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Abstract

Increased water conductivity levels have been proposed as
a key factor to explain the occurrence of teratological
forms in freshwater diatom assemblages. The current study
aimed to carry out an experiment on a laboratory scale to
assess the response of periphytic diatoms to artificially
increased salinity levels. The obtained results show that: a)
the proportion of aberrant cells increased in high
conductivity treatments, b) developed teratologies were
preserved in diatom populations even after being
translocated to normal conditions, and c) the degree of
valve outline deformation in the dominant species was
proportional to the induced water conductivity. All these
data support previous field observations that linked high
electrolyte content and the abundance of aberrant cells
among microalgal communities in continental aquatic
ecosystems.

Keywords: aberrant cells, water conductivity, salt stress,
diatom assemblages, phototrophic biofilm

1. Introduction

Diatoms are a type of single-celled algae with an important
ecological role in the functioning of freshwater ecosystems
(Morin" et al. 2016). They have been widely used as
bioindicators of various environmental conditions,
particularly salinity, pH, and nutrients, due to their high
diversity, short generation time, sensitivity, and quick
response to changes in water quality (Kelly 2003; Smol and
Stoermer, 2010; Stevenson et al. 1999). They also play a
crucial role in aquatic food webs (Ragueneau et al. 2006;
Weitere et al. 2018) Diatoms are also known to be sensitive
to toxic substances (Mccormick and Cairns 1994; Stevenson
2014). In their natural habitat, diatom communities are
exposed to multiple anthropogenic inputs that affect their
life cycle, so that the resulting valve morphologies
developed under unfavorable environmental conditions
differ from those inhabiting undisturbed environments.
Valves that deviate that differ from normality in a
population for a given species, show abnormalities in terms
of symmetry, striation pattern, raphe course, and
structure, are called teratological forms (Dziengo-Czaja et
al. 2008; Falasco et al. 2009a; Gongalves et al. 2019; Riato
et al. 2018; Smol and Stoermer 2010).

Deformation in valve outline, loss of areolae, changes in
striation patterns, and disruption of the raphe formation,
are the main teratological forms affecting diatom valves,
often correlated with physiological and metabolic
impairment in the diatom cell (Falasco et al. 2021; Falasco
et al. 2009a).

Teratology does not appear to weaken the reproductive
capacity or viability of the affected cells (Falasco et al.
2021). However, some forms of teratologies are suspected
of being lethal (Arini et al. 2013).
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Recovering normal morphology after sexual reproduction
in deformed diatoms from long-term cultures indicates
that teratologies do not arise from genetic drift (Granetti,
1968). In this regard, the work of Arini et al. (2013) showed
that the cadmium-induced teratologies in Planothidium
frequentissimum (Lange-Bertalot) Lange-Bertalot
decreased with decontamination, evidencing that
teratology in diatoms appears in altered environments but
progressively disappears along with the return to normal
conditions.

The relationship between teratological forms and unhealthy
conditions has been investigated in laboratory cultures
(Duong et al. 2010; Windler et al. 2014) as well as in the field
(Cantonati et al. 2014; Falasco et al. 2009a; Muhr 2014). In
the latter case, natural teratology is rare and typically
recorded at relative abundances not exceeding 1% (Morin et
al. 2012a), so an increase in abundance can be linked to an
increase in pollutants or other stressors (Cattaneo et al.
1998; Dziengo-Czaja et al. 2008; Lavoie et al. 2017; Sladecek
1986; Stevenson et al. 1999).

Factors known to be teratogenic for diatoms include high
temperatures, light intensity (Antoine and Benson-Evans,
1984; Hill et al. 1995), low current velocity (typical of
summer drought conditions (Stevenson 1996), high
Ultraviolet (UV) radiation (Cabrol et al. 2004), increased
nutrient concentrations (Nicolosi Gelis et al. 2020;
Rosemond et al. 2000), and dissolved chemical substances
in water, including organic or inorganic substances
(Boisson and Perrodin, 2006; Cattaneo et al. 2008; Guasch
et al. 2009; Hoagland et al. 1996; Moisset et al. 2015),
herbicides (Debenest et al. 2008), and heavy metals
(Cerisier et al. 2018; Cunningham et al. 2005; Falasco et al.
2009a; Gold et al. 2003; Morin et al. 2007; Pandey et al.
2018; Pandey and Bergey 2018). Interactions between
these factors often occur in aquatic environments and are
hard to disentangle (Falasco et al. 2021).

While changes in the composition of diatom communities
have been shown to be a good mirror of freshwater
ecosystem health thanks to many decades of
comprehensive monitoring studies (Medley and Clements,
1998; Sabater, 2000), to date few experimental studies
document the ‘effect of abiotic factors on freshwater
diatoms.

Olenici et al. (2017) have already revealed conductivity as
a major cause for the occurrence of abnormal forms of
epilithic diatoms in rivers. In this context, the main
objective of the present study was to assess the effect of
high salinity levels on freshwater diatoms under laboratory
conditions. We focus particularly on the development of
teratological forms, assessing the degree of deformation of
valve outline, as well as on the dynamics of species richness
in these assemblages.

2. Materials and methods
2.1. Experimental setup

The experiment was carried out in July 2020 by using plastic
trays (length x width x height = 46 x 32 x s8 cm), filled with
4 L of water from an experimental freshwater pond
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(Diatom Laboratory, Leon, Spain, 42.6047093° N,
5.5565376° W), to which 25 mL of a periphyton suspension
collected from the same pond, and 80 mL of concentrated
Alga-Gro® freshwater medium, were added. Two
conductivity levels were maintained: the first one as a
control treatment (low conductivity: LC: ~460 pS.cm™:
conductivity of water without any additions), and the
second as a high conductivity (HC: ~1400 pS.cm?)
treatment by adding marine salt. Water conductivity was
daily measured and adjusted. Trays were maintained at a
constant water level under natural sunlight for 4 weeks.

Figure 3 shows a single trial. The same design was
replicated 3 times (3 trials) in the same conditions. Each
treatment was replicated three times. The experiment took
place in a glass room receiving sunlight with natural
intensity and photoperiod throughout the incubation
period. The trays were kept at room temperature.

