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Abstract Algae of the genus Nannochloropsis are attractive
organisms for use in biotechnology due to their high lipid
content. Genetic manipulation of marine Nannochloropsis
species has already been reported; however, tools have not
yet been developed to transform Nannochloropsis limnetica,
the only known freshwater species of this genus. To establish
N. limnetica as a model laboratory strain, we first tested the
effects of 11 different antibiotics on growth of N. limnetica
and the marine species N. oceanica and N. gaditana. These
three microalgae responded very differently to antibiotic treat-
ments, both in liquid cultures and on agar plates. In general,
N. limnetica exhibited a much higher sensitivity to antibiotics
than the marine strains, thus offering the potential for a large
set of antibiotic resistance genes that may be applicable as
artificial selection markers after transformation. We also de-
veloped a simple protocol using lysozyme to obtain high
yields of viable N. limnetica protoplasts, as confirmed by flow
cytometry and electron microscopy.
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Introduction

Algae are promising organisms for use as cell factories for
commercially valuable compounds such as fatty acids that
can be esterified for biodiesel (Singh and Dhar 2011; Pereira
et al. 2012) or used in other products (Lubian et al. 2000;
Borowitzka 2013). The genus Nannochloropsis
(Eustigmatophyceae) belongs to a group of algae that are at-
tractive for the biotech industry as they accumulate fatty acids
to high concentrations (Adarme-Vega et al. 2012; Ma et al.
2014). When cultured under normal growth conditions and in
standard growth medium supplemented with nitrogen, the oil
content in Nannochloropsis cells reaches about 30% of dry
weight (Gouveia and Oliveira 2009; Rodolfi et al. 2009). This
level can be further increased to 50-70% by cultivating under
nitrogen limitation (Hu and Gao 2006; Rodolfi et al. 2009;
Recht et al. 2012). The main drawback of nitrogen depriva-
tion, however, is a slow growth rate, causing a significant
decrease in biomass production (Hu and Gao 2006).
Generally, it appears to be very difficult to achieve a profitable
production system with selected algal species under optimized
growth conditions (Aguirre et al. 2013; Miihlroth et al. 2013;
Ho et al. 2014).

Current methods in molecular genetics potentially offer all
tools needed to reprogram regulatory networks in
Nannochloropsis cells in order to increase oil yield without a
drastic reduction in biomass productivity. Indeed, genetic en-
gineering has already been successfully employed to modify
lipid production in several algal species (Dunahay et al. 1996;
Radakovits et al. 2010), including Chlamydomonas
reinhardtii (Li et al. 2010), Phaeodactylum tricornutum
(Radakovits et al. 2011), Chlorella pyrenoidosa (Ramazanov
and Ramazanov 2006), and Nannochloropsis oceanica (Kaye
et al. 2015). The genomes of the marine species N. oceanica
and N. gaditana have been recently sequenced, and nuclear
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transformation methods have been established by random in-
corporation or homologous recombination (Radakovits et al.
2012; Vieler et al. 2012; Kilian et al. 2011). However, nothing
is known about the transformability of the only freshwater
species of this genus, N. limnetica, and the genome of this
alga has not yet been published. The production of polyunsat-
urated fatty acids by NV. limnetica is very high in comparison to
many other freshwater algae (Krienitz and Wirth 2006), and
recent data indicate that when cultivated in marine medium,
N. limnetica shows a similar fatty acid profile as marine
Nannochloropsis species (Ma et al. 2014).

Establishing genetic tools for N. limnetica would increase
the potential value of this alga in biotechnological applica-
tions, and it could serve as a molecular model for freshwater
Eustigmatophyceae. As carried out previously for
N. gaditana, N. oceanica, and N. oculata (Chen et al. 2008;
Radakovits et al. 2012; Vieler et al. 2012), a strain-specific
transformation protocol needs to be developed.
Transformability is usually tested using a plasmid harboring
a selection marker (typically an antibiotic resistance gene)
under the control of an endogenous promoter. Knowledge
about the sensitivity of a given strain to various antibiotics is
therefore essential in order to develop a system for efficient
screening and selection of transformants.

