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ABSTRACT

Deep stratified tropical water bodies pass through prolonged periods of meta-hypolimnetic anoxia, and ciliates might play a very
important role in the plankton community budget there. We analyzed changes in the composition and biomass of the ciliate assemblage
and other microbial loop components throughout the oxycline just at the end of stratification in a warm-monomictic lake, Lake
Alchichica, Mexico (four samplings: 2006-2008, 2010); the results were compared with those obtained from another lake from the re-
gion, La Preciosa, sampled in 2010. Bacteria, autotrophic picoplankton (APP) and flagellates were analyzed using epifluorescence
microscopy. Ciliates were evaluated either in DAPI stained samples (looking for pigmented organelles and/or ingested phototrophs)
or in quantitative protargol stain (QPS) permanent preparations, where they were identified at the genus or species level. The end of
the stratification period in Lake Alchichica was characterized by almost uniform heterotrophic picoplankton (HPP) numbers (10°
cells mL™") throughout the water column. Meanwhile, APP showed epilimnetic and/or metalimnetic maxima of 10° cells mL™' followed
by an order of magnitude drop in the hypolimnion. A very important peak (10° cells mL™) of the autotrophic or mixotrophic flagellate
Pyramimonas sp. was observed repeatedly above and within the oxycline of Lake Alchichica. Ciliate biomass maxima were found
around the oxycline and in the above-bottom layer. The top of the oxycline was dominated by Euplotes spp. and Spirostomum teres
fine- to coarse-filter feeders (feeding upon APP, nanodiatoms and algae). Raptorial haptorids (in particular, Phialina sp.) were the
second most important group, generally occupying the layer below euplotids, followed by Holophrya and Prorodon facultative anaer-
obic prostomes. Sometimes, strictly anaerobic Caenomorpha sp. was found to be important in the anoxic hypolimnion. Minute pi-
coplankton feeding species (both APP and heterotrophic bacteria feeders) were important throughout the water column: in the
epilimnion, vorticellids (2006-2008) or scuticociliates (2010) dominated. Typically, the scuticociliate maximum was located in the
oxycline and/or above the bottom. Some microaerophilic species were isolated; thus, their identification could be carried out. However,
the apparent polymorphic ciliate life cycles were not described completely, and the species composition was only estimated: two dom-
inant species (SC 1 - Cristigera-like and SC 2 - Cyclidim-like) covered nearly the total scuticociliate biomass. Strictly anaerobic scu-
ticociliates were not isolated but observed in the deepest layers of the lake (bacteria symbiotic Isocyclidium globosum and Cristigera
sp.). Significant statistical relation within the ciliate distribution and environmental variables was not confirmed due to unique species
composition in the respective years. However, general trends in the distribution of ciliates on a species level were observed. Scutic-
ociliates, including two important tentatively identified species, did not present unambiguous ecological position, and the study of
their live cycle should be the next step in investigations.
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INTRODUCTION and picocyanobacteria (Sherr et al., 1991; Simek ef al.,
1995, Pernthaler et al., 1996; Pestova et al., 2008; Tarbe

The importance of ciliate biomass in stratified fresh- ; ’
et al., 2011). Several studies have shown that during the

water bodies has been quantified since the 1980s (Hecky

and Kling, 1981; Beaver and Crisman, 1989; Miiller et
al., 1991; Sonntag et al., 2002; Pirlot et al., 2005; Macek
et al., 2006; Yasindi et al., 2007), and their role in the mi-
crobial food web has been demonstrated, showing their
feeding on bacteria (Sherr et al., 1991; Simek et al., 1990,
1995; Weisse et al., 1990; Oikonomou et al., 2014), phy-
toplankton (Miiller, 1989; Sommaruga and Psenner, 1993)
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annual cycle, ciliates typically present spring and summer
peaks that are bottom-up- and top-down-controlled, re-
spectively (Simek el al., 1990, 1995; Weisse et al., 1990;
Miiller et al., 1991; Tirok and Gaedke, 2007; Sommer et
al., 2012). However, plankton protists were not incorpo-
rated into the theoretical Plankton Ecology Group based
model (PEG-based model) until 2012, reflecting their dif-

\gpress



180 X. Sanchez Medina et al.

ferent importance in oligotrophic versus eutrophic dimic-
tic water bodies (Sommer et al., 2012). microbial food
web structure and dynamics in tropical lakes, except for
large African lakes (Tarbe et al., 2011; Sarmento, 2012),
are only now being described (Macek et al., 2009; Sar-
mento, 2012).