Microscope glass slides with a cavity were used as artificial
substrata for the settlement and growth of periphytic
diatoms. Each water tray contained three slides: two slides
were removed from each treatment after two (slides LC,
and HG,), and four weeks (slides LC, and HC,) respectively,
whereas the third slide was translocated from LC to HC
(slide Trans-H) and vice-versa (slide Trans-L) after the
second week and removed at the end of the experiment
(Figures 1-3). Removed slides were placed in 50 mL
polypropylene screw-cap tubes (Falcon-BD, Franklin Lakes,
NJ, USA) and stored in a freezer at -20 °C until analyses.

Figures 1, 2. Experiment in trays for attachment of diatoms

w

Natural light

&> > &> _»7] 2 Plastic trays, cach contains 3 glass
slides with a cavity
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Slides (Trans-H, Trans-L, LC 4 and HC 4)
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Figure 3. Schematic representation of the experiment consisting
in two plastic trays, each contains three glass slides with a cavity,
LC2, Trans-H and LC4 / HC2, Trans-L and HC4 respectively for
Low conductivity (LC) and High conductivity (HC) trays. Points
rectangle are the slides removed from each treatment, traits
rectangle are the slides translocated from LC to HC (slide Trans-
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H) and vice-versa (slide Trans-L). Removed slides were placed in
50 mL polypropylene screw-cap tubes (Falcon-BD, Franklin
Lakes, NJ, USA) and stored in a freezer at -20 °C until analyses.

2.2. Identification

Slides were cleaned with hot hydrogen peroxide (30%) and
a few drops of hydrochloric acid to remove organic material
and dissolve calcium carbonates. The samples were then
rinsed several times with distilled water. The cleaned
samples were transferred to coverslips to dry for 24 hours.
Once the samples were dry, permanent glass slides using
high refractive resin Naphrax (RI=1.74) were mounted.

Diatom frustules were identified and counted under light
microscopy (1000 x magnification, Olympus BX 60
microscope), with oil immersion, using standard references
and segregating teratologic forms (Blanco Lanza et al. 2011;
Hofmann et al. 2011). The relative abundances of diatom
species were finally calculated.

2.3. Data processing

The relative abundance of teratological forms was set as
the response variable. Due to the non-normality of this
variable, statistical differences between treatments were
analyzed by means of the Kruskal-Wallis test (Ostertagova
et al. 2014).

Diatom assemblage composition was compared between
treatments after 4 weeks using  non-metric
multidimensional scaling (NMDS), using Spearman rank
correlation as distance measure, segregating normal and
teratological forms within each genus. Singletons (genera
occurring in a single sample) were previously removed. To
test for significant differences between treatments, a one-
way ANOSIM test (using Euclidean similarity coefficients)
was carried between the Cartesian coordinates of the
resulting groups.

All statistical analyses were performed with the free Past
software, version 3.24 (Hammer et al. 2001).

2.4. Degree of teratologies

To evaluate the degree of valve deformation, geometric
morphometry was used to analyze changes in valve outline
caused by experimental treatments in Pseudostaurosira
brevistriata (Grunow) D.M. Williams & Round, the
dominant species in the samples.

A total -of 141 individuals of P. brevistriata were
photographed using Optikam digital camera and
OptikaView7 software. Images were binarized and
segmented using Imagel) software (Abramoff et al.
2004). Valve outlines were then vectorized with Shape
v.1.3 package (lwata and Ukai, 2002), which uses
Elliptical Fourier Analysis (EFA) to describe valve outline.
EFA consists of fitting a given number of harmonics to
the original valve outline, harmonics which are then
analyzed by means of Principal component analysis
(PCA).

Differences in valve outline between normal and
teratologic P. brevistriata valves were tested by means of
an ANOSIM test using Euclidean distances between the
PCA scores.

3. Results

3.1. Identification

Diatom composition of all samples was similar with a strong
dominance of Encyonopsis subminuta Krammer &
Reichardt  (20.63%), Achnanthidium  minutissimum
(Kiitzing) Czarnecki (19.86%), Pseudostaurosira brevistriata
(15.20%), Staurosira venter (Ehrenberg) Cleve & Moeller
(11.01%), Nitzschia palea (Kutzing) W. Smith (9.10%), and
Nitzschia dissipata (Kutzing) Grunow (6.06%).

Within the typology of deformations described in the
literature (Falasco et al. 2021; Falasco et al. 2009b), the
most widespread ones observed in our samples were the
occurrence of irregular valve outlines, in species such as A.
minutissimum, A. pyrenaicum, Brachysira < neoexilis,
Cocconeis euglypta, C.lineata, Craticula subminuscula, E.
subminuta, Eunotia sp, Fragilaria gracilis, several Nitzschia
species (N. palea, N. dissipata, N. solgensis, N. frustulum,
N. inconspicua, N. amphibia, N. filiformis, and N. recta),
Navicula tripunctata, N. veneta, Planothidium
frequentissimum, P. brevistriata, S. venter, S. construens
var. binodis, Punctastriata sp., and Ulnaria acus. Atypical
raphes were found in E. subminuta, aberrant striae
occurred in F. gracilis and several Navicula (N. tripunctata,
N. veneta, and N. trivialis) and disrupted fibulae in N. palea
and N. filiformis.

Combined teratologies have been also noted in E.
subminuta (involving valve outline and in raphe), F. gracilis,
P. brevistriata, S. venter, and S. construens var. binodis
(irregular valve outline and aberrant striae), and N. palea,
N. filiformis, and N. frustulum (disrupt fibulae and irregular
valve outline) (Table 1). See Figures 4-68 for some
deformed diatom species.




Figures 4-68. Examples of deformed frustules of some diatom
species recorded in treatments exposed to a high level of water
conductivity (LM microphotographs). Photos are not to scale

Figure 4-11. Achnanthidium minutissimum: deformed valve
outlines

Figure 12-16. Staurosira venter
Figure 12-15. Deformed valve outlines

Figure 16. Mixed teratologies: (deformed valve outline and
aberrant striae)

Figure 17-19. Eunotia sp. deformed valve outlines

Figure 20-23. Planothidium frequentissimum deformed valve
outlines

Figure 24. Punctastriatasp: deformed valve outline

Figure 25. Cocconeis euglypta: deformed valve outline

Figure 26-28. Cocconeis lineata: deformed valve outlines
Figure 29-32. Navicula sp. pl. deformed valve outlines

Figure 33-34. Craticula subminuscula deformed valve outlines

Figure 35-41. Staurosira construens var. binodis (deformed valve
outlines)

Figure 42-50. Encyonopsis subminuta
Figure42-48. Deformed valve outlines
Figure 49. Atypical raphe

Figure 50. Mixed teratologies (deformed valve outlines and
atypical raphes)

Figure 51. Brachysira neoxilis (deformed valve outline)
Figure 52-66. Nitzschia sp. pl
Figure 52-62. Deformed valve outlines

Figure 63, 66. Mixed deformities (irregular valve outlines and
disrupted fibulae)

Figure 64, 65. Disrupted fibulae
Figure 67. Fragilaria gracilis: deformed valve outline

Figure 68. Ulnaria acus: deformed valve outline
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3.2. Teratology

The number of teratological forms was always
significantly lower in control treatments, with no
statistical differences between LC; and LC,.