In this work, we have carried out an extensive analysis of
the sensitivity of Nannochloropsis species, including
N. limnetica, to a range of antibiotics. For this purpose, we
developed a reliable and quantifiable method to determine
antibiotic susceptibility of microalgae, both in liquid cultures
and on agar plates. As the transformation of algae often re-
quires production of permeabilized cells (protoplasts) (Jarvis
and Brown 1991; Coll 2006; Leon and Fernandez 2007; Chen
et al. 2008), a simple protocol for the production of
N. limnetica protoplasts is also presented.

Material and methods
Strains and cultivation conditions

Axenic Nannochloropsis limnetica KRIENITZ 1998/3
(CCALA 864, Institute of Botany CAS, Czech Republic) was
maintained in Bourrelli-modified medium at a photon flux
density of 100 pwmol photons m > s ! and 150-rpm shaking at
20 °C (Krienitz and Wirth 2006). Agar plates were prepared
using the same medium supplemented with 1.5% Bacto agar
(Difco) and maintained at 100 pmol photons m > s ' at 20 °C.

Nannochloropsis oceanica CCMP1779 and
Nannocchloropsis gaditana CCMP526 (National Center for
Marine Algae and Microbiota, USA) were grown
photoautotrophically in F/2 medium without silica and 50% sea-
water, and agar plates were prepared with 1.5% Bacto agar
(Difco) in the same medium. Liquid cultures were maintained at
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a photon flux density of 80 pmol photons m 2 s ' and 170-rpm
shaking at 23 °C. Agar plates were maintained at the same tem-
perature and light intensity.

Sensitivity to antibiotics in liquid culture

Antibiotic tests in liquid culture were carried out in 24-well
cell culture plates (Costar). Every well contained 1 mL of the
appropriate growth medium (Bourrelli modified for
N. limnetica and F/2 for N. oceanica and N. gaditana) supple-
mented with different concentrations of antibiotics, ampicillin
(20, 10, or 100 pg mLfl), kanamycin (20, 10, or
100 png mLfl), chloramphenicol (10, 20, 100, or
200 ug mLfl), streptomycin (1, 5, 10, or 40 pg mLﬁl), zeocin
(1, 5, 10, or 40 ug mLfl), hygromycin (10, 20, 50, or
100 ug mL_l), paramomycin (1, 5, 10, 40, or 60 pg mL_l),
cycloheximide (1, 5, 10, or 40 pg mLfl), gentamicin (20, 100,
or 200 pg mLﬁl), geneticin (5, 10, 20, 100, or 200 pg mLfl),
or nourseothricin (10, 50, or 100 pg mLﬁl).
Nannochloropsis strains were inoculated at a final concen-
tration of 1-2 x 107 cells mL ™', and each antibiotic test was
repeated at least three times. Cultures were maintained under
the conditions described earlier, with gentle shaking for 6 days.
Growth rates were monitored by multiple measurements of
absorbance at 750 nm (Ay5) every 2 days in a plate reader
(Infinite 200 Pro Multimode Reader, Tecan, Switzerland).

Sensitivity to antibiotics on agar plates

Antibiotic tests on agar plates were carried out in 6-well cell
culture plates (Costar). Every well contained 7 mL of the
appropriate agar medium (Bourrelli modified for
N. limnetica and F/2 with 50% artificial sea water for
N. oceanica and N. gaditana). Plates were supplemented with
different amounts of antibiotics, ampicillin (50 or
100 pg mL™"), kanamycin (50 or 100 pg mL "), chloram-
phenicol (10, 20, or 50 ug mL™"), streptomycin (10 or
50 ug mL™"), zeocin (1, 5, or 20 ug mL™"), hygromycin (25,
50, 100, or 200 pg mLfl), paramomycin (5, 20, 40, or
80 ug mL™"), cycloheximide (5 or 20 pug mL™"), or
gentamycin (20 or 100 ug mL™").

