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Abstract: The majority of studies on biofilms have focused on autotrophic and bacterial taxa, without
considering the potential effects on biofilm grazers. In this work, we investigated the effects of realistic
environmental concentrations of zirconium (Zr) on periphyton algal growth and micromeiofauna
biodiversity. Glass slides were submerged in a pond for four weeks to colonize biofilms and exposed
for four weeks in aquaria to targeted Zr concentrations of 0, 1, and 10 nM, which were monitored over
time (average measured concentrations were 0.2 + 0.1, 0.5 + 0.3, and 2.9 + 0.3 nM Zr). The four-week
exposure to the highest concentration (3 nM) affected the micromeiofauna structure of biofilms and
modified the autotrophic biofilm structure by increasing the proportion of green algae and decreasing
the abundance of cyanobacteria and brown algae. Rotifers and the ciliate Aspidisca cicada appeared to
be the most sensitive organisms among the observed micromeiofauna. A toxic effect of Zr on rotifers
could explain such results. Indirect effects, such as reduced food availability given the reduced algal
growth in the presence of Zr, could also play a role in the changes of micromeiofauna community
structure. These results are among the few published data on the effects of Zr.
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1. Introduction

Increased global use of metals has led to an increase in metallic elements mobilized in aquatic
systems in the last century. Although the effect of metals on freshwater ecosystems is well documented,
studies on the impacts of tetravalent metals are very scarce. Zirconium (Zr) is a tetravalent element,
predominantly found as zircon (ZrSiOy), and constitutes 0.023% of the earth’s crust. Measurements
of surface water concentrations of Zr are scarce. Gobeil et al. (2005) found average dissolved
Zr concentrations of 7 + 5 ng:L™! (0.08 + 0.05 nM) to 22 + 8 ng-L™! (0.24 + 0.09 nM) in the Saint
Lawrence River (Canada). In the same study, Zr associated with suspended particulate matter showed
concentrations one order of magnitude higher. Dissolved forms are generally present at concentrations
of less than 1 nM due to the low solubility of the hydroxide Zr(OH), [1-3]. Australia and South Africa
are the largest producers of Zr minerals in the world. The global demand for Zr has been steadily
increasing in the last few decades due to its anticorrosive properties and for nuclear fuel cladding [4-7].
This element is also included in the composition of cosmetics and deodorants. In tetrachloride form
(ZrCly), it is used for phosphorus precipitation in water effluents [8]. All these activities may lead
to an increase in Zr concentrations in natural freshwaters. Despite this, very few ecotoxicological
studies have been performed on Zr uptake and effects on algal communities. Thus, it is important
to understand its potential impact on aquatic ecosystems to contribute to the environmental risk
assessment for this metal.
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Several biomonitoring tools have been developed to assess metal exposure on aquatic organisms.
In particular, periphyton (benthic microorganism communities) have shown promising potential [9-11].
These microorganisms are able to internalize and sequester metallic contaminants, which allows for the
detection of ultra-trace elements up to several days after contamination events in natural freshwater
ecosystems [12,13]. Periphytic diatoms react to contamination, eutrophication, and acidification, and
are thus very useful for water quality monitoring, including metal impact assessment [14,15]. Diatom
biochemical responses such as anti-oxidant enzymes and gene expressions related to oxidative stress
can be also used to determine the effects of metal contamination on biofilm microorganisms [16-18].
The majority of studies on biofilms focus on autotrophic and bacterial taxa, without considering
the effect of contamination on biofilm grazers. When studied, the only grazers considered are
macroinvertebrates [19] or fish [20], while grazing microbes are rarely considered [21]. However,
micromeiofauna communities represent important aquatic ecosystem components which play a key
role in the biofilm food web [22,23]. Some microorganisms can also have effects on bacterial activity
by excreting growth-stimulating compounds [24,25]. Contamination impacts on micromeiofauna can
disturb trophic food webs and the taxonomic structure of periphytic biofilm.

