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Abstract

Chromochloris zofingiensis (Donz) Fucikova & L.A.Lewis, due to its production of highly valuable carotenoids such as
astaxanthin, is a model organism in biotechnology. Since the recognition of this physiological property, many biotechnological
applications have only used a single strain (SAG 211-14 = CCAP 211/14 = UTEX 32 = ATCC 30412) to produce biomass and
carotenoids. However, multiple acquisitions of strains putatively belonging to the same species raised the question of the
conspecificity of those strains and their properties. In this study, the conspecificity of the available strains, which are deposited
axenically in SAG, was tested using SSU and ITS rDNA sequencing and AFLP (EcoR1/Pst) analyses. The comparison of SSU
and ITS rDNA sequences as well as the AFLP patterns revealed that the investigated strains formed two very similar groups, (1)
SAG 211-14, SAG 4.80, SAG 31.80, and SAG 34.80 and (2) SAG 221-2. All strains belonged to one species, C. zofingiensis,
and represented one monophyletic lineage within the so-called DO-group of the Chlorophyceae. The robustness to cryopreser-
vation and the subsequent epigenetic variability was detected using the methylation-sensitive AFLP (EcoRl/Mspl and EcoR1/
Hpall) among the five Chromochloris strains. All strains showed a high rate of survival (54.4-98.1%) during cryopreservation.
The methylation patterns varied between precryo and postcryo in all strains detected among three time points (before, shortly
after, and 8 weeks after cryopreservation), showing that the MS-AFLP technique has the potential to detect epigenetic effects
occurring in response to cryopreservation and other stresses. Finally, the potential of these five strains for usage in biotechno-
logical applications was proven by growing them in aerated cultures with and without additional carbon dioxide supply. The
comparison showed that all strains produced high amounts of biomass and carotenoids under aeration with additional CO, and
were therefore suitable in biotechnology.
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Introduction

Microalgae are a source of numerous biologically active com-
pounds such as oils, carotenoids, vitamins, proteins, and poly-
saccharides. This leads to a wide variety of biotechnological
>4 Tatyana Darienko applications for the development of feed and food products.
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constantly growing. Despite the extremely high diversity of
algae, the number of species used for biotechnological pur-
poses is restricted. Therefore, strains with such properties are
of special value and should be maintained in culture collec-
tions under conditions where they keep their biotechnological
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Brand 2005; Lorenz et al. 2005; Miiller et al. 2007).
Cryopreservation was introduced as a reliable method for the
conservation of algae for long-term periods without biochem-
ical changes (Day and Brand 2005).

Since 2018, most of the new descriptions of microalgae are
based on isolated strains. These should be stored in public
culture collections in metabolically inactive stage and prefer-
ably cryopreserved and serve as holotypes (Art. 40.8, ICN:
For the name of a new species or infraspecific taxon published
on or after 1 January 2019 of which the type is a culture, the
protologue must include a statement that the culture is pre-
served in a metabolically inactive state, Turland et al. 2018).
However, one species can be represented by many strains as
well as their duplicates, and they may be stored under different
cultivation conditions, have other routine transfer cycles, and
also may vary in nutrient media. In this process of long-term
maintenance and formation of subcultures, the potential risk
by human error is not negligible. Another risk may arise from
inadequate documentation of the strains used in a scientific
study. For instance, Miiller et al. (2005) found eleven unique
genotypes among 29 strains of Chlorella vulgaris with two
strains even appearing to belong to entirely different species.
Furthermore, the authors highlighted the lack of exact strain
information in many studies. Out of 200 publications about
Chlorella, only 20 studies provided such information. These
findings demonstrated the strong need to test algal strains for
conspecificity. Cryopreservation, the storage in liquid or va-
por phase nitrogen, presents another possibility to maintain
algal strains (Day and Brand 2005; Day and Harding 2008).
In addition to the reduction of human interference, cryopres-
ervation provides an environment that, unlike the manual se-
rial transfer, ensures a perpetuation of phenotype and geno-
type (Kapoore et al. 2019). However, while cryopreservation
is especially used for microalgae, more complex groups such
as dinoflagellates showed lower success rates in the past
(Rhodes et al. 2006; Stock et al. 2018).