Significant vertical gradients have been reported in
both the diversity and abundance of ciliates, which are re-
lated to prey distribution and to physical and chemical
variables, particularly to dissolved oxygen (Fenchel,
2012; Triad6-Margarit and Casamayor, 2015). Within the
water column, ciliate abundance peaks often occur at
phase boundaries such as the metalimnion, where food
particles become trapped in the density gradient, or at the
water/bottom interface, being tightly related to the dis-
solved oxygen (DO) gradient (Berninger et al., 1986;
Fenchel et al., 1990; Guhl and Finlay, 1993; Bernard and
Fenchel, 1996; Finlay et al., 1996; Guhl et al., 1996;
Fenchel, 2012; Oikonomou et al., 2015). However, much
information was obtained from permanently stratified -
meromictic lakes (Psenner and Schlott-Idl, 1985;
Oikonomou et al., 2015, 2015) that might be different
comparing to common stratified lakes. Penetration of pho-
tosynthetically active radiation (PAR) through a density
gradient such as a thermocline or halocline (in meromictic
lakes) is very important for picocyanobacteria-following
feeders (Modenutti et al., 2002; Callieri, 2007; Pestova et
al., 2008; Bautista-Reyes and Macek, 2012) and for
zoochlorella and kleptoplasts or kleptochloroplasts-pos-
sessing mixotrophs either aerobic (Berninger et al., 1986;
Modenutti and Balseiro, 2002; Woelfl and Geller, 2002)
or those related to anoxic boundaries (Guhl and Finlay,
1993; Finlay et al., 1996; Finlay and Esteban, 1998;
Oikonomou et al., 2015). Also, in the absence of dissolved
oxygen, ciliates could be a very active component of the
microbial food web (Wagener ef al., 1990; Esteban et al.,
1993a, b; Massana and Pedros-Alio, 1994; Finlay et al.,
1996; Fenchel, 2012; Bautista-Reyes and Macek, 2012).

Among the ciliates typical for the oxycline and/or
oxic/anoxic boundaries, scuticociliates are very important,
frequently possessing anaerobic metabolism coupled with
the activity of prokaryote symbionts (Esteban et al.,
1993a, 1993b; Bernard and Fenchel, 1996; Pestova et al.,
2008; Bautista-Reyes and Macek, 2012). However, the
taxonomy of the group is quite complicated due to their
(in general) minute size (Foissner et al., 1999; last
overview in Gao et al., 2014) and their potentially poly-
morphic life cycle (Pérez-Uz and Guinea, 2001).

Recently, morphology-based studies have been en-
riched with molecular biology, and greater anoxic protist
richness has been reported, including many overlooked
species (Oikomonou et al., 2015; Triado-Margarit and
Casamayor, 2015).

The information on ciliate stratification in tropical mo-

nomictic water bodies is limited to a few such bodies
(Hecky and Kling, 1981; Pirlot et al., 2005; Yasindi et al.,
2007; Pestova et al., 2008; Tarbe et al., 2011; Bautista-
Reyes and Macek, 2012; Mansano et al., 2013). Among
them, Lake Alchichica investigations have included both
general limnology and all trophic levels (cf., Macek et al.,
2009; Oliva et al., 2001; Ciros-Pérez et al., 2015, for bac-
teria, phytoplankton and zooplankton / fish interactions,
respectively). Subtropical lakes Biwa (Japan) and Kin-
neret (Israel) have also been well studied (Madoni, 1990;
Hu and Kusuoka, 2015). All these lakes show highly im-
portant microbial food web processes (as defined in Sar-
mento, 2012) and might include anoxic/anaerobic ciliates
as the driving force in their plankton dynamics.

The aim of this study was to analyze changes in the
composition and biomass of the ciliate assemblage through-
out the oxycline at the end of stratification in the warm-mo-
nomictic Lake Alchichica with a picocyanobacteria-rich
metalimnion and an anoxic hypolimnion from the point of
view of both ecology (microbial food web component dis-
tribution at the end of the lake’s stratification of four years)
and taxonomy, with special interest in scuticociliate mor-
phospecies. The results are compared with the same pe-
riod’s ciliate assemblage in Lake La Preciosa.

METHODS
Study area

Maar-crater Lake Alchichica is at 19°24°N, 97°24°W
and 2,340 m above sea level. The climate is dry and tem-
perate with a mean annual temperature of 12.9°C and
mean annual precipitation of less than 400 mm concen-
trated in the (summer) rainy season. It is a deep lake (max-
imum depth 62 m, mean depth 40.9 m) with a surface arca
of 2.3 km? and a volume of 94,214,080 m?* (Filonov et al.,
2006) of saline (8.5 g L!) and alkaline (pH 9.5) water
(Armienta et al., 2008). It is a low-productive lake with
an average annual chlorophyll a concentration below 4
pg L' (Macek et al., 2009).