Nannochloropsis strains were inoculated at a final concen-
tration of 2 x 10 cells mL_l, and 150 uL of each culture was
spread onto a plate. Each antibiotic test was repeated three
times. Agar plates were kept for 20 days under the conditions
described in “Material and methods” section. The effects of
antibiotics on cell proliferation were monitored by visual
comparison.

Protoplast production and flow cytometry

In order to produce protoplast from N. limnetica, a 50-mL
culture of the algae was grown as described above. Three days
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after inoculation (exponential phase), cells were harvested by
centrifugation for 10 min at 8500xg and washed twice with
fresh Bourrelli-modified medium. After washing, cells were
resuspended in 1 mL of 2 Bourrelli-modified medium sup-
plemented with 0.3 M sorbitol, 0.3 M mannitol, and one out of
the following three different enzyme solutions: A 6%
hemicellulase and 3% driselase; B 2% lysozyme; and C 1%
lysozyme, 2% hemicellulase, and 1% driselase. In the second
round of experiments, 0.5, 1, 2, or 4% lysozyme were tested.
Cultures were incubated at 20 °C with the enzyme solution in
multiwell plates for 4 h with gentle shaking (~100 rpm). To
stop enzymatic degradation of the cell wall, cells were collect-
ed from plates, harvested by centrifugation (5 min at 400xg),
washed twice with ' Bourrelli-modified medium supple-
mented with 0.3 M sorbitol and 0.3 M mannitol, and resus-
pended in 1 mL of the same medium.

Flow cytometry

To monitor cell permeability and viability, 1 mL of protoplast
suspension was incubated with 6.7 pL of propidium iodide
(PI; Sigma, 1 mg mLﬁl) or 10 uL of fluorescein diacetate
(FDA; Sigma, 1 mg mLfl) for 15 min, then loaded into a flow
cytometer (BD Influx), and 5000 events were recorded.
Samples were excited by a 488-nm laser, and fluorescence
emission was collected on a detector with a 610/20-nm filter
for PI or 530/40-nm filter for FDA.

Transmission electron microscopy

Nannochloropsis limnetica and N. oceanica cultures in loga-
rithmic phase of growth (10% cells mL ") were harvested by
centrifugation (5 min at 5000xg) and resuspended in one vol-
ume of the growth medium mixed 1:1 with 5% (v/v) glutaral-
dehyde fixative in 0.2 M cacodylate buffer pH 7.2. After
15 min of rotary shaking at room temperature, cells were
transferred to 0.1 M cacodylate buffer containing 2.5% (v/v)
glutaraldehyde and fixed overnight at 4 °C. Pelleted cells were
washed with cacodylate buffer and post-fixed with 1% (w/v)
osmium tetroxide for 2 h. Followed by washing steps with the
same buffer, cells were dehydrated through a graded series of
acetone, embedded in low-viscosity Spurr resin (EMS), and
polymerized at 60 °C for 48 h. Ultrathin sections of 60 nm
were cut using an ultramicrotome (UCT, Leica). Sections were
collected on Formvar-coated copper grids and stained with
1% (w/v) aqueous uranyl acetate for 10 min and with Sato’s
lead citrate for 3 min (Sato 1968). Prepared sections were
examined in a JEOL 1010 transmission electron microscope
(JEOL) equipped with a Mega View III camera (SIS).
Acquired pictures were analyzed by Imagel] software
(Abramoff et al. 2004).