Chromochloris zofingiensis together with Haematococcus
pluvialis Flotow em. Wille belongs to the important pro-
ducers of valuable natural carotenoids such as astaxanthin,
a red ketocarotenoid of high commercial value. Because of
its strong pigmentation function, powerful antioxidative ac-
tivity, and broad beneficial effects on human health,
astaxanthin is suitable for a wide range of applications in
feed, food, nutraceutical, and pharmaceutical industries.
While both synthetic and natural versions of astaxanthin
exist, the astaxanthin market, over US$447 million by
2014, is met mostly by synthetic production (Panis and
Carreon 2016). However, synthetic astaxanthin, due to po-
tential toxicity of the petrochemical sources it is gained
from, has not been approved for human consumption but
is instead restricted to, e.g., fish feed (Panis and Carreon
2016). As a result, there is growing commercial interest in
natural astaxanthin production.
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Chromochloris zofingiensis can grow phototrophically,
mixotrophically, and heterotrophically, is easy to be cul-
tured and scaled up both indoors and outdoors, and
achieves ultrahigh cell density. Hence, C. zofingiensis
has gained attention in recent years. Previous studies on
astaxanthin production in C. zofingiensis were done using
the strain SAG 211-14 (including its duplicates in other
culture collections; CCAP 211/14 = UTEX 32 = ATCC
30412). This strain was originally isolated and described
by Donz (1934) as Chlorella zofingiensis. Phylogenetic
analyses revealed that this strain is not closely related to
the type species of Chlorella, C. vulgaris, and represented
an own lineage within the Chlorophyceae. Interestingly,
SAG 211-14 is conspecific to the authentic strain SAG
221-2 (= UTEX 56) originally assigned as
Chromochloris cinnabarina described by Kol and
Chodat (1934). Therefore, Fuéikova and Lewis (2012)
transferred SAG 211-14 to the genus Chromochloris with
the designation of C. zofingiensis as type species because
of the priority rule of ICN. Several other isolates of
C. zofingiensis are available in public culture collections.
However, except for SAG 211-14 and its duplicates, no
investigations in terms of molecular phylogeny and phys-
iological properties have been conducted using the other
strains. Other isolates of this species are studied in several
publications (Kessler 1982, 1984). Kessler and Czygan
(1966) compared SAG 211-14 with two new isolates
called Cz 105 (= SAG 34.80) and Cz 106, both later
erroneously called SAG 211-14b and SAG 211-14c¢ (for
differentiation, the strain SAG 211-14 was designated as
SAG 211-14a in publications of Kessler 1972, 1976,
1978, 1985, Kerfin and Kessler 1978). Fott and
Novakova (1969) showed that these strains belonged to
one species, Chlorella zofingiensis (now Chromochloris
zofingiensis).

The aim of our study was the molecular comparison of
all strains assigned as C. zofingiensis using SSU and ITS
rDNA sequences and AFLP patterns based on EcoRI/Pstl
restriction, the long-term stability during cryopreserva-
tion, and the physiological properties. The effects of cryo-
preservation, which is essential for the long-term stability
of biotechnologically useful strains, were revealed using
the methylation-sensitive AFLP (MS-AFLP) method with
the two restriction enzyme combinations EcoRI/Hpall and
EcoRl/Mspl. For physiological characterization, the bio-
mass and astaxanthin production were tested for all strains
under different CO, levels to discover their potential us-
age in biotechnology. With these methods, we will ad-
dress the following questions: (i) Are all strains conspe-
cific? (i) How high is the genetic variability among the
strains? (iii) Does cryopreservation have an influence on
epigenetic alterations in DNA methylation? and (iv) Is the
biomass and astaxanthin production of all strains similar?
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Materials and methods

Strains used in this study and the phylogenetic
position of Chromochloris

All strains assigned as Chromochloris zofingiensis available
in public culture collections were investigated (Table S1;
Supplemental Material). The genome of strain SAG 211-14
was published by Roth et al. (2017). This strain was originally
sent in 2012 to the authors and sent back to SAG in 2017. We
kept this strain (called here Genome) separately from the
maintained strain of the collection for molecular comparison.

To test the monophyly of Chromochloris, the SSU and ITS
rDNA of additional strains were sequenced (for details about
origin, see Table S1). The DNA extraction, PCR, PCR puri-
fication, and sequencing were conducted with the methods
described in Darienko et al. (2016). The selected strains are
close relatives to Chromochloris as demonstrated by Fucikova
and Lewis (2012). The SSU and ITS-2 rDNA sequences were
aligned according to their secondary structures. The ITS-1
sequences were excluded from the data set because of the
extreme length variations among the investigated strains.
The phylogenetic analyses were inferred using the maximum
likelihood, neighbor-joining, and maximum parsimony
methods implemented in PAUP 4.0a167 (Swofford 2002).
The best evolutionary model was calculated with the automat-
ed model selection tool in PAUP. The settings of the best
model according to the Akaike information criterion is given
in the legend of Fig. 1.

Genetic variability among the Chromochloris strains

Axenity test All Chromochloris strains were cultivated on
basal medium with beef extract (ESFl; medium la in
Schldsser 1994). Before DNA extraction, all strains were test-
ed and proven axenic. Four different organic agarized media
were used for these tests: Trebouxia organic medium (TOM;
Ettl and Gértner 1995), malt peptone medium (medium 16 in
Schlgsser 1994), basal medium with peptone (ESP; medium
1b in Schlésser 1994), and ESFI medium. The plates were
examined twice for contaminations in 2 and 4 weeks using a
Stemi SV 11 binocular (Zeiss) and in addition checked with an
Olympus BX60 (100x magnification) microscope using DIC-
optics. Photographical documentation was achieved with a
ProgRes C14 plus (Jenoptik) camera running ProgRes
CapturePro V2.9.0.1 (Jenoptik). All cultures were cultivated
at 20°C with the light:dark cycle of 16 h light and 8 h darkness
at 50 pmol photons m™ s™! illumination.

DNA extraction for AFLP approaches The extraction was per-
formed from two-week-old cultures with an Invisorb Spin
Plant Mini Kit (Stratec) in duplicates. Around 100 mg
Chromochloris cultures (fresh weight) was placed into bead

beating tubes and mixed with glass beads of 212-300 mm in
diameter and shortly vortexed. The mixtures were mechani-
cally disrupted using a PowerLyzer 24 (MoBio) for 10s at
3800 rpm. The further steps were done according to the pro-
tocols provided by the manufacturer. The quantity of DNA
was assessed with a Qubit 3.0 Fluorometer (Thermo Fisher)
and the quality was proven on 2% agarose gel stained with
Midori Green. Samples containing long DNA strands (20-kb
fragments) with a concentration of DNA between 20-25 ng
nL ! were used for further investigations.