Figures 69-71 represent the percentage of
teratological valves among different treatments. The
exposure of the phototrophic biofilm to salt stress
induced a significant increase (H=9.46, p=0.023) in the
percentage of teratological frustules between
treatments LC and HC. Control trays with low
conductivity levels (460 + 0.73 pS.cm™) harbored low
numbers of teratological individuals during the first
two weeks (4.86 + 0.46%), raising to 6.41 * 0.35%
during the fourth week whereas the percentage of
teratological forms increased to 11.68 + 1.87% and
12.52 +1.85% in HC (1400 * 40.32 uS.cm™?) treatments,
after 2 and 4 weeks, almost doubling the percentage in
comparison to the LC treatment.

There was a significant difference in the number of
abnormal forms comparing LC,, LCs;, and Trans-H
treatments (H=7.2, p=0.027, Figure 69), while no
significant ‘differences were found between Trans-L
and Trans-H (p=0.83, Figure 70). Statistical analysis
revealed also no significant differences (p=0.96) in the
number of teratological forms comparing HC;, HC,,
Trans-L, and Trans-H (Figure 71).

[69 70 7
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Figures 69-71. Boxplots showing the frequencies of teratological
diatom valves across the different treatments. LC2: Low
conductivity after 2 weeks, LC4: Low conductivity after 4 weeks,
HC2: High Conductivity after 2 weeks, HC4: High Conductivity
after 4 weeks, Trans-H: translocated from LC to HC after 2
weeks. Trans-L: translocated from HC to LC after 2 weeks. Error
bars: standard error

No differences in terms of genera diversity (Shannon’s
H) were found between LC and Trans-H or between LC
and HC levels, and no significant differences were
observed either in species richness between low and
high conductivity treatments after four weeks of
colonization.

The comparison of diatom assemblages using NMDS
(Figure 72) allowed clear segregation of normal and
teratological individuals throughout the experiment in
LC and HC treatments, revealing an evident effect of high
conductivity levels on the overall biofilm response.
Significant differences were observed (p=0.0001)
between the position of normal and teratological
individuals in the resulting plot at the end of the
experiment.
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Table 1. Diatom species found with the main deformity types

Type of teratology

Code One teratology Mixed deformity in
Species Code genus . . valve . valve
species Irregular valve . Aberrant Disrupted . valve outline .
. Atypical raphe . . outline and . outline and
outline striae fibulae and striae .
raphe fibulae
Achnanthidium
minutissimum (Kitzing) ADMI +
Czarnecki
Achnanthidium Acht
pyrenaicum (Hustedt) H. ADPY +
Kobayasi
Brachysira neoxilis Brach BNEO .
Lange-Bertalot
Cocconeis euglypta Cocco CEUG .
Ehrenberg
Cocconeis lineata
CLNT +
Ehrenberg
Craticula subminuscula Crac
(Manguin) Moser Lange- ESBM +
Bertalot & Metzeltin
Encyonopsis subminuta
Krammer & Reichardt Encyo ESUM * < *
Eunotia sp. Euno EUNS +
Fragillaria gracilis @strup Fragi FGRA + + +
Navicula tripunctata
NTPT + +
(O.F. Mdiller) Bory
Navicula trivialis Lange- Navi NTRV N
Bertalot
Navicula veneta Kitzing NVEN + +
Nitzschia amphibia NAMP +
Grunow
Nitzschia pale? (Kitzing) NPAL N . .
W. Smith .
- T Nitz
Nitzschia dissipata
. NDIS +
(Kutzing) Grunow
Nitzschia frustulum NIER . .

(Kutzing) Grunow
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Nitzschia filiformis

(W.M. Smith) Van NFIL
Heurck
Nitzschia solgensis NSOL
Cleve-Euler
Nitzschia inconspicua NINC
Grunow
NItZS(':hIa recta Hantzsch NREC
in Rabenhorst
Planothidium
¢ .
requentissimum Plan PLER
(Lange-Bertalot) Lange-
Bertalot
Pseudostaurosira
brevistriata (Grun.in Van
B
Heurck) Williams & PSBR
Round
Staurosira venter (Ehr.) Staur
Cleve & Moeller SSVE
Staurosira construens
var. binodis (Ehr.) SCBI
Hamilton
Punctastriata sp. Punc PUCS
Inari Kitzi
Ulnaria acus (Kitzing) Ulac UACU

Aboal
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The NMDS highlighted the different ecological behavior of
the teratological forms with respect to the normal ones
regardless of treatment, exposure time or substrate
translocation status. The resulting graph reveals that
actually teratological diatoms have different occurrences
and abundances throughout the whole experimental
material.

04
0.3 o~
//l \

02 v
., 0.1 Stawr |
g Nigse .
g 0.0 *Euno
S o1 Navie oo i . 4

AC
-0.24 . C.‘_//
.03 \
-
04

T T T T T T T
04 03 02 01 00 01 02 03 04
Coordinate 1

Figure 72. Non-metric multidimensional analysis of diatoms
genera, normal (black) and aberrant forms (red). Achn :
Achnanthes, Adla: Adlafia, Crac: Craticula, Ency: Encyonema,
Euno: Eunotia, Gomph: Gomphonema, Reim: Reimeria, Rhop:
Rhopalodia, Sella: Sellaphora. Other code’s genera are included
in Table 1.