The neighbouring lake La Preciosa (19° 22°N, 97°
23°W) lies at an altitude of 2 330 m. It is a maar-crater
produced by three phreatomagmatic explosions; the max-
imum depth found was 45 m, but the water level is de-
creasing during recent years (drop approximately 3 m is
being verified). It has alkaline water with a pH between
8.8 and 9 and 1.1 g L' salinity (Armienta et al., 2008).

Sampling

Samples have been taken in lake Alchichica on a
monthly basis but in the article we present analyses of the
samples from the end of the stratification period (Novem-
ber 2006, 2008 and 2010, and December 2007) taken
from the deepest part of the lake between 10:00 a.m. and
12:00 p.m. Profiles of temperature, dissolved oxygen
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(DO) (Hydrolab DS4/SVR4 Water Quality Monitoring
System) and photosynthetically active radiation (PAR)
(LI-COR 1400) were analyzed to select discrete sampling
depths. In the graphs, data profiles are presented from a
day before and at the moment of sampling (Fig. 1). La
Preciosa samples were taken in November 2010 (Fig. 2).

Biological samples were taken using a van Dorn-type
sampler (IHE, Czech Republic). The samples for pi-
coplankton and flagellate enumeration were fixed with
formalin to 2% (Straskrabova et al., 1999); meanwhile,
the ciliate samples were fixed with concentrated Bouin's
fluid directly (picric acid saturated in formaline 5%, acetic
acid 2% v/v) or Bouin’s postfixed after acid Lugol (Mon-
tagnes and Lynn, 1993).

Procedures

Direct numbers of heterotrophic picoplankton (HPP)
(bacterioplankton) were evaluated in samples concen-
trated onto polycarbonate membranes (0.2 um pore-sized,
Osmonics, Germany) that were DAPI-stained and
mounted in immersion oil (Porter and Feig, 1980). Au-
totrophic picoplankton (APP) were evaluated on polycar-
bonate membranes (0.2 pm) mounted in immersion oil via
autofluorescence (Leica, Germany) using an Y3 filter set
(Cy3; green excitation- and red observation-light).

To count ciliates, two methods were used in parallel:
DAPI staining (samples cropped onto 2 um polycarbonate
membranes; Osmonics, Germany) and quantitative pro-
targol stain (QPS; modified following Montagnes and
Lynn, 1987 and Skibbe, 1994 recommendations). Samples
for QPS were filtered and agar-mounted onto membrane
filters (1.2 pm, Millipore, Ireland), and the agar was for-
malin fixed, stained, dehydrated (ethanol 70%, 96%, 96%,
phenol-xylene 2:3, xylene) and neutral Canada balsam-
mounted. The whole filter area was inspected using 40x
and 100x APO oil immersion objectives (Leica DMBH;
Germany) equipped with Nomarski (DIC). Generally, the
counting was repeated to obtain approximately 10% error
in total numbers of ciliates, and the results were compared
with DAPI counts.

For identification, Foissner et al. (1999) and literature
cited therein were used. The QPS patterns of Alchichica
ciliates have been registered routinely in recent years
(Macek et al., 2006; Pestova et al., 2008; Bautista-Reyes
and Macek, 2012), thus it was possible to confirm the
identification of mixed-layer species by comparing them
with the description of living samples sufficiently concen-
trated during the phytoplankton blooms (surface Nodu-
laria sp. and deep chlorophyll maxima of Cyclotella
alchichicana and Chaetoceros elmorer).

For scuticociliates, Gao et al. (2014) and cited litera-
ture were consulted. However, since there is no actual re-
vision applicable for observed scuticociliates, valid
species identification was not possible even though mor-

phospecies were defined. Additionally, the QPS patterns
of the samples were compared with those from scuticocil-
iate cultures that were single-cell isolated in wheat-grain
medium under microaerobic conditions using cultivation
in a candle-jar (according to Trigg, 1985).

Volume biomass was calculated (using simple shape
models) from dimensions measured in photographs taken
of the protargol impregnated samples (Canon S-45 cam-
era) using Image-Pro Express software (Media Cybernet-
ics, Inc.) for cell measurement. To estimate organic carbon
biomass, the conversion factor of 0.368 pg C um™
(Jerome et al. 1993) was used.

RESULTS
Lake Alchichica stratification of variables

Lake Alchichica exhibited the seasonal pattern typical
of deep warm monomictic water bodies with an anoxic
hypolimnion (June to December) and overturn occurring
at a temperature below 15°C beginning in late December
(compare Macek et al., 2009). The chosen sampling dates
showed a sharp oxycline even though the density stratifi-
cation might not be stable (temperature gradient below
0.5°C m™); in the graph (Fig. 1 a-d), two profiles taken
within two days around the sampling are plotted. Except
for 2007, the November samples were analyzed but the
December samples were already partly mixed.

