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SUMMARY

Vegetative cell division in diatoms often results in a
decreased cell size of one of the daughter cells, which
during long-term cultivation may lead to a gradual
decrease of the mean cell size of the culture. To restore
the initial cell size, sexual reproduction is required,
however, in many diatom cultures sexual reproduction
does not occur. Such diatom cultures may lose their
viability once the average size of the cells falls below a
critical size. Cell size reduction therefore seriously
restrains the long-term stability of many diatom cultures.
In order to study the bacterial influence on the size
diminution process, we observed cell morphology
and size distribution of the diatoms Achnanthidium
minutissimum, Cymbella affiniformis and Nitzschia
palea for more than two years in bacteria-free condi-
tions (axenic cultures) and in cultures that contain
bacteria (xenic cultures). We found considerable mor-
phological aberrations of frustule microstructures in
A. minutissimum and C. affiniformis when cultivated
under axenic conditions compared to the xenic cultures.
These variations comprise significant cell length reduc-
tion, simplification and rounding of the frustule contour
and deformation of the siliceous cell walls, features that
are normally found in older cultures shortly before they
die off. In contrast, the xenic cultures were well pre-
served and showed less cell length diminution. Our
results show that bacteria may have a fundamental
influence on the stability of long-term cultures of
diatoms.
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reduction, xenic.

INTRODUCTION

Long-term cultivation of diatoms is often challenging,
one reason for this is their characteristic cell cycle. The
intracellular generation of new valves during vegetative
cell division results in disparately sized daughter cells,
of which only one retains the initial cell size, while the

other daughter cell is smaller (Chepurnov et al. 2004).
This effect, known as the MacDonald-Pfitzer rule
(MacDonald 1869; Pfitzer 1871) causes a gradual
reduction of the median cell size of a culture, with a few
known exceptions: Eunotia minus (Kitzing) Grunow
(Geitler 1932), Adlafia minusculavar. muralis (Grunow)
Lange-Bertalot (Locker 1950), Nitzschia paleacea
Grunow, Nitzschia palea var. debilis (Kutzing) Grunow
(Wiedling 1948) and Phaeodactylum tricornutum
Bohlin (Lewin et al. 1958; Martino et al. 2007). Recov-
ery of the maximal (or initial) cell size takes place via
auxospore formation, a process that mainly occurs after
sexual reproduction (Chepurnov et al. 2004; Mann
2011). Once the cells reach a minimal size threshold,
sexual reproduction can be triggered by external condi-
tions such as light, temperature, presence of osmolytes
and nutrient availability (Drebes 1977; Chepurnov
et al. 2004). Many diatoms are not able to reproduce
sexually in culture, for example, if the gametes pro-
duced within a clonal line are self-incompatible or if
external triggers for sexual reproduction are missing. In
such cultures, cell size diminution often continues and
finally the cultures die (Geitler 1932; Chepurnov et al.
2004). For the long-term maintenance of diatom cul-
tures it is therefore necessary to detect and optimize
cultivation conditions, which retard or even prevent the
cell size diminution. In this study we investigate the
bacterial influence on the long-term stability of three
different pennate diatoms, isolated from freshwater
biofilms. In their natural habitats diatoms are usually
associated with bacteria and the presence as well as the
composition of the accompanying bacterial community
may considerably impact the physiology of the algae.
Bacteria are known to influence the formation of marine
snow (Grossart et al. 2006), growth and production of
extracellular polymeric substances (EPS) (Bruckner
et al. 2008), reduce toxic compounds, for example
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hydrogen peroxide (Hlnken et al. 2008), supply essen-
tial organic compounds like vitamins (Croft et al. 2005),
stimulate secondary metabolite production like domoic
acid in case of Pseudo-nitzschia multiseries (Hasle)
Hasle (Bates et al. 1995; Kobayashi et al. 2009) or even
act algicidal (Mitsutani et al. 2001; Kang et al. 2011).
Analyses of bacterial assemblages in diatom cultures
revealed dominance of Alpha-, Beta- and Gamma-
Proteobacteria and bacteria of the Cytophaga-
Flavobacterium-Bacteroides (CFB) phylum (Schafer
et al. 2002; Kaczmarska et al. 2005; Sapp et al. 2007,
Bruckner et al. 2008). In such cultures, the composition
of the co-cultivated bacterial community depends on the
composition of the bacterial community at the time of
isolation, the diatom species itself and the cultivation
conditions. It has been demonstrated that the bacterial
composition in freshly isolated cultures differs from the
associated bacterial community /in situ and may change
during extended cultivation (Sapp et al. 2007). In con-
trast, Schéafer ef al. (2002) found the diatom-bacteria
associations in several investigated cultures to be stable.
Furthermore, they showed that bacterial communities of
different diatom cultures are distinct in composition
(Schafer et al. 2002). Even the same diatom species
may be associated with different bacterial communities,
depending on the cultivation conditions (Kaczmarska
et al. 2005).