3.3. Degree of teratology

Pseudostaurosira brevistriata was the most dominant
species among the teratological forms. It was chosen as a
model to quantify the degree of deformation in valve
outline:

Geometric morphometry revealed few differences in shape
between normal and teratological forms found in LC
treatments, but differences in valve outline were evident
at the end of the experiment in treatments exposed to high
conductivity (Figures 73—80) (ANOSIM test on PCA scores:

p=0.001, Figures 81, 82).
‘nl 79 : 80

73 4 7L 76
Figures 73-80. LM microphotographs of abnormal frustules of
Psudostaurosira brevistriata recorded at the end of the
experiment in treatments exposed to a high level of water
conductivity (HC). Scale bar = 10 um

10pum

4. Discussion

The occurrence of abnormal individuals is among the most
striking effects of environmental stress on diatom
metabolism. While deformities can be initiated at different
stages throughout the diatom life cycle, the processes
leading to abnormal cell formation are yet unsolved
(Falasco et al. 2021; Lavoie et al. 2017; Morin et al. 2012a).
In particular, the deleterious effects of high salinity on
photoautotrophs have been described by several

researchers (Allakhverdiev et al. 1999; Lyon et al. 2011;
Mostaert 1995; Rijstenbil 2005; Schmid 1979; Schultz 1971;
Sudhir and Murthy 2004; Vairavamurthy et al. 1985), and
the literature gathers extensive research on the
acclimation of photoautotrophic organisms to salt stress.
For example, hypersaline conditions induce osmotic and
ionic stress on cells, this tension disrupts photosynthetic
activity, and increases respiration and growth arrest
(Sudhir and Murthy, 2004). Salinity causes also indirect
damage as a result of oxidative stress (Rijstenbil, 2005).

81 82

15
lCJ 104
|

054

PC1

Figures 81, 82. PCA plot of the Elliptic Fourier descriptors
obtained in the analyzed P. brevistriata populations: deformed
(red), and normal (black) valves resulting from low (A)
conductivity and high (B) conductivity after four weeks of
exposure time

Noticeably, the altered valve outline was the only kind of
teratology observed in control treatments. Although raphe
modifications, altered striation patterns, disrupted fibulae,
and mixed deformities (several deformities in the same
frustule) were additionally observed under salt stress.

At the end of the experiment, Trans-L treatments harbored
the highest proportion of teratological frustules (although
not significantly different from HC or Trans-H treaetments),
even once translocated to low conductivity waters after
two weeks of incubation under high conductivity
conditions. This indicates that the deformed cells continue
to replicate and transfer their teratologies for a number of
generations. Hustedt. (1956) had already observed that
particular ecological conditions at the time of zygotes’
(auxospore) formation may induce changes in frustule
morphology that are perpetuated during vegetative
reproduction, leading to populations with a morphology
quite different from that of the parent population. This
new abnormal cell would then split by mitosis and pass on
the abnormal shape to all subsequent daughter cells, as
also suggested by Stoermer (1967).

It appears from the experiment that 2 weeks of stressful
salinity conditions are sufficient to induce a maximum
percentage of teratologies. The increase in teratology after
4 weeks compared to 2 weeks is not significant. This can be
attributed to the fact that a plateau was reached after 2
weeks of exposure and no further increase in the
percentage of teratologies will occur regardless of the
increase in time.

Numerous studies (Clavero et al. 2000; Millan et al. 2020;
Schmid, 1980; Tuchman et al. 1984) have found a positive
correlation between increased salinity in freshwater
environments and the number of individuals exhibiting
teratological forms. Falasco et al. (2009b) noticed that in



long-term cultures, not only nutrients and waste but also
salinity can stimulate the development of teratological
forms, affecting primarily the production of structures
involved in colony formation and cell anchorage to
overcome floating difficulties, although teratological forms
such as aberrant surface ornamentations (position and
shape of areolae) and valve outline can also be formed
(Falasco et al. 2009a). Salinity acts on diatoms primarily by
osmotic pressure (Stoermer and Andresen, 2006) by
impairing microtubule function (Falasco et al. 2009b), but
sometimes the ionic water composition itself can be
responsible for morphological variations in algae, as
pointed out by Lewin and Roberston (1971), and Schmid
(1979). The resulting deformation can be severe and
identification becomes difficult even at the genus level
(Stoermer and Andresen, 2006).

During her investigations, Schmid (1980) found a close
relationship between changes in water salinity and sexual
reproduction in Anomoeoneis sphaerophora (Ehrenberg)
Pfitzer and Surirella peisonis Pantocsek. The raphe fissure
in these diatoms was fragmented into short parts or
tubules as salinity increased. Schultz (1971) also found that
a modification in the valve pattern of Cyclotella cryptica
cryptic Reimann, Lewin & Guillard and C. meneghiniana
Kiitzing was related to salinity levels.

Likewise, Hakansson and Chepurnov. (1999) found that
Cyclotella meneghiniana cells cultured at high salinity
levels exhibited greater morphological variability,
including differences in the pattern and the number of
marginal striae, the number and placement of valve face
fultoportulae, and the pattern of mantle fultoportulae
satellite pores.

Al-handal et al. (2014) in their study of Lake Sawa (a salt
lake in Iraq), observed that water salinity was responsible
for teratological traits in Cocconeis sawensis Al-Handal &
Riaux-Gobin, with the occurrence of abnormalities in valve
contour, deflection of the raphe, and distortion of areolae
structure.

In our experiment, salt stress didn’t induce deformities in
some genera, particularly five out of 16 dominant genera
(Achnanthes, Encyonema, Epithemia, Gomphonema and
Rhopalodia) wich didn’t show any deformity in their
frustules-even under high conductivity conditions.

On the other hand, species such as A. minutissimum, E.
subminuta, N. palea, P. brevistriata, S. construens var.
binodis, and S. venter showed a high percentage of
deformities under salt stress. Trobajo et al. (2004) and
Vendrell-Puigmitja et al. (2021) noticed also these species-
specific responses, but the reasons leading to such
taxonomic differences remain unknown. Lavoie et al.
(2017) think that certain genera are more likely to produce
teratological forms than others when affected by “a certain
kind “of disturbance.

The irregular valve outline showed the most prominent
form of teratology in our samples, followed by aberrant
striae, disrupted fibulae, and atypical raphe. Unlike several
works (Jahn, 1986; Trobajo Pujadas, 2007; Trobajo et al.
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2011, 2004) we did not notice a change in the length and
width of cells throughout the experiment.