Results

Sensitivity of Nannochloropsis species
to antibiotics—liquid cultures

In order to select appropriate antibiotics for genetic manipula-
tion of Nannochloropsis species, we developed a method to
test the growth of N. limnetica, N. oceanica, and N. gaditana
in liquid cultures. Eleven different antibiotics, at various con-
centrations, were assessed (see “Material and methods” sec-
tion). Results showed that in liquid culture N. limnetica was
very sensitive to most of the antibiotics tested, particularly
streptomycin, zeocin, paromomycin, cycloheximide, and ge-
neticin (G418), causing a 55-70% reduction in growth at a
concentration of 5 ugmL ™" (Figs. 1 and S1). Nannochloropsis
limnetica was slightly less sensitive to hygromycin and
nourseothricin, exhibiting about 50% growth reduction at an
antibiotic concentration of 10 ug mL ™" (Table 1 and Fig. S1),
whereas gentamicin at a concentration of 20 pg mL™' caused
about 60% reduction in growth (Table 1 and Fig. S1).
Kanamycin and chloramphenicol did not have a strong effect
on N. limnetica growth at low concentrations, but higher con-
centrations (100 and 200 pg mL ") resulted in 50% reduction
in growth in 6 days (Fig. S1). Ampicillin was the only antibi-
otic tested that had no effect on growth of N. limnetica.
Cultures exposed to concentrations of 200 pg mL™" ampicillin
grew indistinguishably from the control (Table I and Fig. S1).

In comparison with N. limnetica, N. oceanica cells exhib-
ited extreme sensitivity to geneticin and cycloheximide, with a
70% reduction in growth at antibiotic concentrations of 20 and
1 ug mL ™", respectively (Fig. S2). Other antibiotics, including
streptomycin, zeocin, and paromomycin, caused considerable
growth inhibition at relatively low concentrations, 35, 53, and
54% reduction, respectively, at 40 ug mL™" (Fig. S2). On the
other hand, N. oceanica was less sensitive to chloramphenicol,
hygromycin, and nourseothricin, showing roughly half of the
growth rate at standard concentrations of these antibiotics
(100 ug mL™"; Table 1 and Fig. S2). Ampicillin, kanamycin,
and gentamicin had almost no effect after 6 days at standard
concentrations (100 g mL™'; Table 1 and Fig. S2).

The majority of antibiotics tested did not significantly af-
fect growth of N. gaditana (Fig. 1, Table 1, and Fig. S3).
Cultures supplemented with 200 pg mL " of ampicillin, kana-
mycin, or gentamicin or 40 pg mL~" paramomycin grew at
rates the same as without antibiotics (Table 1 and Fig. S3).
Lower concentrations of streptomycin, hygromycin, and
nourseothricin had no effect, and even high concentrations
showed only mild reductions in growth (Fig. S3). Although
this alga seems to be resistant to chloramphenicol and genet-
icin, growth was reduced when the culture was treated with a
high (100 pg mL ") concentration (Fig. S3). In contrast to
other antibiotics, N. gaditana was highly sensitive to zeocin
and cycloheximide, even at very low concentrations (Figs. 1
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Fig. 1 Growth inhibitory effects of various antibiotics on three
Nannochloropsis species. Cell densities of N. limnetica (a), N. oceanica
(b), and N. gaditana (c¢) cultures were monitored by A5, for 6 days with
ampicillin (min/max concentration 20/200 ug mL™"), kanamycin (20/
200), chloramphenicol (10/200), streptomycin (1/40), zeocin (1/40),
hygromycin (10/100), paromomycin (1/40), cycloheximide (1/20),
gentamicin (20/200), geneticin (1/20 for N. limnetica and 5/200 for
N. oceanica and N. gaditana), or nourseothricin (10/100). Histograms
indicate the mean + standard deviations of three replicates. Values for
additional concentrations of all tested antibiotics and all three species
are provided in the supplementary material S1, S2, and S3

and S3). Zeocin and cycloheximide were thus the only antibi-
otics tested that, at low concentrations, were potent enough to
inhibit growth of all Nannochloropsis species (Table 1).