Photosynthetically active radiation (PAR) data re-
vealed that the 1% PAR level was generally located above
the oxycline, where 0.1 to 1% was registered. All samples
but those from 2006 showed maximum APP numbers (up
1x10 cells mL!) within the epilimnion with a drop in the
metalimnion and a slight increase (local maximum peak)
in the lower boundary of the metalimnion upon minimum
DO (Fig. 1 e-h). However, the year 2006 presented low
APP numbers throughout the epilimnion and an absolute
maximum of 1.57x10° cells mL! just in the sharp oxy-
cline (Fig. 1 a,e). Heterotrophic bacterioplankton did not
show high variation within the water column (Fig. 1 e-h).
All samplings but one presented numbers from 1 to
2.5%109 cells mL!, with the local maximum in the oxy-
cline being approximately 130% of the arithmetical mean
bacteria number; the position coincided with that of max-
imum ciliate biomass. Below the metalimnion, numbers
were dropping; in the very bottom, bacterial numbers
were lower than in the water column.

Heterotrophic and mixotrophic nanoflagellates were
not found to be numerically important in the water column
showing 100 and 1000 cells L. However, in 2006
throughout the mixed layer, and again in 2010 in the oxy-
cline, a minute green flagellate (3.5 x 5.5 um, four fla-
gella, and cup shaped chloroplast; cf., Pyramimonas sp.)
reached 2.5%10°and 8.2x10° cells mL!, respectively (Fig.
1 e-h). Outside of that period, the flagellate was found in



182 X. Sdanchez Medina et al.

APP, HPP, cells mL™!
T,°C DO,mgL"' Pyramimonas sp., cells mL" Ciliates, pg L™’ Ciliates, pg L™
0 4 8 12 16 1x104  1x10°  1x10°0 10 20501000 1 2 3 5 10 15
0 i 1 ..’ 1 2 1L 2 FRETT -o---uul Ak i ddads il : :- al a1 i i L i 1 o :I PR
a .'l‘ [ e R
E' 2 B q.
IRl |
=
]
0 p——t : - I
\ |
- 9
20+ 1 b
——
il e ST

0 2 4 6 8 1 10 100 0 10 20501000 1 2 3 5 10 15
% PAR Ciliates, cells mL™" Ciliates, pg L Ciliates, pg L™
o PAR, Y% —&— Pyramimonas sp. Biomass — Halteria sp.
—T,°C —o— HPP prostomes mmmg Peritrichs
=== DO, mgL’ --0-- APP s haptorids Emmm Scuticociliates
I Ciliates — Euplotes spp.

Fig. 1. Stratification of variables in Lake Alchichica. a-d) Dissolved oxygen (DO, mg L"), temperature (T, °C) and photosynthetically
active radiation (% PAR); values from the sampling date are plotted in bold lines; thin lines represent the stratification + 2 days. e-h)
Numbers (cells mL™) of ciliates, autotrophic picoplankton (APP), heterotrophic picoplankton (HPP), and flagellates, Pyramimonas sp.
i-1) Total ciliate organic carbon biomass (ug L") share of Euplotes spp., haptorids and prostomes. m-p) Cumulative biomass organic
carbon (ug L) of scuticociliates, peritrichs and Halteria sp.
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high numbers just during the start of the overturn in De-
cember 2008 (up 7.5x103cells mL™; data not shown).

Ciliate distribution

In total, 20 morphospecies were identified in Lake
Alchichica: important ciliate maximum numbers and fre-
quencies (=found in the sampling date) are pooled in Tab.
1, and total ciliate numbers and ciliate biomass values are
shown in Fig. 1 e-h and Fig. 1 i-m, respectively.

Frequently, the mixed layer was poor in ciliates, and
peritrichs (Vorticella spp., Pelagovorticella natans) dom-
inated the biomass, particularly in 2006 and 2008 (Figure
Im-p). A local scuticociliate peak was found there in
2008, but the absolute scuticociliate maximum was ob-
served there in 2010 (22 cells mL! at 24 to 28 m). Halte-
ria cf. grandinella was observed throughout the mixed
layers but was less abundant.