The present work demonstrates, particularly, a close
relationship between salt stress and valve outline
deformity in P. brevistriata. Peres-Weerts (2000) had
already reported that the percentage of aberrant P.
brevistriata increased with decreasing water quality
conditions, but our study shows also a response in the
degree of deformation in valve outline (loss of symmetry,
bent, incised, swollen, or notched profile), assessed by
means of EFA analysis. The results evidence a close
relationship between salt stress and the deformation at the
individual level. The degree of deformity is more marked in
P. brevistriata growing in treatments exposed to salt stress
compared to those collected from control trays. Our results
are in agreement with Olenici et al. (2017) who detected a
deformation gradient in A. minutissimum from acid mine
drainage sites. They found a positive relationship between
the deformation degree in valve outline and dissolved Zinc
(Zn) concentrations. Mu et al. (2018) also focused their
studies on the degree of teratology in Halamphora veneta
(Katzing) Levkov when exposed to cadmium (Cd) and lead
(Pb) for a period of 96 hours. They found a slight
deformation on H. veneta cells following cadmium
exposure at a concentration of 1.42 mg L?, while obvious
deformation occurred with cells largely expanded after 96
hours of lead exposure at a concentration of 15.35 mg L.

Cells affected by mixed deformities are poorly viable and
are unable to reproduce (Arini et al. 2013). According to
many researchers, mixed teratologies are lethal, hence
why they are rarely observed in natural biofilms (Falasco et
al. 2009b), as well as in laboratory experiments (Arini et al.
2013). This may explain the low percentage of mixed
teratologies compared to a single form of teratology
(deformity) found in our experiment

It's interesting to note that diatom communities grown in
our experiment under various conductivity levels did not
differ significantly from one another; this suggests that high
conductivity brought on by salt stress did not cause
variations in the composition of diatom communities. Our
findings are in contrast to those of earlier research that
found metal pollution was responsible for changes in the
species composition of diatoms (Cantonati et al. 2014;
Cunningham et al. 2003; Duong et al. 2008; Morin et al.
2012b; Sgro et al. 2007). Venancio et al. (2019) noticed that
even small increases in salinity may be sufficient to induce
structural changes in freshwater communities or to induce
changes in trophic relationships. Accordingly, Vendrell-
puigmitja et al. (2021) revealed that freshwater salinization,
induced by effluent from potash mining caused a shift in the
diatom community of the exposed biofilm.

Our results agree, in contrast, with those of (Millan et al.
2020) who found that mineralization and radioactivity did
not induce any significant change in diatom communities.

5. Conclusion

Although our experiment used a simplistic experimental
design, it demonstrated that high conductivity induced by
marine salt addition has the potential to significantly alter
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the structure of diatom frustules causing the appearance of
teratological forms, this teratology continuing throughout
the generations by vegetative reproduction. Irregular valve
outlines, aberrant striae, disrupted fibulae, atypical raphes,
and some mixed deformities are the most significant
deformations observed during our research. The species P.
brevistriata was a good example used to measure the
teratology degree, correlated to conductivity levels. Our
study also showed that salt stress did not induce any
difference or change in the diatom community composition
when comparing control and high conductivity treatments.

These results can be complemented by experimentally
establishing a conductivity gradient to establish the salinity
thresholds that cause teratology in diatoms.

Future laboratory experiments on morphological changes
associated with salinity fluctuations based on axenic
cultures (i.e. examining the behavior of each species
separately) will be interesting and helpful to refine the data
presented in this work. Further studies at the molecular
and proteome levels are also needed to understand the
mechanism underlying the development of teratologies.

Acknowledgments

The present work is funded by the Algerian Ministry of Higher
Education and Scientific Research and the University of 20
August1955 (Algeria), and it fits into the university training
research project (PRFU) carrying the code
A16NO1UN210120180002. We express our thanks to the team of
laboratory of diatomology, university of Leon- Spain for their
assistance during the experiment. Special thanks to Oscar
Ferndndez and Adridn Llamazares for their precious technical
help.

References

Abramoff M.D., Magalhdes P.J., Ram S.J. (2004). Image processing
with imagel. Biophotonics International. 11, 36-41.
https://doi.org/10.1201/9781420005615.ax4

Al-handal A.Y., Riaux-gobin C., Abdulla D.S., Ali M.H. (2014).
Cocconeis sawensis sp. nov. (Bacillariophyceae) from a saline
lake (Sawa Lake), South Iraq: comparison with allied taxa.
Phytotaxa, 181, 216-228. https://doi.org/10.11646/
phytotaxa.181.4.2

Allakhverdiev S.1., Nishiyama Y., Suzuki I., Tasaka Y. and Murata N.
(1999). Genetic engineering of the unsaturation of fatty acids
in membrane lipids alters the tolerance of Synechocystis to
salt stress. Proceedings of the National Academy of Sciences.
U.S.A, 96, 5862-5867. https://doi.org/10.1073/
pnas.96.10.5862

Antoine S.E. and Benson-Evans K. (1984). Teratological
variations in the river Wye diatom flora, Wales, UK, in:
Proceedings of the 8th International Diatom Symposium,
Paris, 59-66.

Arini A., Durant F., Coste M., Delmas F., Feurtet-Mazel A. (2013).

Cadmium decontamination and reversal potential of
teratological forms of the diatom Planothidium
frequentissimum (Bacillariophyceae) after experimental

contamination. Journal of Phycology, 49, 361-370.
https://doi.org/10.1111/jpy.12044
Blanco Lanza S., Alvarez Blanco I., Cejudo Figueiras C. and Bécares

Mantecon E. (2011). Guia de las diatomeas de la Cuenca del

Duero. Ministerio de Medio Ambiente, Medio Rural y Marino
/ Confederacion Hidrografica del Duero.

Boisson J.C. and Perrodin Y. (2006). Effects of road runoff on
biomass and metabolic activity of periphyton in experimental
streams. Journal. Hazard. Mater, 132, 148-154.
https://doi.org/10.1016/j.jhazmat.2005.07.083

Cabrol N.A., Grin E.A., Hock A., Kiss A., Borics G., Kiss K., Acs E.,
Kovacs G., Chong G., Demergasso C., others. (2004).
Investigating the Impact of UV Radiation on High-Altitude
Shallow Lake Habitats, Life Diversity, and Life Survival
Strategies: Clues for Mars’ Past Habitability Potential?. Lunar
& Planetary Science. 1049.

Cantonati M., Angeli N., Virtanen L., Wojtal A.Z., Gabrieli J.,
Falasco E., Lavoie |., Morin S., Marchetto A., Fortin C. and
Smirnova S. (2014). Achnanthidium  minutissimum
(Bacillariophyta) valve deformities as indicators of metal
enrichment in diverse widely-distributed freshwater habitats.
Science. Total Environment, 475, 201-215.
https://doi.org/10.1016/j.scitotenv.2013.10.018

Cattaneo A., Asioli A., Comoli P. and Manca M. (1998). Organisms’
response in a chronically polluted lake supports hypothesized
link between stress and size. Limnology and Oceanography,
43, 1938-1943.