Sensitivity of Nannochloropsis species to antibiotics—agar
plates

Our tests in liquid medium allowed us to analyze the effects of
antibiotics in a quantitative, repetitive, and reliable way.
However, to provide comprehensive information about the
concentrations of antibiotics appropriate for selection of
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Table 1  Antibiotic concentration (g mL™") causing a >50% growth
reduction after 6 days in liquid culture

N. limnetica N. oceanica N. gaditana
Ampicillin 200? 200* 200*
Kanamycin 100 200* 200*
Chloramphenicol 100 100 20
Streptomycin 5 40* 40*
Zeocin 1 1 1
Hygromycin 10 50 100*
Paromomycin 5 40 40°
Cycloheximide 1 1 1
Gentamicin 20 200° 200?
Geneticin 1 10 100
Nourseothricin 10 100 100*

Growth reduction was monitored by A7sp, and the mean of three repli-
cates was calculated

# Maximum antibiotic concentration tested without observing any growth
reduction

transformants, we also assessed the effects of the same antibi-
otics on agar plates. All three strains were inoculated on agar
plates (see “Material and methods™ section), and cell viability
was monitored over a period of 20 days. Based on cell density
and color, the following four categories of antibiotic effective-
ness were assigned: (—) cells turned white with a dramatic
loss of chlorophyll and cell death, (—) low cell density with
obvious chlorosis, (+) medium cell density with green colo-
nies, and (++) high cell density with colonies resembling con-
trol cells. Day 14 was chosen to determine antibiotic concen-
trations that resulted in unhealthy or dead cells (— category;
Table 2).

Table 2 Antibiotic concentration (g mL™") causing cell death after
14 days on agar plates

N. limnetica N. oceanica N. gaditana
Ampicillin 100* 100* 100*
Kanamycin 100* 100* 100*
Chloramphenicol 100* 50* 50*
Streptomycin 5% 50* 50*
Zeocin 5 5 5
Hygromycin 10 50 200
Paromomycin 5 20 80"
Cycloheximide 5 Not tested 20
Gentamicin 100* Not tested 100*

Growth reduction was monitored by A5y, and the mean of three repli-
cates was calculated

# Maximum antibiotic concentration tested without observing any growth
reduction
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Ampicillin, kanamycin, chloramphenicol, and streptomy-
cin, each at the highest concentrations tested, had no clear effect
on growth of any of the three algal species (Table 2). However,
responses of these species to the remaining antibiotics differed.
Nannochloropsis limnetica was very sensitive to zeocin,
paromomycin, cycloheximide, and hygromycin, where a

minimal dose caused cell death (Table 2), but gentamicin did
not reduce growth even at a high concentration. In contrast,
N. oceanica was very sensitive to zeocin but had medium sen-
sitivity to hygromycin and paromomicin. Nannochloropsis
gaditana was only sensitive to zeocin. Cycloheximide and gen-
tamicin were not tested on the marine species (Table 2).

Fig. 2 Permeabilization of a 10% =
N. limnetica cells after treatment 3
with different enzyme cocktails. a ]
Propidium iodide (PI) 10° =
fluorescence of control cells; left 3
panel represents the PI
fluorescence according to cell size
(FSC), and right panel represents
the number of cells exhibiting the
same PI fluorescence intensity.
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Protoplast production

Production of protoplasts may be necessary, or at least helpful,
in transformation (Gong et al. 2011; Qin et al. 2012; Schatz
et al. 2013). Although the cell wall of N. limnetica is thinner
than in N. oceanica (see supplementary material S4), this
might still prevent transformation by electroporation. We
therefore tested the capacity of the following three enzyme
solutions to degrade the N. [imnetica cell wall: A 6%
hemicellulase and 3% driselase; B 2% lysozyme; and C 1%
lysozyme, 2% hemicellulase, and 1% driselase. One of the
effects that can be expected after enzymatic degradation of
the cell wall is an increased permeability of the cell, as the
cell membrane integrity could be affected as well.
Permeability was measured by monitoring the penetration of
PI, a DNA staining dye that is unable to cross an intact cell
membrane/cell wall barrier. A non-treated sample without cell
wall-degrading enzymes served as a negative control to
establish the threshold below which the majority of cells do
not show PI fluorescence. Figure 2 shows a representative
experiment with the proportion of permeable cells after
digestion with all three enzyme solutions. The histograms
show the number of cells with different levels of PI
fluorescence. In this particular experiment, the highest
proportion of permeable cells (protoplasts) was obtained after
incubation with 2% (w/v) lysozyme (Fig. 2¢). This yielded the
highest level of protoplasts in all three independent experi-
ments, with an average of 66% permeable cells (Fig. 3).
However, variability was high, probably due to several differ-
ent factors including age and density of the culture, complete
dissolution of the enzymes in the incubation medium, and
variable flow cytometer measurements.