In this study, we followed the cell size distribution
and morphological changes of the benthic diatoms
Achnanthidium minutissimum (Kutzing) Czarnecki,
Cymbella affiniformis Krammer and Nitzschia palea
(Kutzing) W. Smith in the presence and absence of their
associated bacterial community for more than two
years. We found that the average cell length and width
as well as the frustule shape of two of the observed
diatoms depend on the presence of bacteria. We further
found evidence that the presence of bacteria in the
culture slows down the overall size reduction. This
study shows evidence that associated bacteria may be
important for the long-term maintenance of clonal
diatom cultures.

MATERIALS AND METHODS

[solation of diatoms

Achnanthidium minutissimum isolate B-13, Cymbella
affiniformis isolate B-16 and Nitzschia palea isolate
B-01 were isolated in January 2009 from phototrophic,
epilithic biofilms from the littoral zone of Lake Con-
stance (47°41’ N; 9°11’ E, Germany). Detailed descrip-
tions of isolation and purification from associated
bacteria are described elsewhere (Windler et al. 2012).
For isolation, the biofilm suspensions were streaked on
agar plates containing a modified liquid Bacillario-
phycean Medium (BM) (Windler et al. 2012) and cul-

tivated as described below. Single colonies were picked
and transferred to liquid medium.

Cultivation conditions

Xenic and axenic diatom isolates were cultivated in
liqguid BM at standard cultivation conditions at 16°C
in a 12:12 h light : dark cycle and at a photon flux
density of 20-50 umol m=2s!. Cells were cultivated
under non-shaking conditions in tissue culture flasks
(Sarstedt, Newton, NC, USA). The strains were trans-
ferred to fresh media monthly, during the stationary
phase. The cells were scraped from the bottom of
the culture flask, and 15-20 uL culture medium con-
taining approximately 15 000-20 000 cells (in case of
A. minutissimum and N. palea) were transferred into
10 mL fresh BM. Backup cultures of xenic and axenic
A. minutissimum cells were stored on agar plates
with solid BM at 16°C with a photon flux density of
20-40 umol m2s?! and transferred to fresh plates
every 2 months, additional backup cultures were stored
at 8°C with a photon flux density of 0.5-2.0 umol
m~2 s7; these backup cultures were transferred to fresh
plates every 3-6 months.

Frustule preparation and identification of
the diatom isolates

For morphological identification and cell size determi-
nation of the diatom isolates, frustules were treated
with 35% hydrogen peroxide at 95°C for 4 h and
again with 10% hydrochloric acid at room temperature
for 4 h and mounted in Naphrax (index nD 1.710;
Euromex, Arnhem, Netherlands), roughly following a
procedure described by the European Committee for
Standardization (2003). For morphological identifica-
tion, the purified frustules were observed using an
Olympus BX51 microscope (Olympus Europe, Hamburg,
Germany) at 1000 x magnification and identified
according to Krammer and Lange-Bertalot (1986, 1988,
1991) and Krammer (2002).

For analysis of the 18S rDNA region, genomic DNA
was extracted using a protocol from Murray and
Thompson (1980) with slight modifications. Cell pellets
of 7-8 mL cultures were pestled in 2 x cetyltrimethyl-
ammonium bromide extraction buffer with 1%
2-mercaptoethanol and processed as described in
Bruckner et al. (2008). Precipitation was increased
using one volume of isopropanol. 18S rDNA fragments
were amplified using the primers 5’-AAC CTG GTT GAT
CCT GCC AGT-3"and 5-TTGATC CTT CTG CAG GTT CAG
CTA-3” modified from Medlin et al. (1988). 18S rDNA
clone libraries were established as described for 16S
rDNA libraries in Bruckner et al. (2008). 18S rDNA
fragments were sequenced (GATC, Konstanz, Germany)



and BLAST searches were performed against the
National Center for Biotechnology Information database.

Determination of cell length and width of
diatom frustules

The first frustule preparation of xenic diatoms was per-
formed in April 2009, after a cultivation period of 3
months and the next preparation in August 2011 after
an additional cultivation period of 28 months. Axenic
diatoms were purified from xenic cultures in June 2009
and the respective frustules were also prepared in
August 2011 after a cultivation period of 26.5 months.
The diatom frustules were observed at 400-
1000 x magnification as described above. Images were
taken with a Zeiss AxioCam MRm digital camera system
(Carl Zeiss Microlmaging GmbH, Gottingen, Germany).
Frustule sizes were determined with the digital image
processing software Axio Vision LE (Carl Zeiss). Cell
lengths were measured from pole to pole and cell
widths at the widest part of the central area, 25 cells
were measured from each sample.