In this work, we investigated the effect of realistic environmental concentrations of Zr on
periphyton algal growth and micromeiofauna biodiversity to better understand the impacts of this
metal on the taxonomic structure of the biofilm. The results obtained will help to improve the use
of periphytic biofilms as a contamination assessment tool for zirconium and to better understand its
potential impacts on aquatic ecosystems.

2. Materials and Methods

2.1. Experimental Setup

Glass slides of 220 cm? were submerged in Gazinet-Cestas Pond, France (South West France,
geographical coordinates: 44°46’30.1"" N, 0°41’44.3"" W), for 4 weeks in October 2016 for periphyton to
colonize. The slides were then randomly distributed to three aquaria containing a synthetic culture
medium (Dauta) [26]. Targeted Zr concentrations were 0 nM (C0), 1 nM (C1), and 10 nM (C10), which do
not exceed the Zr solubility limit (Log Ksp = —62.46 + 0.10) [27]. Before the beginning of the experiment,
aquaria were filled with the different exposure media to pre-equilibrate the metal with the adsorption
sites of glass walls. The light flux was 9.20 pmol photon'm~2-s~! and the photoperiod was 14:10 for
day and night, respectively. Water temperature and pH were monitored weekly, before and after water
renewal, and were maintained at 21.5 + 0.7 °C and between 7.5 and 8.0, respectively. Each aquarium
was divided into three separate sections to obtain three experimental replicates. One slide per aquarium
section was sampled after 1, 2, and 4 weeks of exposure. Exposure solutions were renewed weekly.
Total concentrations of Zr, orthophosphates, and nitrates were monitored once a week throughout
the 4 weeks of exposure, along with pH, oxygen, and temperature before and after media renewal.
Zr concentrations were determined by inductively coupled plasma mass spectrometry after an addition
of 500 puL of nitric acid to 4.5 mL of sample. The calibration curve was validated with certified control
solution 401 (SCP Science—Fournisseur de Solutions Innovantes pour les Chimistes Analytiques).
Each exposure medium was sampled in three replicate sections of the aquaria. Zirconium speciation in
solution was estimated using the MINEQL thermodynamic model.

The slides sampled were rinsed with fresh Dauta medium without Zr before scraping and
re-suspending the biofilm in 50 mL of Dauta medium. A volume of 1 mL was sampled for the
subsequent analyses: Dry weight, chlorophyll a fluorescence, photosynthetic activity, and microscopic
microorganism identification. Biofilm dry weight was quantified after filtration of a 20 mL aliquot
on pre-weighted and dried glass fiber filters, and lyophilization according to the French standard
method [28].
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2.2. Biofilm Microorganisms Analysis

To determine the proportion of green and brown algae and cyanobacteria, in vivo chlorophyll
a fluorescence measurements were conducted on samples with a PhytoPAM (Heinz Walz GmbH,
Germany). To determine diatom growth, living and dead cells were counted using a DMLS Leica
microscope. They were counted using a Nageotte cell at 200X magnification after fixation (final
concentration of 0.01% Lugol).

Micromeiofauna individuals were also enumerated after Lugol fixation (0.01%) using a Nageotte
counting cell as described for diatoms. Determination of the protozoan composition within
micromeiofauna was established with the help of the user-friendly identification key for ciliates [29],
and the Precis of Protistology for other protozoans, such as flagellates, heliozoans, amoebae, and
thecamoebians [30]. Rotifers were identified with the help of The Rotifer World Catalog [31].

2.3. Data Treatment

The number of individuals (ind) was normalized for the dry weight (dw) of the samples.
To determine significant differences between treatment groups and exposure times, analyses of variance
(ANOVA) were computed using Tukey’s post hoc with the R software (car and MASS packages).
Significant differences between diatom growth curves were determined by an analysis of covariance
(ANCOVA) [32]. An NMDS ordination analysis (non-metric multidimensional scaling) was performed
using R with the vegan package to represent the structure of the biofilm community in the different
treatment over the 4-week exposure. This NMDS was based on Bray—Curtis dissimilarity. This cluster
analysis, performed with the same R package, was done to estimate the degree of similarity within and
between the different sampling times and exposure conditions [33].