AFLP protocol We used the AFLP protocol provided by
Miiller et al. (2005) with small changes described below.
Restriction and ligation reactions were combined in one reac-
tion (Mannschreck et al. 2002). The combination of the re-
striction enzymes PsfI-HF (cat.-No. R3140S) and EcoRI-HF
(R3101S; all from New England Biolabs, Germany) was used
in this study. Approximately 100-130 ng (5.5 uL) of high
quality, non-shared DNA were incubated with 5.5 uL of fol-
lowing mastermix. The mastermix consisted of 0.23 pL. H,O,
1.10 uL T4 DNA ligase buffer (10x; B0202S, New England
Biolabs), 1.10 uL NaCl (0.5 M), 0.55 uL BSA (1 mg mL™),
0.17 uL T4 DNA ligase (6 U uL'l; M0202S; New England
Biolabs), 1 uL EcoRI adaptor (5 uM), 1 uL PsA adaptor (50
M), 0.25 uL EcoRI-HF (20 U uL™"), and 0.1 pL PsA-HF (10
U uL™"). The mixture was incubated on a thermocycler for 2 h
at 37°C followed by 1 h at room temperature. The success of
the digestion was checked on a 1% agarose gel and then di-
luted 1:5 with sterile water.

Preselective PCR amplification Two microliters of the dilut-
ed restriction-ligation mix was combined with a
mastermix containing 7.25 uL H,0, 2.5 uL PCR buffer
(5%; Bioline), 0.25 pL of each EcoRI+0 (20 uM) and
PstI+0 (20 uM) primers, and 0.25 pL MyTaq
Polymerase (5 U pL™'; Bioline). The mixture was briefly
centrifuged at 1000 rpm and put into a thermocycler. The
PCR reactions were performed with an initial denaturation
of 5 min at 94°C, followed by 20 cycles of 20s at 94°C,
30s at 56°C, 120s at 72°C, and a final elongation of
10 min at 72°C. The samples were checked for quality
on agarose gels and were diluted 10-fold for selective
amplification with water.

Selective PCR amplification 1.5 uL of diluted samples from
the previous step were combined with a 9.5 pLL mastermix
containing 2.25 uL H,0, 2.5 uL PCR buffer (5%), 3 uL
EcoRI+A/C/G (mixture of three; 10 uM), 1.5 uL Pst+
AC (100 pM), and 0.25 uL MyTaq Polymerase (5 U
uL™"). The different EcoRI primers were labeled with 6-
FAM, VIC, or NED fluorochromes (Applied Biosystems).
The samples were briefly centrifuged at 1000 rpm and
transferred into a thermocycler. The selective PCR
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Fig. 1 Time points of 2-week old N eryo- | thawing N 2-week old | |2-week old [ |2-week old
cryopreservation and workflow of culture preservation| | + 24h darkness culture culture culture
the methylation-sensitive AFLP

4 0

Genomic DNA

[2]a[T]T]C]

Clz]z[ala]
Mspl & Hpall EcoRI1
frequent cutter rare cutter
NNNNC CGGNNNNNNNNNNNNG AATTCNNNN
[T FETTEEEErrrnd [T
NNNNGGC CNNNNNNNNNNNNCTTAA GNNNN
GACGATGAGTCCTGAG CGGNNNNNNNNNNNNG AATTGGTACGCAGTCTAC
FETTTEEErErnd FETTTTEEEEETnl FETTEEEErrrrnd
TACTCAGGACTCGC CNNNNNNNNNNNNCTTAA CCATGCGTCAGATGCTC
Mspl adapter EcoRI adapter

GACGATGAGTCCTGAGCGGNNNNNNNNNNNNGAATTGGTACGCAGTCTACGAG

FEErrrrerrrrrere e e et e ettt
CTGCTACTCAGGACTCGCCNNNNNNNNNNNNCTTAACCATGCGTCAGATGCTC

I
| Pre-selective PCR (PA) |

[cTTAACCATGCGTCAG | EcoRI+0 primer

GACGATGAGTCCTGAGCGGNNNNNNNNNNNNGAATTGGTACGCAGTCTACGAG

FEEEEEEErr e e e e e e e e e e e e e e e
CTGCTACTCAGGACTCGCCNNNNNNNNNNNNCTTAACCATGCGTCAGATGCTC

[caTeacTccTGAGCGE |
Mspl+0 primer

[ Selective PCR (SA) |

ACTTAACCATGCGTCAG| EcoRI+A primer (VIC)
CCTTAACCATGCGTCAG | EcoRI+C primer (6FAM)
|ccTTaaccareegTCcaG| EcoRI+G primer (NED)

GACGATGAGTCCTGAGCGGCNNNNNNNNNNNGAATTGGTACGCAGTCTACGAG

CEEETEEEr e e e et e e e e e e e e
CTGCTACTCAGGACTCGCCGNNNNNNNNNNNCTTAACCATGCGTCAGATGCTC

[caTGaGTCccTGAGCGGC |
Mspl+C primer

reactions were performed with an initial denaturation of
5 min at 95°C, followed by 10 cycles of 20s at 95°C, 30s
at 65°C, 120s at 72°C, followed by 20 cycles of 20s at

The complete AFLP reactions were performed twice from
each DNA extraction at the same time.