Temporal progression of cell length of
A. minutissimum

Cell lengths of xenic and axenic A. minutissimum cul-
tures were examined from June 2009 to November 2011
at irregular intervals from images of live cells. Length
measurements were conducted either by direct observa-
tion in the cultivation vessels with an inverted optical
microscope (Axiovert 40 C, Carl Zeiss) or by observation
of culture aliquots with an upright microscope (Olympus
BX51, Olympus Europe, Hamburg, Germany). Length
scales were determined individually for each of the used
microscopes. Photographs were taken with Zeiss
AxioCam MRc or MRm digital camera systems (Carl
Zeiss) and analyzed with the digital image processing
software Axio Vision LE (Carl Zeiss). Images of cultures
taken after 150 (xenic and axenic), 305/306 (axenic)
and 325 days (xenic) originated from cultures that were
stained with crystal violet or DiOCs (Molecular Probes,
Life Technologies, Darmstadt, Germany), respectively,
directly before the pictures were taken. Whenever pos-
sible, 25 cells per time point were used for measure-
ments (exceptions: 14 axenic cells on day 131, 16
axenic cells on day 150, 15 axenic cells on day 306 and
22 xenic cells on day 325). In order to test the influence
of cultivation on solid medium on cell size reduction
(compared to liquid cultivation), A. minutissimum cells
were scraped from the backup cultures and transferred
into liquid BM according to the test cultures. After one
month cultivation under standard conditions, cell length
was measured as described above. In the following we
use the terms ‘frustule length’ for measurements of
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frustule material and ‘cell length’ for measurements of
live cells.

Growth of A. minutissimum and
chlorophyll extraction

To observe growth of xenic and axenic
A. minutissimum, the progression of the chlorophyll
concentration was measured in triplicates. 150 mL of
BM was inoculated with 1 x 10° cells mL™ and incu-
bated at 16°C and 100 rpm with a photon flux density
of 50 umol m2 s and a light : dark cycle of 12:12 h.
For each time point chlorophyll was extracted from an
aliquot of 1 mL diatom culture by addition of a mixture
of 5% methanol and 95% acetone to the cell pellet.
Chlorophyll concentrations were determined using the
equation for diatoms, chrysomonads and brown algae
according to Jeffrey & Humphrey (1975). The growth
rates (u) of the cultures were calculated during the
exponential growth phase of the two cultures as:

= (In(Chl) = In(Chly))/(t2 — t1)

with the chlorophyll concentrations Chly; and Chly, at the
beginning (t1) and at the end (t,) of the exponential
phase. The exponential growth phase lasted from day 11
to 22 in the axenic, and from day 4 to 18 in the xenic
culture.

Statistical analysis

We compared the cell dimensions (length, width and
length-to-width ratio) of diatom frustules of the xenic
cultures in 2009, 2011 and of the axenic cultures in
2011 using analysis of variance (ANOVA) and Tukey’'s
honestly significant difference (HSD) posthoc tests. For
A. minutissimum the temporal progression of mean cell
length was analyzed for the xenic and axenic cultures
with regression models using time since the start of the
experiment as an independent variable. We further used
a t-test to analyze differences in cell size of living cells of
A. minutissimum. In addition, we used ANOVA and
Tukey’s HSD to test for differences in cell length between
all liquid and backup cultures of A. minutissimum
in 2012. Statistical analyses were performed in R (R
Development Core Team 2011).

RESULTS

Identification of the diatom isolates

At the beginning of the experiments in 2009 the diatom
isolates were identified using morphological criteria and
18S rDNA sequence analyses. Isolate B-13 exhibited
typical features of Achnanthidium minutissimum
(Krammer & Lange-Bertalot 1991). The valves were
linear-lanceolate with broadly rostrate ends. The axial
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Achnanthidium minutissimum
2009 xenic

2011 axenic

Fig. 1. Frustules of  Achnanthidium
minutissimum in April 2009 and after cul-
tivation in axenic and xenic state in August
2011. Arrows mark parts of the frustule
deformation. Scale bars represent 10 pm.

I20i il I

Cymbella affiniformis
2009 xenic

2011 axenic

2011 xenic

area was narrow, linear or slightly lanceolate. The
central area was formed by one or two shortened and
more broadly spaced striae. The central area was vari-
able and present on both sides or only on the one side
of the valve and never formed a stauros (Fig. 1). The
BLAST results of the 185 rDNA fragment of isolate
B-13 showed high similarities of 99% with the data-
base entry of A. minutissimum (GenBank AM502032).