To optimize the lysozyme concentration for protoplast
preparation, we incubated N. limnetica cells with 0.5, 1, 2,
and 4% of the enzyme for 4 h and examined effects on the
cell wall. Cell permeability was determined by PI staining and
flow cytometry (Fig. 4a—d). We observed a similar level of
permeabilization regardless of the lysozyme concentration
used; an eightfold increase (from 0.5 to 4%) resulted in only
a small increase (<5%) in permeabilized cells (Fig. 4a—d).
Lysozyme-treated cells were also analyzed by electron mi-
croscopy, which revealed that 0.5% lysozyme eroded the cell
wall along the entire surface, but a further increase in lyso-
zyme concentration had no obvious effect (Fig. 5). Debris of
the digested cell wall was also detected in the background of
all samples except untreated controls (Fig. 5).

To confirm that lysozyme-permeabilized cells were viable
and could be used for transformation, we measured their
ability to metabolize the “vital” dye, FDA (Brookes et al.
2000). Even after treatment with the highest concentration
of lysozyme tested (4%), more than 90% of the cells were
above the “alive threshold” established from the non-treated
control (Fig. 4e—h). We also tested whether lysozyme-
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Fig. 3 Proportion (%) of protoplasts obtained after digestion of the
N. limnetica cell wall with three different enzymatic cocktails. The data
were calculated from the PI fluorescence recorded in three independent
experiments. Asterisks indicate the statistically significant differences, as
tested using a paired Student’s # test (P = 0.02)

permeabilized cells were able to recover after treatment.
Protoplasts were spread onto agar plates; no differences in
growth were observed in comparison with non-treated cells
(Fig. S5).

Discussion

It is notable that three algal species of the same genus,
Nannochloropsis, exhibited quite different sensitivities to a
wide spectrum of antibiotics (Tables 1 and 2). This suggests
that detailed screening may be inevitable for any algal species
with potential as a “new” laboratory strain. Our data are there-
fore important not only for the selection of transformants but
also for maintenance of axenic cultures. Among the antibiotics
tested, only ampicillin could be used at a standard concentra-
tion to eliminate bacterial contaminants from N. limnetica cul-
tures. Very low concentrations of kanamycin and chloram-
phenicol, or a mixture, could be used as alternatives. Due to
the high sensitivity of N. limnetica, all remaining antibiotics
tested would be suitable as selection markers in
transformation.

For N. oceanica, kanamycin, streptomycin, cycloheximide,
gentamicin, geneticin, and nourseothricin were evaluated for
the first time. Kanamycin and gentamicin had no effect
(Tables 1 and 2) and could be applied to control contaminants
in this strain. Streptomycin and nourseothricin showed a me-
dium range effect, so they cannot be recommended as
“contaminant cleaners” or “selection markers.” In contrast,
cycloheximide and geneticin appear to be good candidates
for the selection of transformants. Working concentrations of
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Fig. 4 Permeabilization and
viability of N. limnetica cells after
treatment with different
concentrations of lysozyme. a—d
Proportion (%) of permeable cells
(high PI fluorescence) obtained in
control cells (a) or after digestion
with 0.5% (b), 2% (c), or 4% (d)
lysozyme. e-h Proportion (%) of
viable cells (high FDA
fluorescence) obtained in control
cells (e) or after digestion with
0.5% (f), 2% (g), or 4% (h)
lysozyme. Cells treated with 1%
lysozyme showed very similar
values to those treated with 2%
lysozyme and are not shown
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ampicillin, chloramphenicol, and zeocin were in the same
range as reported (Vieler et al. 2012). However, our results
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N. oceanica than previously reported (Vieler et al. 2012),
suggesting that these antibiotics are not optimal for