Cattaneo A., Couillard Y. and Wunsam S. (2008). Sedimentary
diatoms along a temporal and spatial gradient of metal
contamination.  Journal.  Paleolimno, 40, 115-127.
https://doi.org/10.1007/s10933-007-9159-1

Cerisier A., Vedrenne J., Lavoie |. and Morin S. (2018). Assessing
the severity of diatom deformities using geometric
morphometry. Botany Letters, 1-9.
https://doi.org/10.1080/23818107.2018.1474800

Clavero E., Grimalt J.0., Garcia-pichel F., Clavero E. and Al E.T.
(2000). Salinity tolerance of diatoms from thalassic
hypersaline environments. Journal. Phycies, 36, 1021-1034.

Cunningham L., Raymond B., Snape I., Riddle M.J. (2005). Benthic
diatom communities as indicators of anthropogenic metal
contamination at Casey Station, Antarctica. Journal of
Paleolimnology, 33, 499-513. https://doi.org/10.1007/
$10933-005-0814-0

Cunningham L., Stark J.S., Snape I., Mcminn A. and Riddle M.J.
(2003). Effects of metal and petroleum hydrocarbon
contamination on benthic diatom communities near Casey
station, Antarctica: an experimental approach. Journal of
Phycology, 39, 490-503.

Debenest T., Silvestre J., Coste M., Delmas F. and Pinelli E. (2008).
Herbicide effects on freshwater benthic diatoms: Induction of
nucleus alterations and silica cell wall abnormalities. Aquatic
Toxicology. 88, 88-94. https://doi.org/10.1016/
j.aquatox.2008.03.011

Duong T.T., Morin S., Coste M., Herlory O., Feurtet-Mazel A. and
Boudou A. (2010). Experimental toxicity and bioaccumulation
of cadmium in freshwater periphytic diatoms in relation with
biofilm maturity. Science. Total Environment, 408, 552-562.
https://doi.org/10.1016/j.scitotenv.2009.10.015

Duong T.T., Morin S., Herlory O., Feurtet-Mazel A., Coste M. and
Boudou A. (2008). Seasonal effects of cadmium accumulation
in periphytic diatom communities of freshwater biofilms.
Aquatic Toxicology, 90, 19-28. https://doi.org/10.1016/
j.aquatox.2008.07.012

Dziengo-Czaja M., Koss J. and Matuszak A. (2008). Teratological
forms of diatoms (Bacillariophyceae) as indicators of water



10

pollution in the western part of Puck Bay (southern Baltic
Sea). Oceanol Hydrobiol Stud, 37, 119-132.
https://doi.org/10.2478/v10009-007-0042-1

Falasco E., Bona F., Badino G., Hoffmann L., Ector L. (2009).
Diatom teratological forms and environmental alterations: A
review. Hydrobiologia, 623, 1-35.
https://doi.org/10.1007/s10750-008-9687-3

Falasco E., Bona F., Ginepro M., Hlubikova D., Hoffmann L., Ector
L. (2009b). Morphological abnormalities of diatom silica walls
in relation to heavy metal contamination and artificial growth
conditions. Water SA, 35, 595-606.
https://doi.org/10.4314/wsa.v35i5.49185

Falasco E., Ector L., Wetzel C.E. and Badino G. (2021). Looking back
, looking forward : a review of the new literature on diatom
teratological forms ( 2010 — 2020 ). Hydrobiologia, 848, 1675-
1753. https://doi.org/10.1007/s10750-021-04540-x

Gold C., Feurtet-Mazel A., Coste M. and Boudou A. (2003).
Impacts of Cd and Zn on the development of periphytic
diatom communities in artificial streams located along a river
pollution gradient. Archives of Environmental Contamination
and Toxicology, 44, 189-197.
https://doi.org/10.1007/s00244-002-2024-3

Gongalves S., Almeida S.F.P., Figueira E. and Kahlert M. (2019).
Valve teratologies and Chl c¢ in the freshwater diatom
Tabellaria flocculosa as biomarkers for metal contamination.
Ecological Indicators, 101, 476-485.
https://doi.org/10.1016/j.ecolind.2019.01.032

Granetti B. (1968). Alcune forme teratologiche comparse in
colture di navicula minima grun. e navicula seminulum grun.
Giornale Botanico Italiano, 102, 469-484.
https://doi.org/10.1080/11263506809426483

Guasch H., Leira M., Montuelle B., Geiszinger A., Roulier J.L.,
Tornés E. and Serra A. (2009). Use of multivariate analyses to
investigate the contribution of metal pollution to diatom
species composition: Search for the most appropriate cases
and explanatory variables. Hydrobiologia, 627, 143-158.
https://doi.org/10.1007/s10750-009-9721-0

Hakansson H. and Chepurnov V. (1999). A Study of Variation in
Valve Morphology of the Diatom Cyclotella Meneghiniana in
Monoclonal Cultures: Effect of Auxospore Formation and
Different Salinity Conditions. Diatom Re, 14, 251-272.
https://doi.org/10.1080/0269249X.1999.9705469

Hammer @., Harper D.A.T., Ryan P.D. and others. (2001). PAST:
Paleontological statistics software package for education and
data analysis. Palaeontology. Electrones, 4, 9.

Hill W.R., Ryon M.G. and Schilling E.M. (1995). Light limitation in
a stream ecosystem: responses by primary producers and
consumers. Ecology, 76, 1297-1309.

Hoagland K.D., Carder J.P. and Spawn R.L. (1996). Effects of
organic toxic substances, in: Algal Ecology. Elsevier, pp. 469—
496.

Hofmann G., Werum M. and Lange-Bertalot H. (2011). Diatomeen
im SiBwasser-Benthos von Mitteleuropa: Bestimmungsflora
Kieselalgen fiir die Okologische Praxis; Uber 700 der
hauFigureten Arten und ihrer Okologie. Gantner.

Hustedt F. (1956). Kieselalgen (Diatomeen). Einflhrung in die
Kleinlebwelt. Kosmos. Gesellschaft der Natur freunde. Fr.
Verlagshandlung Stuttgart 1-70.