95°C, 30s at 56°C, 120s at 72°C, and a final elongation of
10 min at 72°C. Afterward, the samples were diluted 10-
fold. Nine microliters of Hi-Di Formamide and 0.5 pL of
GeneScan 600 LIZ size standard (cat. no. 4408399;
Thermo Fisher) were pipetted to 0.5 uL of the diluted
selective amplification products.
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MS-AFLP (Fig. 1) The methylation-sensitive AFLP (MS-
AFLP) with the two restriction enzyme combinations
EcoRI/Hpall and EcoRI1/Mspl was performed using the
same protocol described above. For the restriction/liga-
tion, the enzymes Hpall (10 U pL™'; RO171S) and Mspl
(20 U uL'; RO106S) with the Mspl adaptor (5 pM) were
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used. The primers Mspl+0 (20 uM) and MspI+C (100
uM) were used in the preselective and selective PCR am-
plifications, respectively.

AFLP and MS-AFLP fragment sizing and evaluation
Fluorochrome-labeled fragments were separated by capillary
electrophoresis using an ABI Prism 3500 automatic sequencer
(Applied Biosystems). AFLP fragments were evaluated in
GeneMapper v5.0 (Thermo Fisher) and sized with GeneScan
600 LIZ size standard (Thermo Fisher). Fragments with a
length of 50 bp to 600 bp were scored manually. The binary
matrix (1 present, 0 absent) was constructed manually for
AFLP (Pstl). The scoring for MS-AFLP was also performed
manually and the matrix contained four states (0 absent, 1 no
methylation, both fragments Hpall and Mspl present, 2 Mspl
present, Hpall absent, 3 Mspl absent, Hpall present; Fig. 2).
The methylation scoring was done according to Schulz et al.
(2013).

For the detection of fragments, the “major rule” was ap-
plied for the four replicates. For both automated and manual
evaluation, thresholds of 200 fluorescent units and the form of
peaks were used. The differences between two different DNA
extractions and restriction-ligation products were under 2% of
number of total fragments.

Data analyses The resulting matrices were exported into
NEXUS format and further analyzed by PAUP 4.0a167
(Swofford 2002). The distance matrix of the binary matrix

(AFLP-Pst) was calculated in PAUP using the neighbor-
joining method and presented as cladogram. The support for
specific nodes for the NJ tree was calculated with PAUP using
the bootstrap method (Felsenstein 1985) with 1000 replicates
(NJ and MP).

The descriptive statistics including the total number of frag-
ments (Fyo), the percentage of polymorphic fragments
(Fpoy%), and the numbers of unique fragments (F,;) were
calculated as described in Schonswetter and Tribsch (2005).

Cryopreservation and fluorescein diacetate (FDA) vital
staining

Before freezing, 750 pL algal culture were mixed with 750 puL
of culture medium containing 10% DMSO, resulting in a final
concentration of 5% DMSO as a cryoprotectant. Samples
were frozen in an ICE Cube 14S Computer Controlled Rate
Freezer (SY-LAB). The protocol was conducted according to
Miiller et al. (2007). The tubes containing the algae with cryo-
protectant with a starting temperature of 20°C were frozen
with a rate of one degree per minute to —40°C. Afterward,
the tubes were incubated at this temperature for a further
30 min and then transferred into liquid nitrogen and put into
the cryotank for storage.

Cryopreserved vials were completely thawed in a water
bath at 41°C (around 3 min). Afterward, vials were sterilized
with 70% ethanol, and all of the samples for one strain (0.5
mL of each replicate) were transferred into 9.5 mL of sterile

Methylation Non-Methylation  Mixed
Methylation status Mspl Hpall scoring scoring scoring
clclcla N N N D
no methylation 0 0 Condition 0 e 0
G|G|C]|C !
~ AN J J
4 c C G G N ([ N (O N (O N\
full methylation
of the internal 0 @ 0 9
G|G|C|C cytosine Condition
q q n
CICIGI|IG hemi-methylation
of the internal 0 @
G|G|C|C cytosine 0 0 9
- AN AN AN J
g N [ N (O N
CICIGIG hemi-methylation Condition
of the external @ 0 o 0 9
G|G|c]c cytosine m
S J AN J
s N (O D [ N D
CICIGIG full methylation
of the external @ @ 0 0 @
G|G|C|C cytosine
C C GIG full methylation Condition
©@ |0 |l O
GG C C cytosines @ @ L
C C G‘ G heml-nfula’tht)lfllatlon 0 0 0
of bo ©@ O
GIG[C|C cytosines
- / J  \ J

Fig. 2 Scoring types of MS-AFLP
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BBM+V medium. The mixture was incubated in complete
darkness for 24 h. For FDA staining, a mixture was prepared
by dissolving 25 mg FDA crystals in a few drops of acetone.
This mixture was filled up to 25 mL with methanol.
One milliliter aliquots of incubated, thawed cultures were
combined with 50 uL FDA solution (1% stock solution).
The mixtures were incubated at room temperature for a min-
imum of 3 min. Afterward, samples were examined under an
Olympus BX60 fluorescence microscope (WB filter). For the
calculation of the survival rates, the SAG 211-14 (Genome)
strain cultured under normal conditions was used as a refer-
ence. The culture contained 80% of stained cells. This value
was used for correction during the calculation of survival rates
according to the following formula:

total cells postcryo—dead cells postcryo
total cells postcryo*0.8

survival [%] = 100 x
Physiological experiments

All Chromochloris strains were pre-cultivated under standard
culture conditions (20°C and a 16:8 h light:dark cycle) in
Erlenmeyer flasks filled with 50 mL of Kuhl medium
(medium 12 in Schldsser 1994). After 2 weeks of cultivation,
the optical density (OD) of these cultures was measured pho-
tometrically at 567 nm with Genesys 20 (Thermo Scientific,
MA). For cultivation in aerated culturing systems, these pre-
cultures were diluted with Kuhl medium to the OD567 of
approximately 0.06 to get a starting culture volume of 250
mL. These starting cultures were cultivated in a light thermo-
stat (Kuhl and Lorenzen 1964) under the following condi-
tions: 20°C, 16:8 h light:dark cycle, and 70-140 pmol pho-
tons m~ s™'. The experiments were conducted under three
different conditions: aeration with pressed air without enrich-
ment (~0.04% CO,), enriched with 5% or with 10% CO,.
Each treatment was done in triplicates. After the 9-day growth
phase for biomass accumulation, the culture conditions were
modified to induce carotenoid production in a stress phase of 7
days. The stress phase was induced by nitrogen depletion and
an increase of light to 600 tmol photons m? s™. For nitrogen
depletion, the biomass grown after 9 days was collected by
centrifugation, and the pellets were resuspended into the N-
depleted Kuhl medium (with 1/10th nitrogen content of nor-
mal Kuhl medium). During the transfer to N-depleted medi-
um, 20% of the biomass was separated from each sample for
further analysis and storage, hence decreasing biomass prior
to stress phase. These cultures were then transferred back to
the light thermostat.

During the experiments, the contents of total carotenoids
(Car), chlorophylls a (Chl a) and b (Chl b), as well as the
biomass were measured on days 0, 2, 5, 7, 9, and 16.

Dry weight Dry weight (DW) was directly measured on
days 9 and 16 by freeze drying and indirectly proxied with
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OD correlations on days 0, 2, 5, and 7. For direct measurements,
a 5 mL aliquot was taken from each sample, the OD at 567 nm
was recorded, and then aliquots were placed into Eppendorf
tubes. The samples were centrifuged and supernatant was
discarded. The remaining pellets were frozen with liquid nitrogen
briefly at —80°C and then freeze dried for 24-48 h. The DW was
measured by subtracting the empty Eppendorf weight from the
pellet plus Eppendorf weight and reported in gDW L.

Pigments The pigment extraction (chlorophylls a and b, ca-
rotenoids) method and correlation equations were based on
Lichtenthaler (1987). To measure the pigments on each day,
a 1 mL aliquot was taken from the samples and centrifuged at
14000 x g for 30 min in a 2 mL tube, and the supernatant was
removed. The pellets were mixed with glass beads. The sam-
ples were frozen in liquid nitrogen to enhance cell lysis. The
cells were disrupted using a PowerLyzer 24 (MoBio) by
5000 rpm for 1 min. Lysed samples were centrifuged and cell
debris partially pelleted (max rpm for 10s). Subsequently,
samples were mixed with 1 mL acetone (100%) and incubated
on thermomixer for 20 min at 70°C. After incubation, the
samples were centrifuged (14000g % 20 min), and the super-
natant was transferred to a spectrophotometer cuvette. The
absorption at three wavelengths (473 nm, 650 nm, and 665
nm) was measured after blanking with acetone on the same
Genesys 20 used for OD. The following equations were used
to quantify pigment concentrations in mg pL™' (see
Lichtenthaler 1987):

Chl a [mg L™'] = 11.24 Eges - 2.04 Egso

Chl b [mg L™'] = 20.13 Egs - 4.19 Eggs

Total Chlorophyll [mg L™'] = Chl ¢ + Chl b

Total Carotenoids [mg L' = (1000 E473 - 1.90 Chl a -
63.14 Chl b) / 214

The cellular concentration of pigments in mg per gDW
biomass was determined by dividing total Chl (mg L") or total
Car (mg L) by dry weight (gDW L™). Hereafter, total chlo-
rophyll and total carotenoids will be referred to as Chl and
Car. Statistical analysis was conducted using the Tukey test
with 95% confidence intervals in Minitab 18, Minitab 18
Statistical Software (www.minitab.com).

Results

Phylogenetic position and genetic variability of
Chromochloris

To test if all strains assigned as Chromochloris belong to the
same monophyletic lineage, we sequenced the SSU and ITS
rDNA sequences. According to Fucikova and Lewis (2012),
the genera Mychonastes, Bracteacoccus, Pseudomuriella,
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Pediastrum, Planktosphaeria, and Radiosphaera are closely
related to Chromochloris. Unfortunately, no ITS rDNA se-
quences are available for most of the genera. Therefore, we
selected additional taxa of these genera and sequenced the
SSU and ITS for comparison. Phylogenetic analyses of SSU
and ITS-2 rDNA sequences (ITS-1 was excluded from this
data set because of extreme length variations among the
selected strains) revealed that most strains assigned as
Chromochloris formed a monophyletic lineage within the
Chlorophyceae (Fig. 3). Only two strains CAUP H6006 and
CAUP H6007 were members of the genus Bracteacoccus.
Interestingly, the strain CCALA 741 assigned as Chlorella
homosphaera was 100% identical in SSU and ITS rDNA
sequences with Chromochloris zofingiensis. All genera were
highly supported in the bootstrap analyses.