transformation testing.
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Fig. 5 Transmission electron
micrographs of permeabilized

N. limnetica cells. a, b Control
cells with no treatment. ¢-h Cells
digested with 0.5% (c, d), 2% (e,
f), or 4% (g, h) lysozyme. Zones
with detached cell wall and debris
of the digested cell wall are
marked with black and white
arrows, respectively. Cells treated
with 1% lysozyme showed very
similar values to those treated
with 2% lysozyme and are not
shown

The majority of antibiotics tested on N. gaditana did not
cause strong growth inhibitory effects. Despite reports of ge-
netic transformation of this algae using cassettes conferring
resistance to zeocin (Radakovits et al. 2012), this is the first
extensive study of antibiotic sensitivity in N. gaditana.
Surprisingly, hygromycin and nourseothricin, widely used as
selection markers for the transformation of eukaryotes
(Radakovits et al. 2010; Anami et al. 2013; Mehrabi et al.
2015), had no effect even at high concentrations. Zeocin and
cycloheximide seem to be the only suitable antibiotics for
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genetic transformation of N. gaditana. Other antibiotics
showed only a medium-range effect, so cannot be recom-
mended for this alga.

Although screening on agar plates followed the same trend
as in liquid medium (Table 2), there were some differences in
antibiotic concentrations required to completely inhibit
growth. Whereas all Nannochloropsis species showed differ-
ent sensitivities to kanamycin, chloramphenicol, and
gentamycin in liquid culture, the same antibiotics caused no
reduction in growth when used in agar plates. In addition,
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there were significant differences in concentrations used on
plates compared to liquid cultures (compare Tables 1 and 2).
These results suggest a need to perform screenings in both
liquid cultures and on plates.

The data reported here are consistent with the known tar-
gets of antibiotic actions and their suitability as selection
markers in transformation. Ampicillin, which inhibits pepti-
doglycan synthesis of the prokaryotic cell wall, is expected to
be harmless to eukaryotic algae, and our results are in agree-
ment with this. Kanamycin, streptomycin, paromomycin,
gentamycin, nourseothricin, and chloramphenicol represent
another group of antibiotics that act by blocking prokaryotic
translation. It was not surprising therefore that this group
inhibited Nannochloropsis growth since ribosomes in mito-
chondria and chloroplasts are of prokaryotic origin (Gray
1983, 1988; Manuell et al. 2007; Bullerwell 2011).
However, the different sensitivities of Nannochloropsis strains
towards this group of antibiotics (see Fig. 1) suggest that pen-
etration into organelles may vary between strains or their in-
tracellular stabilities may differ.

The nature of the chloroplast outer membrane is deter-
mined by the primary or secondary endosymbiotic origin of
the species. Nannochloropsis species chloroplasts were gen-
erated by secondary endosymbiosis, as for the diatom
P. tricornutum. The Nannochloropsis organellar genome has
recently been sequenced and was found to be similar to chlo-
roplasts and mitochondria in Phaeodactylum (Wei et al.
2013). In contrast, C. reinhardtii, another widely studied algal
model, was generated by a single endosymbiotic event.
Comparisons of antibiotic sensitivities of these three algae,
however, do not correlate with their endosymbiotic origins.
For instance, both nourseothricin and paromomycin had rather
limited effects on the two Nannochloropsis species (Table 1),
but they are used as standard antibiotics for selection of
Phaeodactylum and Chlamydomonas transformants
(Zaslavskaia et al. 2000; Sizova et al. 2001).