Based on the morphological characters we consider
the isolate B-16 to represent Cymbella affiniformis
(Krammer 2002). The valves were moderately

Fig. 2. Frustules of Cymbella affiniformis
in April 2009 and after cultivation in
axenic and xenic state in August 2011.
Arrow marks the concave ventral margin.
Scale bars represent 10 um.

dorsiventral, lanceolate, the dorsal margin was strongly
convex and the ventral margin was slightly convex.
The ends were subrostrate to rostrate and narrowly
rounded (Fig. 2). Sequence analysis of B-16 showed
high similarities of 99% with Cymbella affinis Kiitzing
(AM502018/AM502009) and Cymbella excisa Kiitzing
(JN790273), however, there is no database entry for
C. affiniformis.

Isolate B-O1 showed all characters of Nitzschia
palea as described in Krammer and Lange-Bertalot
(1988). Two forms were present in this culture,



Fig. 3. Frustules of Nitzschia palea in
April 2009 and after cultivation in axenic
and xenic state in August 201 1. The culture
consisted of N. palea f. major with longer
cells (large morphotype) and N. palea with
shorter cells (small morphotype) at the
beginning of the experiment in 2009. In
2011 the xenic and axenic cultures con-
tained only cells of the smaller morphotype.
Scale bars represent 10 um.

Nitzschia palea

2009 xenic
large morphotype

2011 axenic
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small morphotype

N

2011 xenic

N. palea f. major Rabenhorst, which has considerably
longer cells, and N. palea with shorter cells. The valves
were linear-lanceolate (smaller morphotype) to linear
(larger morphotype) and the valve margins at the center
were linear (larger morphotype) or slightly convex
(smaller morphotype). The poles were rostrate,
subrostrate or subcapitate. Striae were not visible under
the light microscope. Fibulae were more or less square-
like. The distance between the fibulae was irregular, but
the central pair of fibulae was more widely separated
than the others (Fig. 3). The BLAST results of the 18S
rDNA fragments of isolate B-O1 coincide with the mor-

phological identification, exhibiting 100% similarity
with N. palea (AJ867008/AJ867006/AJ867001).

Cell size and frustule morphology of
axenic versus xenic diatom cultures

Figure 4 gives an overview of the dates of diatom
isolation, purification from associated bacteria and
sampling for length measurements. A. minutissimum
exhibited considerable differences in frustule morphol-
ogy when cultivated with or without bacteria in liquid
medium (Fig. 1). Frustules of xenic cells retained
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Fig. 4. Timescale of diatom isolation, puri-
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Table 1. Mean values of frustule length, width and length-to-width ratio of Achnanthidium minutissimum, Cymbella affiniformis and

Nitzschia palea in April 2009 and after long-term cultivation under xenic and axenic conditions in August 2011

Xenic 2009 Xenic 2011 Ratio (%)t Axenic 2011 Ratio (%)t
A. minutissimum Length (um) 16.52 (£1.59) 13.84 (x0.6) -16.2 7.64 (x0.76) -53.8
Width (um) 4.16 (+0.24) 3.93 (x0.2) -5.5 3.62 (+0.18) -13
Length : width 3.98 3.53 2.11
C. affiniformis Length (um) 30.02 (£0.8) 26.6 (£3) -11.4 20.14 (x1.51) -32.9
Width (um) 8.6 (£0.39) 9.42 (+0.54) +9.5 8.67 (+0.4) n.s.
Length : width 3.5 2.83 2.33
N. palea Length (um) 68.59 (+2.46)° 40.06 (£1.89) -41.6 36.23 (¥2.13) -47.2
31.74 (+0.54)°
Width (um) 4.35 (+0.68)° 3.78 (£0.1) -13.1 3.68 (x0.17) -15.4
4.04 (#0.31)°
Length : width 16.08° 10.6 9.87
7.9

tdescribes the percentile differences in frustule length and width compared to the original sizes in 2009. Cell lengths and widths of
N. palea measured in 2011 were thereby compared to those of N. palea f. major (large morphotype). n.s. reveals no significant differences.
2N. palea f. major, °N. palea small morphotype. Standard deviation is given in parentheses.

the typical features of A. minutissimum even after a
long period of cultivation (Krammer & Lange-Bertalot
1991). However, in our axenic A. minutissimum
culture, the valve outline of the cells was rhombic to
elliptic, with the ends broadly rounded and sometimes
slightly protracted. The valves seemed partly to be
thinner and deformed compared to valves of the original
xenic culture. After more than two years in culture, the
length and width of the xenic diatom cells were slightly
shorter compared to the original values (Table 1,
Fig. 5). In contrast, the average frustule length and
width of the axenic diatom culture were considerably
more reduced after a comparable cultivation period.
The length-to-width ratio in the axenic culture
was substantially lower compared to the xenic
A. minutissimum cultures (Table 1, Fig. 5). As a result,
we observed a slight reduction of frustule size of
A. minutissimum of 16.2% in length and 5.5% in
width in the presence of bacteria but an extensive
reduction of 53.8% in length and 13% in width in the
axenic culture after more than two years of cultivation.
All observed differences in frustule length and width
between xenic and axenic cultures at different time
points are statistically significant (Fig. 5).