Iwata H. and Ukai Y. (2002). SHAPE: a computer program package
for quantitative evaluation of biological shapes based on

NOUNE et al.

elliptic Fourier descriptors. Journal of Heredity, 93, 384—385.
https://doi.org/10.1093/jhered/93.5.384

Jahn R. (1986). A study of Gomphonema augur Ehrenberg. The
structure of the frustule and its variability in clones and
populations, in: 8th Diatom Symposium 1984. 191-204.

Kelly M.G. (2003). Short term dynamics of diatoms in an upland
stream and implications for monitoring eutrophication,
Environmental Pollution, 125, 117-122.
https://doi.org/10.1016/50269-7491(03)00075-7

Lavoie I.,, Hamilton P.B., Morin S., Kim Tiam S., Kahlert M.,
Gongalves S., Falasco E., Fortin C., Gontero B., Heudre D.,
Kojadinovic-Sirinelli M., Manoylov K., Pandey L.K. and Taylor
J.C. (2017). Diatom teratologies as biomarkers of
contamination: Are all deformities ecologically meaningful?
Ecology. Indica. 82, 539-550. https://doi.org/10.1016/
j.ecolind.2017.06.048

Lewin Ralph A and Roberston A. (1971). Influence of salinity on
the form of Asterocytis in pure culture. Journal of Phycology,
7, 236-238.

Lyon B.R., Lee P.A., Bennett J.M., DiTullio G.R., Janech M.G.
(2011). Proteomic analysis of a sea-ice diatom: salinity

insight into the

pathway. Plant

acclimation provides new

dimethylsulfoniopropionate production
Physiology, 157, 1926-1941.

Mccormick P.V. and Cairns J. (1994). Algae as indicators of
environmental change. Journal of Applied Phycology, 6, 509—
526.

Medley C.N. and Clements W.H. (1998). Responses of diatom
communities to heavy metals in streams: The influence of
longitudinal variation. Ecological Applications, 8, 631-644.
https://doi.org/10.1890/1051-
0761(1998)008[0631:RODCTH]2.0.CO;2

Millan F., Izere C., Breton V., Voldoire O., Biron D.G., Wetzel C.E.,
Miallier D., Allain E., Ector L., Beauger A. (2020). The effect of
natural radioactivity on diatom communities in mineral
springs. Bot. Letter, 167, 95-113.

Moisset S., Tiam S.K., Feurtet-Mazel A., Morin S., Delmas F.,
Mazzella N. and Gonzalez P. (2015). Genetic and physiological
responses of three freshwater diatoms to realistic diuron
exposures. Environmental Science and Pollution Research, 22,
4046-4055. https://doi.org/10.1007/s11356-014-3523-2

Morin S., Cordonier A., Lavoie I., Arini A., Blanco S., Becares E.,
Coste M., Faggiano L., Laviale M., Pe F., Fortin C., Guasch H.
and Sabater S. (2012a). Consistency in diatom response to
metal-contaminated environments, in: Emerging and Priority
Pollutants in Rivers. Springer, pp. 117-146.
https://doi.org/10.1007/978-3-642-25722-3 5

Morin S., Gdmez N., Tornés E., Licursi M., Rosebery J. (2016).
Benthic diatom monitoring and assessment of freshwater
environments: standard methods and future challenges.
Aquat. Biofilms Ecol. Water Qual. Wastewater Treat 111-124.

Morin S., Lambert A.S., Artigas J., Coquery M. and Pesce S.
(2012b). Diatom immigration drives biofilm recovery after
chronic copper exposure. Freshwater Biology, 57, 1658—1666.
https://doi.org/10.1111/j.1365-2427.2012.02827.x

Morin S., Vivas-Nogues M., Thi T.D., Boudou A., Coste M. and
Delmas F. (2007). Dynamics of benthic diatom colonization in
a cadmium/zinc-polluted river (Riou-Mort, France). Fundam.
Applied Limnology, 168, 179-187.
https://doi.org/10.1127/1863-9135/2007/0168-0179



EXPLORING THE EFFECT OF SALINITY AS A PRIMARY CAUSE OF TERATOLOGY IN FRESHWATER DIATOMS 11

Mostaert U. (1995). Inorganic ions and mannitol in the red alga
Caloglossa leprieurii ( Ceramiales , Rhodophyta ): Response to
salinity change. Phycologia, 34, 501-507.
https://doi.org/10.2216/i0031-8884-34-6-501.1

Mu W., Chen Y., Liu Y., Pan X. and Fan Y. (2018). Toxicological
effects of cadmium and lead on two freshwater diatoms.
Environmental Toxicology and Pharmacology, 59, 152-162.
https://doi.org/10.1016/j.etap.2018.03.013

Muhr E. (2014). Teratological Diatom Deformities in the
Periphyton of Colorado Alpine Streams as Indicators of Acid
Mine Drainage Contamination. University of Colorado,
Boulder.

Nicolosi Gelis M.M., Cochero J., Donadelli J. and Gomez N. 2020.
Exploring the use of nuclear alterations , motility and
ecological guilds in epipelic diatoms as biomonitoring tools for
water quality improvement in urban impacted lowland
streams. Ecological Indicators. 110, 105951.
https://doi.org/10.1016/j.ecolind.2019.105951

Olenici A., Blanco S., Borrego-Ramos M., Momeu L., Baciu C.
(2017). Exploring the effects of acid mine drainage on diatom
teratology using geometric morphometry. Ecotoxicology 26,
1018-1030. https://doi.org/10.1007/s10646-017-1830-3

Ostertagova E., Ostertag O. and Kovac J. (2014). Methodology and
application of the Kruskal-Wallis test. Applied Mechanics and
Materials, 611, 115-120. https://doi.org/10.4028/
www.scientific.net/AMM.611.115

Pandey L.K. and Bergey E.A. (2018). Metal toxicity and recovery
response of riverine periphytic algae. Science Total
Environment, 642, 1020-1031. https://doi.org/10.1016/
j.scitotenv.2018.06.069

Pandey L.K., Lavoie I., Morin S., Park J., Lyu J., Choi S., Lee H. and
Han T. (2018). River water quality assessment based on a
multi-descriptor approach including chemistry, diatom
assemblage structure, and non-taxonomical diatom metrics.
Ecological Indicators, 84, 140-151.
https://doi.org/10.1016/j.ecolind.2017.07.043

Peres-Weerts F. (2000). Mise en évidence des effets toxiques des
métaux lourds sur les diatomées par I'étude des formes
tératogenes. Agence I'Eau Artois Picardie, Douai.