The last group of antibiotics tested in this study,
zeocin, hygromycin, gentamycin, geneticin, and
nourseothricin, are active against both prokaryotic and
eukaryotic cells or only against eukaryotes (cyclohexi-
mide). Nevertheless, with the exception of zeocin and
cycloheximide, the effects of these antibiotics on
Nannochloropsis growth were heterogeneous and strain
dependent. Even zeocin, which is very effective against
all three Nannochloropsis strains, was much less effec-
tive against other algae. Reported concentrations used to
select transformants were 10 (C. reinhardtii) to 100
times (P. tricornutum) higher than the lethal concentra-
tions observed for Nannochloropsis (Apt et al. 1996;
Zaslavskaia et al. 2000; Kovar et al. 2002;
Sineshchekov et al. 2002). These data therefore show
that regardless of the mechanism of antibiotic activity
or the location (organelles, nucleus), the effects of

antibiotics vary between different algal species, includ-
ing related strains. Cell chemistry and properties of the
cell wall are likely therefore to be crucial factors affect-
ing antibiotic tolerance.

In algae, the cell wall can be a barrier to transformation, and
there are reports that transformation may only be achieved
after eliminating or weakening the cell wall (Jarvis and
Brown 1991; Kim et al. 2002; Chen et al. 2008). Although
two Nannochloropsis species have been transformed by
electroporation without the need for enzymatic cell
permeabilization (Radakovits et al. 2012; Vieler et al. 2012),
others required pretreatment with 4% (w/v) hemicellulase and
2% (w/v) driselase (Chen et al. 2008).

Our permeability assay showed that the N. limnetica
cell wall can be readily degraded with lysozyme. This
finding agrees with Gerken et al. (2013), where lyso-
zyme caused growth inhibition in Nannochloropsis sp.
NANNP2 and was the most effective enzyme for
degrading the cell wall of Chlorella vulgaris (Gerken
et al. 2013). Nevertheless, the pronounced effect of this
enzyme on integrity of the cell wall of N. limnetica was
remarkable, given the minimal degradation caused in
other freshwater algae, and that in C. vulgaris, lyso-
zyme increased cell permeability by only 8% (Gerken
et al. 2013). In the latter case, it was proposed that
lysozyme removes a protective outer layer allowing oth-
er enzymes to reach their target substrates (Gerken et al.
2013). Therefore, to obtain higher levels of perme-
abilization, a combination with other enzymes was nec-
essary. Chen et al. (2008) showed that a combination of
6% hemicellulase and 3% driselase efficiently digested
the N. oculata cell wall, leading to >85% protoplast
production after 1 h of treatment. However, protoplast
formation in N. limnetica was much lower ( 20%) using
the same cocktail and lysozyme alone was better than a
mixture of enzymes. These results are in agreement with
the results of other researchers showing that due to the
complexity and variety of algal cell walls, each species
often requires a specific enzymatic treatment (Mazalova
et al. 2011).

The methods established in this study (sensitivity to antibi-
otics and protoplast production) are now being used by our
group in trials to achieve genetic transformation of
N. limnetica. pSELECT100 plasmid (kindly provided by
Prof. Christoph Benning, Michigan State University), confer-
ring resistance to hygromycin under the control of N. oceanica
endogenous promoter, is being used to transform this fresh-
water algae by electroporation and biolistic transformation.
Electroporation is being tested in normal and permeabilized
cells. Same plasmids have been previously used to transform
N. oceanica (Vieler et al. 2012) and N. gaditana (our group,
not published). Unfortunately, no transformants have been
obtained yet in N. limnetica. However, there is still a lot of
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space to test and optimize the transformation of this alga by
using different plasmids, a N. limnetica endogenous promoter
controlling the expression of the antibiotic resistance gene or
an Agrobacterium-mediated transformation system.
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