The total ciliate biomass was peaking in the metal-
imnion/oxycline, dominated by hypoxic and anoxic
medium-sized and large ciliates (Fig.1 i-1). Euplotes spp.
(apparently two species) presented an important layer-
specific peak in the top of the oxycline (maximum of 34
cells mL™" in 2007), but in 2010, they were nearly absent
(they were found one month after during part mixing; data
not shown). Haptorids (dominating: Phialina sp.; less bio-
mass-important: Actinobolina sp., Belonophrya sp., Meso-

T,°C; DO, mglL"’
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dinium sp. and a minute Monodinium sp.) and prostomes
(Prorodon sp. and/or Holophrya sp.) were concentrated
within and below oxycline layers with undetectable DO
or in the very bottom. In various samples, Spirostomum
teres was observed in low numbers but, due to its very
high individual cell biomass, it was very important (the
error of the estimate could be high). Both euplotids and
S. teres were observed with full vacuoles with APP along
with the nanoplankton diatom Cyclotella choctawhatch-
eeana Prasad, 1990 and with green algae (other than
Pyramimonas sp.).

The scuticociliate peak used to be found in the metal-
imnion/oxycline (6 to 100 cells mL™") except for in 2010
when a significant drop was observed there (Fig. 1p) and
the numbers reached high values again in the hy-
polimnion; additional above-bottom peaks were found in
2007 and 2008 (Fig.1 m-p).

In a detailed analysis of the composition of scuticocil-
iates performed in the samples from 2007 and 2010, two
dominant morphotypes were identified, apparently pre-
senting sufficient differences to qualify them as species
(Fig. 3). The morphotype SC1 was Cristigera-like, with
a slightly visible longitudinal ventral groove, and some of
the organisms presented clearly defined kineties on their
anterior or posterior pole (Monteiro de Castro et al.,
2014). The morphotype SC2 was Cyclidium-like with
characteristics of the genus, e.g. a sole caudal cilium. In
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Fig. 2. Stratification of variables in Lake La Preciosa. a). Dissolved oxygen (DO, mg L), temperature (T, °C) and photosynthetically
active radiation (% PAR). b) Numbers (cells mL™) of ciliates, autotrophic picoplankton (APP), heterotrophic picoplankton (HPP), and
heterotrophic nanoflagellates (HNF). c¢) Total ciliate organic carbon biomass (ug L) share of Euplotes spp., haptorids and prostomes.
d) Cumulative biomass organic carbon (ug L) of scuticociliates and peritrichs.
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laboratory experiments both species were grown in a low
oxygen concentration (candle-jar).

Isocyclidium globosum, which was registered in the
lake in preceding years, was not found in significant num-
bers, and in the graphs it is grouped with other morphos-
pecies such as Sathrophilus sp. (with an oral region on the
center of the cell) or Uronema nigricans Miiller, 1786.
Other observed forms might be unidentified stages of
other species or of those mentioned above, frequently with
many nuclei and/or vacuoles.

In December 2007 (Fig. 3a), the biomass of ciliates was

very low within the well-mixed layer, and scuticociliates
were nearly absent. In the oxycline, a sharp absolute max-
imum of scuticociliates was observed, consisting almost
solely of SC2. However, in the layer just below, scuticocil-
iates were nearly absent. November 2010 did not follow
the same pattern (Fig. 2b). SC2 was dominating with high
biomass from 20 m, peaking above the oxycline and again
below the oxycline. However, just in the oxycline, ciliates
were almost not observed (see above; Fig. 1p). In the
deeper part of the hypolimnion, SC2 became more impor-
tant but disappeared in the bottom.

Fig. 3. Scuticociliate morphospecies SC1 - Cristigera-like (upper panel) and SC2 - Cyclidium-like (lower panel). Quantitative protargol

impregnation. Scale bar: 10 pm.
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Within the scuticociliates that presented ingested APP,
SC1 was found more frequently than SC2. However, a
higher proportion of specimens with ingested APP was
observed below the oxycline. Although APP were present
in the very bottom, they were not ingested there.

Ciliates were abundant below the oxycline, showing
an additional hypolimnetic maximum at 50 m or at the
above bottom-layer (Figs. 1 and 4). In 2006, the bottom
maximum was caused by S. teres, whereas in 2010,
Phialina sp. and Holophrya sp. dominated there. Sporad-
ically, the strict anaerobe Caenomorpha sp. and odon-
tostomatids were observed below the oxycline and in the
very bottom.

Lake La Preciosa

Lake La Preciosa was sampled as a reference in the
same 2010 campaign as Alchichica. Because of the
smaller size of the crater and its open shape facilitating
wind blowing, the lake was already being mixed, but an
oxycline was still present (Fig. 2a). According to its APP
distribution (Fig. 2b), intense mixing took place down to
24 m (over 2.5x10° cells mL™); DO was decreasing grad-
ually below this layer, reaching anoxia at 37 m. The lake
was slightly turbid, and 1% and 0.1% PAR were found at
12 and 19 m, respectively. A local maximum of APP
(2.19x10° cells mL™") was observed above the oxycline
(35 m). Heterotrophic nanoflagellates (HNF) were found
in quite low numbers (Fig. 2b).