All strains assigned as Chromochloris in Fig. 3 had identi-
cal SSU rDNA sequences except that the strain SAG 221-2

Fig. 3 Molecular phylogeny of
Chromochloris and relatives
based on SSU and ITS-2 rtDNA
sequences. The phylogenetic tree
shown was inferred using the
maximum likelihood method

had an intron at position 516 according to the Escherichia coli
reference. This intron was exceptionally long (1548 bp) and
therefore not fully sequenced in the two GenBank entries of
this strain (HQ902933 and KF673375). SAG 221-2 was the
only strain which showed few variable positions in ITS rDNA
sequences compared to the other strains (Fig. 4). To test the
genetic variability among the Chromochloris strains, we com-
pared the AFLP patterns using the restriction combination
EcoRI/Pstl. The AFLP was only conducted for five strains,
which were proven to be axenic in our growth test on agar
plates containing three different organic culture media. In ad-
dition, the strain SAG 211-14, which was sent back to SAG by
M. Roth in 2017 (herein called Genome; see Roth et al. 2017),
was included to discover any changes between both strains
cultivated in different laboratories. The analyses of the binary
AFLP matrix (Fig. 4, Table S2; Supplemental Material) re-
vealed that both strains were very similar (total number of

4 N
M. homosphaera (CAUP H6501) GU799581

M. pusillus (CCAP 260/4) GQ477039

M. ovahimbae (CCAP 260/13) GQ477052
M. afer (CCAP 211/406) GQ477049

100 M. pushpae (CCAP 260/9) GQ477046

based on the data set (32 taxa;
2306 aligned positions) using
PAUP 4.0al67. For the analysis,
the best model was calculated by
PAUP. The setting of the best
model was given as follows:
GTR+I+G (base frequencies: A
0.2350, C 0.2283 G 0.2717 U
0.2650; rate matrix A-C 1.5587,
A-G 2.7084, A-U 1.5822, C-G
0.7093, C-U 4.7805, G-U 1.0000)
with the proportion of invariable
sites (I = 0.6337) and the gamma
shape parameter (G = 0.4250).
The branches in bold are highly
supported in all analyses (boot-
strap values >50% calculated with
PAUP using maximum likeli-
hood, neighbor-joining, and
maximum parsimony)

99 B. minor (CAUP H6007) MW075318
4‘ B. minor (SAG 221-1) MW075319

100

100 M. racemosus (CCAP 222/52) GQ477051

K M. jurisii (SAG 37.98) GQ477038
(| (Genome) MW075306 - R
(SAG 211-14) MW075307
(SAG 4.80) MW075308
(SAG 31.80) MW075309
(SAG 34.80) MW075310
(CCAP 211-14) MW075311

Mychonastes )

C. zofingiensis

(CAUP H6503) MW075312
(CCALA 741) MW075313

\ (SAG 221-2) MW075314 L Chromochloris

P. duplex (SAG 261-32) MW075316 Pediastrum
B. sp. (CAUP H6006) MW075317

J
P. duplex (SAG 261-2) MW075315 j
<

B. minor (SAG 61.80) MW075320

B. bullatus (SAG 2032) MW075321
[B. bullatus (CCALA 733) MW075322  Bracteacoccus )

Planktosphaeria gelatinosa (SAG 262-1b) MW075323

— 0.01 substitutions/site

Radi us polycoccus (SAG 217-1¢) MW075324

P. schumacherensis (CCALA 714) MW075325
P. schumacherensis (SAG 221-5) MW075326
P. schumacherensis (SAG 2137) MW075327

P. engadinensis (SAG 249-1) MW075328

P. engadinensis (SAG 221-3) MW075329

P. engadinensis (SAG 221-4) MW075330 Pseudomuriella
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Fig. 4 Molecular phylogeny of 4
Chromochloris based on ITS ITS
rDNA sequences compared with
the cladogram using the binary
matrix revealed from AFLP
approach (Ps#-EcoRI)

AFLP h

(Pstl)

L |

fragments Fy,; = 240 vs. 235 in Genome and SAG 211-14
respectively). The percentage of polymorphic fragments
Fpoiy% were also similar (49.08 vs. 48.06). Only the number
of unique fragments F,; varied between both strains (23 vs.
10). Other Chromochloris strains showed greater variations in
the descriptive statistics (Table S2). The F, differed between
183 (SAG 221-2) and 250 (SAG 4.80) and F,;,% between
37.42 and 51.12%. Especially, the strain SAG 221-2 showed
the highest number of unique fragments (F,,; = 228).

In summary, the investigated Chromochloris strains were
identical in SSU and ITS rDNA sequences and very similar in
their AFLP patterns. Only the strain SAG 221-2 differed by
the presence of the 516 intron in its SSU rDNA and nine base
differences in its ITS rDNA as well as numerous unique frag-
ments in its AFLP.

Cryopreservation and MS-AFLP

The use of microalgae in biotechnology requires stable and
reliable strains which are always available. As highlighted
above, keeping these strains maintained in serial transfers
can cause problems through human errors. Therefore, we test-
ed the robustness of the available axenic strains during cryo-
preservation. The strains were cryopreserved using a con-
trolled rate freezer and 5% DMSO as cryoprotectant. Two-
week-old cultures of each strain with a cell number of 10
cells mL™" were taken for cryopreservation. The survival was
determined 24 h after thawing kept in the dark and additional
2 h in light. All strains except the strains SAG 4.80 and
Genome had a survival rate above 80% (Table S3;
Supplemental Material). However, all strains regrew well after
cryopreservation and showed the typical morphology. To test
the influence of cryopreservation on the methylation rate, we
used MS-AFLP approach for discovery of changes in their
rates. The methylation rates varied between the three time
points (precryo, 2-week-old culture before cryopreservation;
cryo, 24 h after thawing kept in darkness and 2 h in light;
postcryo, 8 weeks after thawing with two serial transfers).