3. Results

3.1. Physicochemical Conditions

Nutrient concentrations (orthophosphates and nitrates) and water temperature presented in
Table 1 were constant over exposure time and not statistically different (ANOVA, p < 0.05) between
treatments. Concentrations of Zr in C1 and C10 exposure conditions were lower than the targeted
nominal concentrations. Note that the measured Zr concentrations for the C10 condition are statistically
higher than those of the C0 and C1 treatments (p < 0.05). Very few thermodynamic data are available
for Zr. However, due to its high valence, it is expected that the tetra-hydroxo complex (ZrOHy) is the
dominant species in our experimental conditions.

Table 1. Physicochemical parameters (mean + standard error; n = 3) in the C0, C1, and C10 exposure
conditions during the 4 weeks of exposure. A two-way ANOVA was performed to detect significant
differences between exposure times, and these differences are indicated by * (p < 0.05; n = 3).

Parameter Cco C1 C10
[Zr]total (nM) 02+0.1 0.5+0.3 29+03*
Orthophosphate (mg P-PO4-L~1) 28+1.1 40+19 34+09
Nitrate (mg N-NO5-L~!) 92+20 135+ 7.0 102+ 1.8
Water temperature (°C) 21.1+0.6 21.7 £ 0.6 21.8 £ 0.5

3.2. Biofilm Biomass and Zr Effects on Autotrophic Organism Composition

Biofilm biomasses were measured at 0, 1, 2, and 4 (t0 to t4) weeks of exposure, as shown in Figure 1.
The statistical analyses by two-way ANOVA showed that the biomass increased significantly for all Zr
concentrations tested between t2 and 4.
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Figure 1. Biofilm biomasses over time in control (CO = 0.2 + 0.1 nM) and Zr exposures (C1 = 0.5 +
0.3 nM and C10 = 2.9 + 0.3 nM). Values are averages and standard errors. Two-way ANOVA was
performed to detect significant differences between exposure times, and these differences are indicated
by letters (p < 0.05; n = 3).

Diatom cell densities followed a linear relation with time on a natural log-scale, as shown in
Figure 2A, which indicates that algae were in an exponential growth phase. The growth rate appeared
to be similar for the C0 (1.15 + 0.40 week™!) and C1 exposures (1.08 + 0.50 week™1), whereas in the C10
condition this rate (0.78 + 0.35 week ') and the quantity of cells was significantly lower. Figure 2B
shows the chlorophyll a (Chl a) fluorescence of green (Gr), blue (Bl), and brown (Br) algae. The values
obtained for control exposures were slightly lower at t0 and did not vary over the two first weeks of
exposure. At t4, green algae were no longer detected in any Zr exposure condition. Based on green
fluorescence (Gr), the concentration of Chl increased from t0 to t2 with 2.4 + 0.3 and 6.9 + 0.8 pg
Chl'mg~! dw in the C1 condition and was significantly higher than the control. The Chl in the C10
condition was also significantly higher than the control except at t2. Cyanobacteria Chl (Bl) values
were low at t0 and t1 for all exposure conditions. The control CO conditions remained low until t2,
with a mean value of 0.5 + 0.2 pg Chl-mg~! dw, and increased at t4 to 42 + 18 pg Chl-mg~! dw. In the
C1 condition, the amount of Chl began to slightly increase at t2 and continued until the last exposure
time with mean values of 8.5 + 1.4 and 55 + 18 pg Chl'mg~! dw, respectively. The amount of Chl in the
C10 condition did not vary during the experiment (1.3 + 0.6 ug Chl-mg~! dw) and was lower than the
two other conditions at t4, however, this difference was not significant. The variation in the population
of the brown algae Chl (Br) followed the same pattern as that of the cyanobacteria Chl fluorescence
throughout the exposure. The lower fluorescence at t4 for the C10 condition corresponded to the lower
diatom density found in Figure 2A for the same condition and time.



