the physiology of members of the family Nyctotheridae and
their role in the life of their hosts. The axenic ciliate cultures are essential to study the
relationships between Nyctotherus and specific members of the millipede hindgut environ-
ment. The study of enzymatic activities of other members of the hindgut microbiome will
contribute to the knowledge of the processes in hindgut fermentation. Some issues related
to these findings—such as the contribution of hindgut ciliates to millipede digestion and
nutrition and, consequently, the mutualistic or commensal nature of their relationship, the
necessity of ciliates for hindgut methanogenesis, the biological interpretation of differences
in ciliate abundance between individual millipedes, or coevolution between ciliates and
millipedes—require further study. More detailed morphological studies (TEM, SEM, and
silver impregnations of oral apparatus and somatic ciliature) may find new features to
differentiate the members of the Nyctotheridae family better. In addition, it is essential to
study more Nyctotheridae members molecularly to reveal their phylogeny.
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