@ Springer

In all strains except the strain Genome, the methylation rates
increased from precryo to postcryo from 20 up to 41% (Fig.
5). Only the methylation between precryo to postcryo by the
strain Genome slightly decreased (31 to 28%). The changes in
methylation from precryo, cryo, to postcryo were mostly of
type 2, whereas the rate of type 3 was more less constant
among the investigated strains (Fig. 5).

Not only the methylation rate differed as described, the
pattern varied among the three time points. The number of
polymorphic (F,o1y) and unique fragments (F,,;) changed be-
tween untreated and treated samples (Table S3). The highest
change in methylation was observed in strain SAG 34.80
(Fpoty 774).

Investigating the changes in the polymorphic fragments
during cryopreservation in more detail, the following catego-
ries from precyro, cryo, to postcryo were chosen for compar-
ison: (i) decrease of methylation (0>1/2/3), increase of meth-
ylation (1>0/2/3), and change of methylated position (2/3>0/1)
and (ii) rate of repairs (same methylation status of pre and
postcryo), rate of changes (same methylation status of cryo
and posteryo), and variable states of methylation (different
states among precryo, cryo, and postcryo). The cutting sites
among the polymorphic fragments had the following mean-
ings: 0, both cytosine are methylated; 1, both cytosines are
unmethylated; 2, only the external cytosine is methylated;
and 3, only the internal cytosine is methylated. Each strain
showed similar rates in changes among the polymorphic frag-
ments (Fig. 6; Table S3). The percentage of increasing meth-
ylation varied from 38 to 49% among the strains. A higher
variability could be discovered in the percentages of decreas-
ing methylation (20-44% among the strains). Interestingly,
the changes on the external/internal methylated sites to either
both methylated or both unmethylated occurred only in a rate
of 15-21% with the exception of the strain Genome (33%).
The switch in methylation from type 2 to 3 or vice versa
occurred only occasionally (0—11 times among the strains).

The comparison of the repairs, changes, and variable
among the polymorphic fragments showed an interesting
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Fig. 5 Methylation rate of the
Chromochloris strains during

precryo

cryo
postcryo

precryo
cryo
postcryo

precryo
cryo
postcryo

precryo

cryo
postcryo

precryo
cryo
postcryo

cryopreservation (1 no 4
methylation, 2 internal SAG 211-14
methylation, 3 external \_
methylation; see details in Fig. 2 e
and text) Genome
-
[
SAG 4.80
-
/
SAG 31.80
o
[ SAG 34.80
[ SAG 221-2

precryo
cryo
postcryo

picture. The numbers of repaired fragments between precryo
and postcryo were very similar among the strains (55-68)
independent of the total number of polymorphic fragments.
This resulted in a rate of 9—15% among the investigated strains
(Fig. 6). The rates of changed (22-56%) and variable (31—
69%) methylation states indicated that the strains did not fully
recover the status of methylation after 8 weeks of regrowth.

Biomass and carotenoid production under increasing
carbon dioxide

Strain SAG 211-14 has been used in many biotechnological
applications concerning astaxanthin production. To investi-
gate if the different strains of Chromochloris would also be
suitable for such applications, we compared the biomass and
carotenoid production under different CO, concentrations in
acrated culture systems. The strains SAG 211-14, SAG 4.80,
SAG 31.80, SAG 34.80, and SAG 221-2 were grown in a
two-step procedure to maximize the biomass and carotenoid
content of each strain. Pre-cultures (2-week-old cultures
grown in Erlenmeyer flasks) were inoculated in 250 mL spe-
cial glass tubes (see Kuhl and Lorenzen 1964) and then culti-
vated for 9 days under standard conditions aerated with
pressed air without additional CO,, with 5% CO,, and with
10% CO, (step 1). After this time, the biomass of each culture
was harvested by centrifugation and then resuspended in
250 mL nitrogen-depleted medium, transferred back into the
culture flasks, and cultivated for a further 7 days under in-
creased light conditions (step 2). After step 2, the cultures
were harvested, and the dry weight of the biomass and the
chlorophyll and carotenoid content were measured.

As demonstrated in Fig. 7, all strains showed a significant
5-10-fold higher biomass production in cultures aerated with
additional CO,. The strain SAG 221-2 produced the highest
biomass (5.8 gDW L") under 5% additional CO,. The bio-
mass production of all other strains was between 2.4 and 4.0
gDW L. Despite lower biomass production being achieved
at 5% CO, by the strains SAG 4.80, SAG 31.80, and SAG
34.80 in comparison to SAG 211-14 and SAG 221-2, the
chlorophyll content was higher than that of SAG 211-14,
and the amount of carotenoids was similar to that of SAG
211-14 and SAG 221-2. These results demonstrated that all
strains are suitable for biotechnological applications. The bio-
mass and pigment production increased at higher CO, levels,
but a further increase above 5% CO, showed no further
advantages.