Environments 2019, 6, 111

Ln(cell.n‘g'1 dw)

weeks

chla.mg 1 gw

200

150

100

50

50f12

Algal group
Bl
Br
Gr

0

1 2 4

Figure 2. (A) Diatom growth measured in the biofilm of controls (CO = 0.2 + 0.1 nM) and Zr exposures
(C1=0.5+03nMand C10 =29 + 0.3 nM). A two-way ANCOVA was performed to detect significant
differences between exposure times (p < 0.05; n = 3). (B) Blue (Bl), brown (Br), and green (Gr) chlorophyll
fluorescence from biofilm autotrophs measured in control and Zr exposures (C1 and C10). Values are

means and standard errors of total Chl fluorescence, no significant differences were found between

conditions using a two-way ANOVA (p < 0.05; n = 3).

3.3. Effect on Micromeiofauna Composition

3.3.1. Total Counted Individuals

Figure 3A shows the total micromeiofauna individuals counted in the biofilm over the 4 weeks of
exposure. The two-way ANOVA analysis showed a significant combined effect of time and concentration
(p < 0.05). The total number of individuals remained constant throughout all experimental conditions,
except for C10. In C10, values increased at t2 (21.5 (+ 1.5) X 103 ind-mg_1 dw) but decreased at t4 to a
level lower than that of the control and the C1 conditions (4.84 (+ 0.80) x 10° ind-mg~! dw).
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Figure 3. The number of individuals per mg of biofilm dry weight in control CO = 0.2 + 0.1 nM) and Zr
exposures (C1 = 0.5 + 0.3 nM and C10 = 2.9 + 0.3 nM). Values represent means + standard errors. (A)
Total micromeiofauna individuals. (B) The number of ciliate individuals. A two-way ANOVA was
performed to detect significant differences between exposure times (p < 0.05; n = 3).
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3.3.2. Micromeiofauna Composition

During the 4 weeks of exposure, rotifers and ciliates were the most prevalent taxa in all conditions.
The population of all the other taxa counted, such as amoeba or flagellates, did not vary significantly
between the exposure conditions.

Ciliates

Figure 3B presents the variation of individual ciliates counted during the experiment. Total
individuals counted increased between t0 and t2 and decreased at t4 in all exposure conditions. The
numbers of individuals in the C10 condition were significantly greater at t1 and t2 with 7.1 (+ 2.0)
x 103 and 18.9 (+ 0.7) x 103 ind-mg~" dw, respectively. During the experiment, the most numerous
ciliate family observed was Trachelophyllum sp., as shown in Figure 4. The number of Aspidisca cicada
individuals stayed relatively constant between t0 and t1, increased at t2 and decreased at t4 in all
exposure conditions. At t2, the C10 values were significantly lower than the controls with 0.911 (+
0.087) x 10% ind'mg~! dw and 1.51 (+ 0.13) x 10° ind-mg~! dw. The number of Uronema sp. individuals
stayed constant over exposure time in all conditions, except at t2, for which the individuals in C10 were
significantly higher than for C0O with 8.3 (+ 3.1) x 103 ind-mg~' dw. Trachelophyllum and undefined
heterotrich individuals followed the same pattern as Uronema. For the undefined heterotrichs, the
number of individuals in the C10 exposure condition was significantly greater than that observed in
the control from the first week of exposure with 2.18 (+ 0.41) x 10% ind-mg~! dw. At t1, the number
of Trachelophyllum individuals also tended to be higher than the control with 0.420 (+ 0.073) x 10°
ind'mg~! dw. Treatments and time did not significantly affect the number of counted Vorticella sp.
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Figure 4. Ciliates Aspidisca cicada [29], Uronema sp., Trachelophyllum sp., and undefined heterotrich species
individuals present per mg of biofilm dry weight in control (CO = 0.2 + 0.1 nM) and Zr exposures (C1 =
0.5+ 0.3nM and C10 = 2.9 + 0.3 nM). Values are means and standard errors. A two-way ANOVA was
performed to detect significant differences between treatments as indicated by letters (p < 0.05; n = 3).
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Rotifers