No significant differences of cell length of live cells
between xenic and axenic cultures of A. minutissimum
were observed at the beginning of the experiment in June
2009 (Fig. 6, P> 0.05, see Appendix S1 for example
measurements). The xenic culture thereby exhibited a
mean cell length of 13.65+ 1.22 um and the axenic
culture immediately after purification had a mean cell
length of 13.06 + 1.21 um. This demonstrates that the
applied purification methods had no direct influence on
the cell length of A. minutissimum. The cell length of the
axenic culture decreased (n=10,t=-4.8, P<0.01) to
9.68 £ 0.97 um, whereas the cell length of the xenic
culture did not decline (n=10,t=-1.0, P=0.32) and
remained at 13.8 £ 1.05 um. Interestingly, the xenic
culture abruptly developed larger cells with a mean
length of 15.9 + 0.82 um after 325 days with a signifi-
cant difference to cell length of the previous measure-
ment after 150 days (P < 0.05).

During the long-term cultivation of xenic and axenic
A. minutissimum cultures in liquid BM (three parallel
axenic cultures and two parallel xenic cultures), it was
occasionally necessary to re-inoculate the axenic liquid
medium cultures from backup cultures kept on solid
BM at 16°C and at 8°C. To exclude the possibility that
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Fig. 5. Frustule length, ~width and Achnanthidium minutissimum  Cymbella affiniformis Nitzschia palea
length-to-width ratio of Achnanthidium
minutissimum, Cymbella affiniformis and 184 — — -
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Tukey's HSD testing are shown below each ng XET 3)81 ng X; 3)81 ngé/s x(1:1 3)81

chart. The first line points to significant
(P < 0.05) differences between the cultures

F,,, =516, P < 0.0001

F,., =161, P <0.0001 F,e = 1909, P < 0.0001

based on post-hoc tests (Tukey's HSD, - - 654 ~°
means not differing share the same letter). 449 i L 10.0+ 6.0
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g : 2404
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454 1 B 257
I-Bnied i
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T T _:_ T T 7 5 A T T T
x09 x11  ax!1 x09 x11  ax!1 x091l/s x11  ax!1
A B C A B C A/B C C

F,,, = 330, P < 0.0001

the cell size reduction of the axenic diatom culture was
induced by such changes between cultivation on solid
medium versus liquid medium or by the lower cultiva-
tion temperature of the backup cultures, we measured
and compared cell lengths of all existing xenic and
axenic A. minutissimum cultures at the end of the
experiment in February 2012. Interestingly, cells of
A. minutissimum, when cultivated at 16°C on solid
diatom medium, in our hands became considerably
smaller compared to those that were cultivated in liquid
medium (Fig. 7). Nevertheless, in each observed case
the xenic cells were significantly longer than the axenic
ones, independent from the type of medium used
for cultivation. This proves that cultivation on solid
medium alone does not explain the differences in
length between xenic and axenic A. minutissimum and

F,,, = 180, P < 0.0001 Fye = 189, P < 0.0001

thus the observed differences have to be attributed to
the presence or absence of bacteria.

To evaluate possible differences in the numbers of
cell divisions between xenic and axenic cultures, the
temporal progression of the chlorophyll concentration
of these cultures was measured (Fig. 8). The xenic
culture had a high potential to form cell aggregates,
whereas the axenic culture grew completely suspended.
This condition made it impractical to determine the
growth rate by cell counting methods and we therefore
chose chlorophyll concentration as a measure for
growth. Logarithmic scale of the growth curves (not
shown) showed a prolonged lag-phase of 11 days for the
axenic culture, while the xenic culture entered the
exponential phase earlier after 4 days of cultivation.
A. minutissimum exhibited a slightly higher growth rate
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Fig. 8. Growth of Achnanthidium minutissimum in xenic (black)
and axenic state (red). Both cultures reached similar chlorophyl
concentrations in the stationary phase (1.25 + 0.39 pg mL™ in
the xenic culture, 1.28 + 0.1 ug mL~! in the axenic culture after
22 days of cultivation). High error bars in the late stationary phase
are attributed to the formation of cell aggregates.

of 0.4 days' in the axenic state compared to 0.31
days™ in the xenic state. This corresponds to a doubling
time of 1.73 days in the axenic and 2.21 days in the
xenic diatom culture. Both cultures reached similar
chlorophyll concentrations in the stationary phase
(1.25 +£ 0.39 pg mL" in the xenic, 1.28 + 0.1 pg mL!
in the axenic culture after 22 days of cultivation). In
the late stationary phase, after 25 days of observation,
the chlorophyll concentration of the axenic culture
declined, whereas that of the xenic culture remained
stable for a longer time. The xenic culture formed
cell aggregates in the course of the stationary phase
resulting in high standard deviations of chlorophyll
measurements,