In total, 11 ciliate taxa were identified (Tab. 1), two-
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fold fewer than in Alchichica. The only taxon not found
in Alchichica was the haptorid Lacrymaria sp. Also in this
lake, ciliate biomass decreased through the well-mixed
layer (Fig. 2 b-d), and a steep maximum was found at the
oxycline with scuticociliates absolutely dominating;
anoxic ciliates were negligible.

La Preciosa presented the highest biomass and pro-
portion of scuticociliates within the assemblage (Fig. 4c).
The whole column was dominated by SC2, peaking just
above the oxycline. Scuticociliates were found with in-
gested APP.

DISCUSSION

Ciliate samples taken at roughly the same stage of
Lake Alchichica’s annual stratification cycle and in Lake
La Preciosa showed quite similar patterns from the point
of view of the distribution of biomass among the main
ecological groups (as defined in Macek et al., 2006), but
differences were found at the species level. The most im-
portant ciliates throughout the mixed layer were related
to picoplanctivory on both APP and heterotrophic bacte-
ria. In the epilimnion, the dominant groups were the vor-
ticellids (both free-living Pelagovorticella natans and
other diatom-attached vorticellids); Halteria cf.
grandinella did not present as much biomass. As usual for
Mexican Plateau saline lakes, almost no oligotrichs or
choreotrichs were observed (compare Macek et al., 1994,
2006; Pestova et al., 2008). Bacterivorous/omnivorous
scuticociliates were found to be dominating in both
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Fig. 4. Distribution of scuticociliate morphospecies SC1 (Cristigera-like) and SC2 (Cyclidium-like) in Alchichica (a,b) and La Preciosa

(c) lakes.
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Alchichica and La Preciosa only in 2010 when they were
possibly driven from the deteriorated oxycline (compare
Simek et al., 1995). Within the mixed layer, nanophyto-
plankton-feeding ciliates were reduced to Euplotes spp.
(almost absent in La Preciosa), which are not common
freshwater pelagic ciliates. Other algivorous ciliates were
represented by large Holophrya and Prorodon species but
rarely outside the anoxic hypolimnion; typical minute
hunting prostomes such as Balanion planctonicum and
Urotricha sp. were absent (compare Miiller, 1989; Simek
et al., 1995; Sonntag et al., 2002 vs Macek et al., 2006).
A well pronounced oxycline leading to anoxia was ap-
parently a limit of former hypolimnion although the ther-
mocline was already in the process of deterioration on the
sampling date (Fig. 1 a-d); dissolved oxygen minimum
was supported by the heterotrophic activity of organisms
in the layer. However, the physical phase boundary was
not a barrier to ciliate migration. Scuticociliates showed
maximum peaks in the oxycline top but penetrated

through the anoxic hypolimnion. There is no doubt the
scuticociliates were searching for their prey bacteria
within the anoxic layers even though they are not neces-
sarily anaerobic (compare Fenchel et al., 1990; Esteban
et al., 1993a, 1993b; Bernard and Fenchel, 1996; Bautista-
Reyes and Macek, 2012). In laboratory experiments it was
proved that typically observed morphospecies could be
single-cell-isolated and grown in a low oxygen concen-
tration (5% according to Trigg, 1985); however, scutic-
ociliates observed in situ covered with symbiotic bacteria
(Isocyclidium globosum in Pestova et al., 2008; Cristig-
era-like ciliate in Bautista-Reyes and Macek, 2012) were
not isolated. Observations in the single cell-origin cultures
also revealed the fact that the present scuticociliates pos-
sess a polymorphic life cycle (Pérez-Uz and Guinea,
2001), which explains problems with the taxonomical
analysis of the samples.

Predatory haptorids (Actinobolina sp. and Be-
lonophrya sp.) followed other ciliates to the anoxic layers;

Tab. 1. Identified taxa of ciliates in lakes Alchichica and La Preciosa: Absolute one layer maximum abundance and positive sampling-

date frequency (La Preciosa was sampled one time).