Figure 5 presents the number of rotifers and associated eggs as a function of time for the different
metal exposure concentrations. Across all treatment conditions, the number of rotifers decreased
significantly as the exposure time increased. The values for C10 (0.73 (+ 0.52) X 10% ind-mg~! dw) were
significantly lower than for C0 (2.13 (£ 0.22) X 103 ind-rng_l dw) at t1 and t2 with 0.25 (+ 0.16) and
1.64 (+ 0.29) x 10% ind-mg~! dw, respectively. The number of rotifer eggs counted increased drastically
between t0 and t1 for the CO and C1 exposure conditions and less so for C10. CO values (5.49 (+ 0.38) X
10° ind'mg~! dw) were significantly higher than those of C1 (3.28 (+ 0.66) x 10° ind-mg~! dw) and
C10 (0.48 (+ 0.17) x 103 ind-mg_l dw). Values decreased between t1 and t2 in C0 and C1 and did not
change significantly until t4 while values stayed relatively constant in C10 over time.
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Figure 5. Number of individuals (A) and rotifer eggs (B) per mg of biofilm dry weight in control
(C0=0.2 0.1 nM) and Zr exposures (C1 = 0.5 + 0.3 nM and C10 = 2.9 + 0.3 nM). Values are means
and standard errors. A two-way ANOVA was performed to detect significant differences between
treatments as indicated by letters (p < 0.05; n = 3).

The NMDS ordination plot (stress 0.09) of biofilm taxonomic samples, as shown in Figure 6, revealed
a similar evolution of the control and the C1 conditions over the 4-week experiment while, for the C10
condition, the global evolution appears to be different from the first week of exposure. A Bray—Curtis
cluster analysis was also performed on the data. This analysis distinguished three groups. The first
containing the t0, CO and C1 at t1 associated with rotifers and Vorticella. The second grouping t2 samples
from all conditions, the last week of exposure for C10, all associated with ciliates (except Vorticella) and
diatoms. The third group contained the C0O and C1 samples for the last week of exposure.
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Figure 6. Ordination (non-metric multidimensional scaling (NMDS)) of the biofilm community in
control (CO0 = 0.2 £ 0.1 nM) and Zr exposures (C1 = 0.5 + 0.3 nM and C10 = 2.9 + 0.3 nM).
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4. Discussion

4.1. Exposure Conditions

Differences observed between nominal and measured Zr concentrations could be due to Zr
adsorption to aquaria walls despite the 2 days of pre-equilibration of adsorption sites followed by full
medium-renewal before the start of the experiment. However, the concentration observed for the C10
condition was significantly higher than the two other conditions.

4.2. Effects on Autotrophic Community Structure

The increase of biofilm biomasses and diatom growth over the 4-week experiment showed that
the biofilm had not reached its maturity stage when the exposure began. The presence of Zr affected
diatom growth in the C10 condition and autotroph biofilm structure notably with the increased
proportion of green algae in C10 at t1 and C1 at t2. Green algae are known to be more tolerant than
other phototrophs to metals [34,35]. The disappearance of green algae Chl a in all conditions during
the last 2 weeks of exposure could be explained by environmental changes between the pond and the
laboratory aquaria, increasing competition between algal groups. The nutrient-rich Dauta culture
medium, which stimulates the growth of diatoms, and the lower incident light in the laboratory could
explain such changes. Biofilm biomasses tended to be less as Zr concentration increased at t2 and
t4. These differences were not significant at t4 despite diatom growth being less in the C10 exposure
and the disappearance of green algae Chl a in all conditions at t4. These results suggest that the
biomass contribution of heterotrophs or cyanobacteria could be more important than that of diatoms.
The presence of Zr modified the autotrophic biofilm structure by increasing the proportion of green
algae and decreasing the abundance of cyanobacteria and brown algae at the end of the fourth week of
the C10 exposure.