In all studied xenic C. affiniformis cultures the
frustules exhibited typical morphological characteris-
tics as described in Krammer (2002) (Fig. 2). Apart
from a decreased length-to-width ratio, frustules of
cells cultivated in xenic conditions exhibited no major
differences to frustules of cells harvested at the begin-
ning of the experiment (Fig. 2). In the axenic culture,
however, we frequently found cells with a concave
ventral margin. Valve ends were slightly protracted and
acutely rounded. After the cultivation period of about
28 months the frustule lengths of the xenic diatom
culture showed a relatively broad distribution but a
significant shift of 11.4% to smaller lengths compared
to the original value in April 2009 (Table 1, Fig. 5). An
extensive reduction of frustule length of about 33% was
also observed in the axenic diatom culture. Frustule
width persisted in case of the axenic culture, but
increased significantly for the xenic diatom culture. In
both cases a significant decrease of the length-to-width
ratio was observed compared to the original value in
April 2009.



At the beginning of the experiment N. palea showed
all characters described in Krammer and Lange-
Bertalot (1988) (Fig. 3). The ratio between the large
and small morphotypes in the cultures was 39:61. After
more than two years in culture, frustules which origi-
nated from xenic or axenic cultures exhibited no visible
differences in microstructure. All cells were uniform
and corresponded to the N. palea smaller morphotype
description. The frustules of xenic and axenic cultures
were significantly shorter compared to those of N. palea
f. major in 2009, but significantly longer than N. palea
smaller morphotype in 2009 (Table 1, Fig. 5). There-
fore we consider N. palea f. major as parental for the
cultures observed in 2011. N. palea exhibited a signifi-
cantly shorter length when cultivated without bacteria
compared to the xenic culture. Frustule width of xenic
and axenic cultures also decreased during the experi-
ment but did not differ significantly from each other in
2011. Length-to-width ratio decreased remarkably in
both cultures in 2011 when compared to N. palea f.
major in 2009.