Heterotrichea Stein, 1859

Spirostomum teres Claparéde & Lachmann, 1859 0.69 3 -
Stichotrichia Small & Lynn, 1985

Euplotes Ehrenberg in Hemprich & Ehrenberg,1831 33.6 4 0.03

Halteria grandinella (Miller, 1773) 0.95 4 0.05

Uroleptus rattulus Stein, 1859 0.05 4 -
Haptoria Corliss, 1974

Actinobolina Strand, 1928 1.59 4 -

Belonophrya André, 1914 1.78 2 -

Monodinium Fabre-Domergue, 1888 0.21 4 -

Lacrymaria Bory de St. Vincent, 1824 - 0 0.1

Litonotus Wrzesniowski, 1870 0.16 3 0.03

Phialina Bory de St. Vicent, 1824 4.19 4 0.11
Armophorea Lynn, 2004

Caenomorpha Perty, 1852 1.48 4 -
Litostomatea Small & Lynn, 1981

Mesodinium Stein, 1863 0.42 3 -
Peritrichia Stein, 1859

Astylozoon Engelmann, 1862 0.03 1 -

Pelagovorticella natans Jankowski, 1985 3.23 3 0.80

Vorticella aquadulcis-complex 0.80 1 -

Vorticella Linnaeus, 1767 3.13 4 0.24
Scuticociliatia Small, 1967

Isocyclidium globosum Esteban, Finlay & Embley, 1993 20.3 3 -

Sathrophilus Corliss, 1960 0.37 3 -

SC1 (Cristigera-like) >50 4 8.28

SC2 (Cyclidium-like) ~100 4 ~100

Scuticociliatia g. spp. ~50 4 2.00
Prostomatea Schewiakoff, 1896

Holophrya Ehrenberg, 1831 6.78 3 0.05

Prorodon Ehrenberg, 1834 6.36 1 -
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Prorodon sp. prostomes and even more typically
Holophrya sp. were found in the very bottom (including
in Lake La Preciosa). Curiously, a similar ciliate compo-
sition (including Cristigera sp., Euplotes sp. and
Holophrya sp.) was found in African shallow soda lakes
(Ong’ondo et al., 2013); however, these lakes were con-
tinuously mixing. Phialina sp. frequently dominate the
oxycline ciliate biomass (Macek et al., 2006; Pestova et
al., 2008; Bautista-Reyes and Macek, 2012), although this
finding has not been supported with data from similarly
stratified lakes. Even in Lake Kinneret showing similar
oxycline behavior, the genus Phialina was not found in
plankton from the water/sediment interface (Madoni,
1990). On the other hand, according to findings in smaller
but stratified water bodies, water/sediment boundary cil-
iates would migrate to the pelagic layers (Berninger et al.,
1986; Esteban et al., 1993a, 1993b; Guhl et al., 1996;

Oikonomou et al., 2014, 2015). In our study we found
that, if such events occurred, the ciliates migrated to a
very thin layer with specific environmental conditions
presenting a patchy distribution.

There is a serious problem with sampling of the oxy-
cline in Alchichica: internal waves of the thermocline/oxy-
cline with quite a short period of approximately 20 min
(Filonov et al., 2006) are sufficient to disrupt fine sampling.
This may explain why the ciliate and other microorganism
components of the microbial food web varied in the sam-
ples without any apparent relation within the years, and
why traditional statistical analytical tests did not show sig-
nificant correlations except that of temperature (stratifica-
tion) and co-correlations between limnological variables.
Instead, a quasi three-dimensional plot of ciliate abundance
against DO and PAR is shown (Fig. 5).

In the graph, it can see that, according to the course of
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Fig. 5. Ciliate organic carbon biomass (ug L) plotted against dissolved oxygen (DO, mg L) and photosynthetically active radiation

(% PAR). Concentric circles (right) show referential ciliate biomass.
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the biomass plot, PAR and DO were not independent vari-
ables in Lake Alchichica. DO disappeared at the PAR
level of approximately 0.1%, exactly were the highest Eu-
plotes spp. biomass was observed (Fig. 5a). Haptorids
(Fig. 5¢) peaked just below the oxycline; Phialina sp.
dominating there showed the highest biomass in complete
darkness and without oxygen (low numbers were ob-
served there). The total ciliate biomass showed important
values in DO of approximately 6 mg L ™! (Fig. 5a) reflect-
ing the occurrence of peritrichs and/or scuticociliates (Fig.
5b), which dominated there only in 2010. Scuticociliates
showed an additional cluster of important biomass in neg-
ligible DO, but generally, the group showed very diverse
behavior.