Pujadas R.T. (2007). Ecological analysis of periphytic diatoms in
Mediterranean coastal wetlands (Emporda wetlands, NE
Spain). ARG Gantner Verlag.

Ragueneau O., Conley D.J., Leynaert A., Longphuirt S.N. and Slomp
C.P. (2006). Role of diatoms in silicon cycling and coastal
marine food webs, In The Silicon Cycle, Human Perturbations
and Impacts on Aquatic Systems. eds. V. Ittekkot D. Unger C.
Humborg and N.T. An (Washington, DC: Island Press), 163—
195.

Riato L., Leira M., Della Bella V. and Oberholster P.J. (2018).
Development of a diatom-based multimetric index for acid
mine drainage impacted depressional wetlands. Science Total
Environment, 612, 214-222. https://doi.org/10.1016/
j.scitotenv.2017.08.181

Rijstenbil J.W. (2005). UV- and salinity-induced oxidative effects
in the marine diatom Cylindrotheca closterium during
simulated emersion. Marine Biology, 147, 1063-1073.
https://doi.org/10.1007/s00227-005-0015-4

Rosemond A.D., Mulholland P.J. and Brawley S.H. (2000).
Seasonally shifting limitation of stream periphyton: response
of algal populations and assemblage biomass and productivity
to variation in light, nutrients, and herbivores. Canadian

Journal of Fisheries and Aquatic Sciences, 57, 66-75.
https://doi.org/10.1139/cjfas-57-1-66

Sabater S. (2000). Diatom communities as indicators of
environmental stress in the Guadiamar River, S-W. Spain,
following a major mine tailings spill. Journal of Applied
Phycology, 12, 113-124. https://doi.org/10.1023/
A:1008197411815

Schmid A.M. (1980). Valve morphogenesis in diatoms: a pattern-
related filamentous system in pennates and the effect of
APM, colchicine and osmotic pressure. Nova Hedwigia, 33,
811-847.

Schmid A.M.M. (1979). Influence of environmental factors on the
development of the valve in diatoms. Protoplasma, 99, 99—
115. https://doi.org/10.1007/BF01274072

Schultz M.E. (1971). Salinity-related polymorphism in the
brackish-water diatom Cyclotella cryptica . Canadian Journal
of Botany, 49, 1285-1289. https://doi.org/10.1139/b71-182

Sgro G.V, Poole J.B. and Johansen J.R. (2007). Western North
American Naturalist Diatom species composition and ecology
of the Animas River Watershed, Colorado, USA. West. North
Americal. National, 67, 510-519.

Sladecek V. (1986). Diatoms as Indicators of Organic Pollution.
Acta Hydrochim. Hydrobiol, 14, 555-566.
https://doi.org/10.1002/aheh.19860140519

Smol J.P., Stoermer E.F. (2010). The diatoms: applications for the
environmental and earth sciences. Cambridge University
Press.

Stevenson J. (2014). Ecological assessments with algae : a review
abd synthesis 1. Journal. Phycology, 50, 437-461.
https://doi.org/10.1111/jpy.12189

Stevenson R.J. (1996). An introduction to algal ecology in
freshwater benthic habitats. Algal Ecology in Freshwater
Benthic Ecosystems. 3—30.

Stevenson RJ., Pan Y. and Dam H.V. (1999). Assessing
environmental conditions in rivers and streams with diatoms,
in: The Diatoms: Applications for the Environmental and Earth
Sciences, Second Edition. 57-85. https://doi.org/10.1017/
CB0O9780511763175.005

Stoermer E.F. (1967). Polymorphism in Mastogloia. Journal.
Phycology, 3, 73-77.

Stoermer E.F. and Andresen N.A. (2006). Atypical tabularia in
coastal Lake Erie, USA. Foss. Recent Phycology. Study, 351—
361.

Sudhir. and Murthy S.D.S. (2004). Effects of salt stress on basic
processes of photosynthesis. Photosynthetica, 42, 481-486.

Trobajo R., Cox E.J. and Quintana X.D. (2004). The effects of some
environmental variables on the morphology of Nitzschia
frustulum ( Bacillariophyta ), in relation its use as a
bioindicator. Nov. Hedwigia, 79, 433-445.
https://doi.org/10.1127/0029-5035/2004/0079-0433

Trobajo R., Rovira L., Mann D.G. and Cox E.J. (2011). Effects of
salinity on growth and on valve morphology of five estuarine
diatoms. Phycological Research, 59, 83-90.
https://doi.org/10.1111/j.1440-1835.2010.00603.x

Tuchman M.L., Theriot E. and Stoermer E.F. (1984). Effects of low
level salinity concentrations on the growth of Cyclotella
meneghiniana  Kutz. (Bacillariophyta). Archangel. fur
Protistenkd, 128, 319-326. https://doi.org/10.1016/S0003-
9365(84)30003-2

Vairavamurthy A., Anssdreae M.O. and Iverson R.L. (1985).
Biosynthesis of dimethylsulfide and dimethylpropiothetin by



12

Hymenomonas carterae in relation to sulfur source and
salinity  variations.  Limnol. Oceanogr, 30, 59-70.
https://doi.org/10.4319/10.1985.30.1.0059

Venancio C., Castro B.B., Ribeiro R., Antunes S.C., Abrantes N.,
Soares A.M.V.M. and Lopes |. (2019). Sensitivity of freshwater
species under single and multigenerational exposure to
seawater intrusion. Philosophical Transactions of the Royal
Society. B Biological Sciences. 374. https://doi.org/10.1098/
rstb.2018.0252

Vendrell-puigmitja L., Llenas L., Proia L., Ponsa S., Espinosa C.,
Morin S., Abril M. (2021). Effects of an hypersaline
effluent from an abandoned potash mine on freshwater

NOUNE et al.

biofilm and diatom communities. Aquatic Toxicology, 230,
105707. https://doi.org/10.1016/j.aquatox.2020.105707

Weitere M., Erken M., Majdi N., Arndt H., Norf H., Reinshagen M.,
Traunspurger W., Walterscheid A. and Wey J.K. (2018). The
food web perspective on aquatic biofilms. Ecological
Monographs, 88(4), 543-559, https://doi.org/
10.1002/ecm.1315

Windler M., Bova D., Kryvenda A., Straile D., Gruber A. and
Kroth P.G. (2014). Influence of bacteria on cell size
development and morphology of cultivated diatoms.
Phycological Research, 62, 269-281. https://doi.org/
10.1111/pre.12059