DISCUSSION

Changes of cell size and morphology of diatoms during
their life cycle have been known for a very long time
(MacDonald 1869; Pfitzer 1871; Geitler 1932). These
changes are crucial for the long-term stability of many
diatom cultures because small cells, if auxosporulation
is omitted, often become continuously smaller resulting
in a loss of the culture. Furthermore, as we know from our
own experience, very small cells may show a different
physiological behavior and thus compromise the repro-
ducibility of experiments conducted with the strain. For
example, stalk formation of Achnanthes longipes C.
Agardh is strongly reduced in small cells compared to
large cells (von Stosch 1965). It is thus very important to
develop methods that avoid or reduce cell size diminu-
tion of diatoms. One strategy is, if feasible, the mainte-
nance of clones of the opposite mating type to induce
sexual reproduction (Chepurnov et al. 2004). However,
sexual reproduction will change the gene pool of the
culture and for many genetic studies clonal cultures are
essential. Long-term maintenance of diatoms via stand-
ardized cryopreservation therefore might represent an
ideal solution but only a few protocols for individual
freshwater species are already available (MclLellan
1989; Buhmann et al. 2013). In this study we observed
the influence of associated bacteria on the long-term
maintenance of three pennate diatom cultures and our
results show that in two of the three investigated diatom
species the axenic culture exhibited considerably shorter
cells and aberrations in frustule morphology, whereas
the cell length and frustule shapes were quite preserved
in the xenic cultures.
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The strongest effect of bacteria on cell size preser-
vation was observed for A. minutissimum where cell
length of the axenic culture decreased by more than
half, whereas in the xenic culture just a slight reduction
was observed (Table 1, Fig. 5). Comparing the original
length of frustules and live cells in April and June, the
major length decrease of the xenic A. minutissimum
culture happened at the beginning of the experiment,
soon after isolation of the diatom. Afterwards the cell
length of the xenic culture remained around 13.8 um,
both when measuring frustules or live cells. However, it
has to be taken into account that there may be slight
differences between the cell lengths that were deter-
mined either by frustule or live cells measurements.
For example, the axenic A. minutissimum culture
showed a mean frustule length in August 2011 of
7.64 £0.76 um (frustule measurement), compared to
9.63 £ 1.00 um (live cells measurement). The meas-
urement of frustules may be more accurate than the
measurement of live cells. One reason could be that the
xenic A. minutissimum cells form a capsule of EPS
which makes it even harder to define the correct
cell border and due to the EPS matrix the cells were not
always oriented completely planar to the microscope
slide. Measurements of live cells can therefore indi-
cate a trend; the absolute cell length values must
be determined by means of frustules. According
to Figure 6, the cell lengths of the xenic and axenic
A. minutissimum cells may be slightly increased at
the end of the experiment. Thus, the algae exhibited
mean cell lengths of 12.15 +1.69 um after 685 days
and 13.8 £ 1.05 um after 868 days in the xenic and
8.12 £ 0.90 um after 685 days and 9.68 + 0.97 um
after 868 days in the axenic culture. However, cell
lengths of the parallel cultures of A. minutissimum
slightly differ among themselves (Fig. 7). The axenic
cultures thereby range from 8.49+0.72 um to
9.69+1.15um and the xenic cultures from
13.61 £ 1.85 umto 14.83 £ 1.30 um. Thus, we attrib-
ute those observed cell length differences to variances
within the single cultures rather than to an actual
increase. The same pattern of a differential frustule
length decrease between the xenic and axenic cultures
was also observed for C. affiniformis. |t must be noted
here, that the identification results for this isolate were
controversial. According to Krammer and Lange-Bertalot
(1986), this strain should be identified as C. affinis.
However, according to Krammer (2002) the strain
represents neither C. affinis due to the absence of a
central area, nor C. excisa due to the presence of
two stigmas; instead, the characters of the strain
are in agreement with the description for C. affiniformis.
Interestingly, although the cell length reduction was not
prominent in the xenic C. affiniformis culture, the cells
increased significantly in width. The ability to increase
cell width to counteract a decrease of the cell volume
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was already mentioned by Geitler (1932), but only in
very small cells. It seems that C. affiniformis attempts to
regulate the decrease of volume by broadening the cell
width in early stages of the length diminution process.
The cell width increase was not observed in the axenic
cultures. However, it was possibly falsified by a concave
ventral margin that was found in some cells of this
culture. Axenic A. minutissimum and C. affiniformis
showed aberrations in frustule morphologies that were
not observed in the xenic cultures. Changes in frustule
shape of pennate diatoms during size reduction have
been known for a long time (Geitler 1932) and correlate
with our observation of decreasing length-to-width ratio,
simplification and rounding of the frustule contour and
weakening of the frustules. Atypical changes of the
morphology in axenic state were also reported for the
green algae Ulva linza Linnaeus, here the normal mor-
phology could be restored by adding specific bacteria to
the alga (Marshall et al. 2006). The authors speculate
that nitrogen supply, hormone production and produc-
tion of secondary metabolites by the bacteria might
explain the bacterial influence on the morphology of
the alga. To which extent the observed aberrations are
directly contributed to the absence of bacteria or to the
normal shape changes, which usually occur during the
diminution process, remained uncertain. The N. palea
culture consisted of two cell types in 2009, a large and
a small morphotype. The cultures are clonal as we
isolated the cells by picking single colonies on agar
plates, thus the two cell types must have developed from
each other, either by auxosporulation or by abrupt size
reduction. The large cells show irregular shapes or bends
along the apical axis, which are also known for initial
cells of other Nitzschia species (Geitler 1928; Trobajo
et al. 2006). It is therefore conceivable that the long
cells developed from the small morphotype by auxo-
sporulation. Compared to the other two diatom species,
the differences in cell length between xenic and
axenic in 2011 are not that remarkable in the N. palea
culture.

We can currently only speculate about the underlying
mechanisms bacteria use to be able to influence the
cell size and morphology of A. minutissimum and
C. affiniformis, but the following scenarios are theoreti-
cally conceivable: (a) Bacteria may influence the fre-
quency of mitotic cell division; (b) Bacteria may
influence sexual reproduction; (c) Bacteria may influ-
ence other processes like vegetative cell enlargement or
abrupt cell size reduction; (d) Bacteria may improve
cell wall synthesis of the diatoms.

Bacteria could possibly influence the frequency
of mitotic cell division and, if the culture is able to
reproduce sexually, consequently the frequency of
auxosporulation. An increase of vegetative cell divi-
sions in this case might enhance the frequency of
auxosporulation, because the critical size threshold for

auxosporulation is attained faster, resulting in a culture
of mostly large cells. If the culture is not capable of
sexual reproduction, a decrease of the division rate in
the xenic culture could be another possible explana-
tion. In our growth experiments with A. minutissimum,
the axenic culture exhibited a longer lag phase and a
shorter cell doubling time compared to the xenic
culture; both cultures had similar chlorophyll concen-
trations in the stationary phase. This suggests similar
cell densities of both cultures in the stationary phase
and consequently similar cell division numbers. The
shorter cell lengths and altered morphology observed in
axenic cultures can therefore not simply be attributed
to different numbers of mitotic cell divisions during
vegetative growth.