4.3. Effects on Micromeiofauna Community Structure

4.3.1. Rotifers

From t0 to t1, the number of rotifer eggs increased drastically while individual numbers decreased.
The Lugol fixation mainly allows the counting of the rotifer individuals belonging to the class of
Monogononta, while all rotifer class eggs can be observed. This former class of rotifers have a solid
cuticle (lorica) which preserves the individual shape during fixation [36,37]. This group is the most
diverse, with approximately 80% of rotifer species known, and is notable for cyclical parthenogenetic
and occasional sexual reproduction [37,38]. Moreover, the majority of rotifers observed within the
fresh samples of this study were Monogononta, thus, we can assume that the bulk of eggs originated
from this taxon. The rotifers mictic and amictic oviposition and hatching depend on environmental
conditions such as light, food, and competition from other rotifers [38—40]. Therefore, the increase
of oviposition during the first week of exposure in the control and C1 exposures could be due to
the environmental changes from the pond to the aquaria. However, the number of eggs in C10 did
not increase significantly from t0 to t1, and those in the C1 exposure conditions were significantly
lower than in CO. This shows a dose-response effect of the Zr on the oviposition of rotifers. Several
studies showed that metals such as copper, cadmium, and chromium can decrease rotifer offspring
production [41,42]. During the first 2 weeks of exposure, we also observed a dose-response effect on
the number of rotifers counted, with significantly lower numbers in C10 compared to control and
C1 conditions.

4.3.2. Ciliates

Aspidisca cicada was the only ciliate species counted that was negatively impacted by Zr in this
study. This species is known to crawl and to be dominant in benthic microorganism communities. Two
metal toxicity studies on ciliates from activated sludge treatment plants showed that this species was
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one of the least sensitive to metal contamination [43,44]. However, A. cicada predominantly feeds itself
by grazing bacteria and algae [23,45,46], thus the lower diatom growth could have contributed to the
decreased number of species in this Zr exposure. Some studies also report that crawling ciliate species
seem to be more sensitive to metals than attached ciliates [43,44,47].

Rotifers decreased over exposure time along with ciliates during the last 2 weeks of exposure,
even though total micromeiofauna individual numbers remained constant. This can be explained
by the increase of other microorganisms counted, such as amoeba or flagellates (data not shown).
Moreover, the decrease in the number of individuals at t4 for these two taxa can be explained by the
varying environmental conditions between the colonization period in the pond and the exposure in
the aquaria, and by the disappearance of green algae. The effects of Zr were not similar among these
two taxa. While the number of rotifer individuals and eggs decreased under C1 and C10 conditions
during the first 2 weeks of exposure, the majority of ciliate species observed seemed to increase in the
presence of Zr. The increase in the number of ciliates during t1 and t2 in Zr exposure conditions could
be linked to the lower number of rotifers in the same treatments. The decrease in rotifers likely led to a
decrease in predation pressure on algae and bacteria, and probably left more food available for ciliates.

In this study, Zr affected the micromeiofauna structure of biofilm at the highest Zr concentration
tested (3 nM). Rotifera and the ciliate Aspidisca cicada appeared to be the most sensitive organisms
among the observed micromeiofauna. A toxic effect of Zr on rotifers could explain such results.
However, indirect effects such as a decrease in food source with lower algal growth in the presence
of Zr could also play a role in the changes of micromeiofauna community structure. The NMDS
and Bray—Curtis cluster analysis showed that the C10 exposure condition impacted significantly
the evolution of the biofilm taxonomic structure. The presence of the C10 samples of the last week
exposure in the same group as the C0 and C1 samples of t2 suggests that the highest Zr concentration
slowed or stopped the community development. These results suggest that a Zr contamination in
natural freshwater may affect aquatic ecosystem structure and function by destabilizing the first trophic
chain level.

5. Conclusions

To the best of our knowledge, this is the first time that a study investigated the effect of Zr on
several biological compartments of periphytic biofilms, such as autotrophic organisms and benthic
micromeiofauna. It was shown that this tetravalent metallic element can affect the periphyton
microorganism composition and could disturb key periphyton functions, such as those previously
observed for zinc, copper, and lead [48-50]. Biofilm microbial life in freshwaters is responsible for
major ecosystem processes and plays a large role in biogeochemical fluxes [51]. Effects of metals
on micromeiofauna are still scarcely investigated and their understanding could improve the risk
assessment of metal repercussions on aquatic ecosystems [52,53].
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