It has been documented that mixotrophic species can
dominate the oxycline and even move it down due to their
photosynthetic activity (mixotrophic Acaryophrya sp. and
others in Berninger et al., 1986; Prorodon sp. in Finlay et
al., 1996; complex assemblage in Finlay and Esteban,
1998; Ophrydium naumanni in Modenutti and Balseiro,
2002; Stentor spp. in Woelfl and Geller, 2002), but in
Lake Alchichica, even though potentially symbiotic
Holophrya sp. was found, the oxycline was located below
the layer efficient for oxygenic photosynthesis (even
below 0.5% PAR; Fig. 1 a-d). Moreover, many of the
above-mentioned mixotrophs are known as raptorial feed-
ers on dinoflagellates (Finlay and Esteban, 1998), which
(and similar potential prey for protists) are absent from
Alchichica. Euplotes spp. feeding on APP were found in
the plankton of both lakes, and they were spectacularly
dominating above the oxycline in 2007 (but they were
scarce in the analyzed samples from La Preciosa). Ac-
cording to morphological observations, two similar
species (one without ingested algae and observed through-
out the mixed layer) were present simultaneously. Sym-
biosis has been hypothesized for euplotids (Pestova ez al.,
2008; Bautista Reyes and Macek, 2012) because of the
notorious presence of large bright chlorophyll a contain-
ing cells contrasting with vacuoles filled with APP, but it
has not been proved. Compared to the zoochlorella-sym-
biotic E. daidaleos (Finlay and Esteban, 1998), our eu-
plotids possessed only a small amount of algae.

Spirostomum teres was also found feeding on APP and
nanoplankton but potentially anoxygenic-photosynthetic
bacteria, abundant below the oxycline in lake La Preciosa,
were not found being ingested (no infrared fluorescence
typical for bacteriochlorophylls was observed). Loxodes
spp., which might be related to such bacterial symbionts
(Guhl and Finlay, 1993), were never observed, probably
because of the lake’s salinity. However, Phialina sp. was
observed with bacteria inside many vacuoles as identified
by CARD FISH applying a sulphate-reducing bacteria
(SBR) probe (Bautista-Reyes and Macek, 2012; presented
as Gymnostomatid ciliate). Although the probe is not di-

rectly specific (it hybridizes with Deltaproteobacteria,
containing many sulphate-reducing members), some sym-
biosis is possible. The same Phialina sp. was observed
with picocyanobacteria on another occasion.

Strictly anaerobic ciliates except for Caenomorpha sp.
and Isocyclidium globosum were not found to be abundant
(compare Wagener ef al., 1990; Massana and Pedrés-Alio,
1994; Guhl et al., 1996, Oikonomou et al., 2015). Due to
high sulphate content (Armienta et al., 2008), the redox
potential of the lakes likely did not reach the necessary
level for their development.

From the results, it is evident (Figure 5) that ciliates
in the lakes formed two typical clusters, within and below
the oxycline and in the surface/mixed layer, which were
spatially separated. The most evident case was the year
2010, when almost no ciliates were found in the oxycline
but local ciliate maximums were found above and below
it. Such critical depths characterized by both DO and PAR
stratification could reflect elimination by, and/or an es-
caping mechanism from, their copepod predators; mean-
while it was shown that the copepods were escaping from
fish (Ciros Perez et al., 2015).

CONCLUSIONS

The end of the stratification period in Lake Alchichica
was characterized by almost uniform HPP numbers (10°
cells mL™) throughout the water column, while APP
showed epilimnetic and/or metalimnetic maxima of 10°
cells mL!, followed by an order of magnitude drop in the
hypolimnion. A very important peak (10° cells mL™!) of
the green flagellate Pyramimonas sp. was observed re-
peatedly above and within the oxycline of Lake
Alchichica.

Detailed ciliate analysis of Lake Alchichica’s late strat-
ification revealed a similar general pattern of total biomass
distribution throughout the water column with typical max-
ima above and below the oxycline, apparently separated.
However, from the point of view of the biomass of different
ciliate ecological groups, the composition and fine distri-
bution of ciliates varied substantially from year to year. The
mixed layer was dominated by omnivorous picoplankton-
feeding ciliates (feeding on APP was recorded), in particu-
lar, by vorticellids, and, when the stratification had just
started to deteriorate, by scuticociliates.

The oxycline top was dominated by fine- to coarse-
filter feeders, Euplotes spp. and Spirostomum teres (feed-
ing on APP, nanodiatoms and algae). Raptorial haptorids
(in particular, Phialina sp.) were the second most impor-
tant group, generally occupying the layer below euplotids
and followed by the facultative anaerobic prostomes
Holophrya and Prorodon. Sometimes, anaerobic fine-fil-
ter feeders (bacterivorous scuticociliates) and anaerobic
Caenomorpha sp. were found abundantly in the anoxic
hypolimnion.
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Significant statistical relations involving the ciliate
distribution and environmental variables were not con-
firmed owing to the unique species composition in the re-
spective years. However, general trends in the distribution
on the species level were observed, confirming the speci-
ficity of their optimal environment. Scuticociliates did not
present unambiguous behavior as a group, and the study
of their life cycle on the species level should be the next
step in investigations.
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