Direct stimulation of sexual reproduction of diatoms by
bacteria was already reported by Nagai et al. (1994, 1999)
and Nagai and Imai (1998). They found that spermato-
genesis of the centric diatom Coscinodiscus wailesii Gran
& Angst is induced by bacteria, a hint that bacteria indeed
might externally trigger sexual reproduction and auxo-
sporulation of diatoms. Sexual reproduction and accompa-
nied auxosporulation of A. minutissimum has been
observed and described by Geitler (1932) (using the syn-
onymous species name Achnanthes minutissima).
Auxosporulation was not directly observed in our cultures.
Furthermore, the cultures can be considered as clonal,
making sexual reproduction only possible if the diatoms are
homothallic or capable for automixis. Both processes were
found in pennate diatoms but represent rather exceptional
processes in this group (Chepurnov et al. 2004). However,
if auxosporulation would have occurred, conspicuously
larger cells should have been observed at least occasionally
in A. minutissimum, since cell length distribution of the
culture was observed throughout the experimental dura-
tion. After 325 days of cultivation, the average length of
xenic A. minutissimum indeed increased to 15.9%
0.82 um. According to Geitler (1932), 25 um is the
maximal cell length of A. minutissima, while initial cells of
this diatom in culture were reported to be smaller with
16.5 um (Locker 1950). This could be a hint that the
length of the initial cell observed in environmental samples
is not achieved under artificial conditions. However,
A. minutissimum represents a species complex (Potapova
& Hamilton 2007) and it is nearly impossible to clarify
whether Geitler and Locker used the same species. Locker
(1950) observed that auxosporulation of A. minutissima
occurred again after 15 months, while Byllaardt and Cyr
(2011) noticed that cell reproduction of A. minutissimum
in situ takes place with incidental auxosporulation occur-
ring in spring. We did not observe periodic cell enlargement
even after further cultivation for nearly one and a half year,
possibly due to a lack of additional stimulating triggers in
our comparatively constant cultivation conditions without
annual changes in light and temperature compared to the
study of Locker (1950). We therefore cannot exclude that



bacteria might be involved in sexual reproduction and
thus preserve cell lengths in case of A. minutissimum
and C. affiniformis even if we do not consider this to be
likely.

Other mechanisms that affect cell size of diatoms
like vegetative cell enlargement (von Stosch 1965),
vegetative auxosporulation (Nagai et al. 1995; Nagai &
Imai 1997; Sabbe et al. 2004), apomixis (Chepurnov
et al. 2004) or abrupt cell size reduction (Locker 1950;
von Stosch 1965; Chepurnov & Mann 1997; Chepurnov
et al. 2004) could also not be ruled out as possible
explanation for the cell size differences observed in this
study as bacteria may possibly serve as an additional
external trigger for one of these mechanisms.

Another possible explanation for the differences in
cell length between xenic and axenic diatom cultures
could be the complex cell wall synthesis of diatoms.
Silica biomineralization in diatoms strongly depends on
long-chain polyamines (LCPA) (Kréger & Poulsen
2008). Synthesis of a single molecule of LCPA with 20
methylated aminopropyl units consumes 40 molecules
of S-adenosylmethionine, which is a derivate of the
amino acid methionine (Michael 2011). The vitamin
B, dependent methionine synthase may play an impor-
tant role in the synthesis of the LCPA precursor
methionine. This suggests that species with siliceous
cell walls may have higher methionine requirements
compared to the species that do not build siliceous cell
walls. It was shown for algae from various groups that
bacteria supplement vitamin B;, to the algae (Croft
et al. 2005). Possibly, the addition of vitamin B, into
the medium was not enough for the synthesis of a
sufficient amount of methionine during the cell wall
synthesis in the axenic culture, while in the xenic
culture bacteria might supply additional amounts of
vitamin Bi,.

In this study we showed that the presence of bac-
teria is important for morphology and size preservation
of some diatoms and hence for healthy and stable
long-term cultures. The extent of this effect apparently
differs from species to species, as we found largest
length differences between xenic and axenic states in
A. minutissimum and C. affiniformis cultures and
smaller differences in the case of N. palea. Our find-
ings can be exploited for the long-term maintenance of
diatom cultures and we recommend the storage of
xenic diatom cultures for backup, from which axenic
cultures can be repeatedly purified. Furthermore, we
found that cultivation on solid medium may enhance
the size diminution process of A. minutissimum cells.
Apart from fundamental insights into the influence of
bacteria on diatoms, our results may also help to
optimize conditions for the stable long-term cultivation
of diatoms. In the long-term, the identification of puta-
tive bacterial molecules that facilitate cell size main-
tenance of diatoms will be extremely valuable for
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keeping axenic diatom cultures stable even in the
absence of bacteria.
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