Discussion

Molecular phylogeny and genetic variability of
Chromochloris

All strains assigned as Chromochloris formed a monophyletic
lineage in the SSU/ITS-2 phylogeny (Fig. 3). Two strains
(CAUP H6006 and CAUP H6007), named Chlorella
zofingiensis, were members of the genus Bracteacoccus. In
contrast, the strain CCALA 741 assigned as Chlorella
homosphaera belonged to Chromochloris zofingiensis and
was identical in sequences with the authentic strain SAG
211-14.
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Fig. 6 Changes among
polymorphic fragments during
cryopreservation (0 full or hemi-
methylation of the external or
both cytosines, 1 no methylation,
2 internal methylation, 3 external
methylation; see details in Fig. 2
and text)

SAG 211-14

S N\

Genome

SAG 4.80

Y,

SAG 31.80

\_
(
SAG 221-2

-~
%

L D y

SAG 34.80

®-0123
. = repaired ' = changed

O =1023 0 =253>01
. = variable

Chromochloris zofingiensis has a long history of different
generic affiliations due to a lack of clear diagnostic morpho-
logical features. Since its description as Chlorella zofingiensis
by Ddnz (1934), this species was transferred to the genus
Muriella by Hindak (1982), to Mychonastes by Kalina and
Puncochatova (1987), and finally to Chromochloris by
Fucikova and Lewis (2012). Phylogenetic analyses revealed
that this species is almost identical in sequence with the au-
thentic strain (SAG 221-2) of Chromochloris cinnabarina,
which was described by Kol and Chodat (1934). Our analyses
confirmed the findings of Fucikova and Lewis (2012).
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Chromochloris is clearly separated from the genera
Mychonastes, Pseudomuriella, and Bracteacoccus (Fig. 3).
Fuéikova and Lewis (2012) also demonstrated that one strain
(ASIB S223) originally assigned as Bracteacoccus minutus
belonged to Chromochloris zofingiensis. Bracteacoccus
minutus was described by Schwarz (1979), which differed
from Chromochloris by the production of zoospores.
Unfortunately, this strain is no longer available in culture col-
lections, and therefore the zoospore formation cannot be con-
firmed. We did not observe any zoospores in all studied
Chromochloris strains. The relationship among these genera
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Fig. 7 Biomass (a), chlorophyll (b) and carotenoid (¢) production under different aeration with CO,
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(Chromochloris, Bracteacoccus, Pseudomuriella,
Mychonastes, and others) remained unresolved and needs
further studies by increased taxon sampling. Especially
genome data are absent for closely related taxa. Roth et al.
(2017) showed a sister relationship of Chromochloris to
Monoraphidium, but this is a result that no genome sequences
of other closely related taxa are available so far.

The sequence variation among C. zofingiensis strains was
very low in SSU and ITS rDNA sequences despite the pres-
ence of the long 516 intron in SAG 221-2. This strain differed
in ITS and in the AFLP pattern (EcoRI/Ps) from the other
five strains (Fig. 4). Thus, the strains SAG 211-14, SAG 211-
14 (Genome), SAG 31.80, SAG 34.80, and SAG 4.80 seemed
to be conspecific, whereas SAG 221-2 might represent a cryp-
tic species.

Epigenetic assessment of different Chromochloris
strains during cryopreservation

For the usage of microalgae in biotechnology, reliable
reference strains are needed as replacement in case the
bioreactors were harvested or became contaminated by
other organisms. The reference microalgal strains depos-
ited in public culture collections should be cultivated axe-
nically without other organisms, but the maintenance via
serial transfers is a potential source for contaminations by
human errors. Therefore, cryopreservation may provide a
potential solution for preventing such mistakes; however,
the survival rate should be high, and the physiological
properties should be unchanged to provide reliable mate-
rial for biotechnological applications. To test the epige-
netic variability during the cryopreservation, we com-
pared the methylation patterns of several Chromochloris
strains before, shortly after thawing, and after cryopreser-
vation using the methylation-sensitive AFLP (MS-AFLP).
Changes in methylation/demethylation are considered to
be valuable parameters for adaptive processes in changing
environments (Igbal et al. 2011). All of the six investigat-
ed strains showed a high survival rate through the differ-
ent states of cryopreservation (see Table S3). All strains
showed a high number of changes in methylation. The
rates increased during cryopreservation compared to
precryo. Only the strain Genome showed a slight decrease
in the methylation rate (Fig. 5). These results were inde-
pendent of which scoring type (methylation, non-methyl-
ation, or mixed scoring; Fig. 2) was used for the analyses.
However, the mixed scoring model provided more infor-
mation as demonstrated in Fig. 6. For example, the com-
parison of the polymorphic fragments precryo and
postcryo revealed around 60 fragments, which were
changed shortly after cryopreservation, but switched back
to the original status of precryo. This was independent
from the total number of polymorphic fragments among
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the strains (see Table S3), indicating that the repair
of changes in methylation required certain time. A third
of these 60 fragments occurred at the same site, which
indicated that these methylation/demethylation states of
these fragments were maybe important for recovery.
Interestingly, all strains, despite their good growth after
cryopreservation, did not reach the same methylation
states as determined in precryo samples. Therefore, it
seems that microalgae need a long time (approximately
9 months estimated according to the measurements de-
scribed above) to reach the same status in methylation.
However, whether MS-AFLP can be generally applied
as a suitable method for the detection of damages to
microalgae during cryopreservation will need some fur-
ther evidence from other genera and species. The MS-
AFLP technique has only been used for few macroalgae
(the red alga Gracilariopsis lemaneiformis, Peng et al.
2018; the brown alga Saccharina japonica, Qu et al.
2013). Peng et al. (2018) studied the temperature stress
response on different life stages of this red alga. They
found a high level of methylation (~60%) in branches of
the third generation (location of tetrasporulation). The
rate increased at high temperature (26°C) and decreased
at low temperature (15°C). Qu et al. (2013) found that
chilling treatment could cause the change in DNA meth-
ylation level that may protect S. japonica from tempera-
ture stress by making chromosome structure tight and
stable. Despite that these studies were not comparable to
ours, generally the changes in methylation seem to be
good indicators for adaptation to changing ecological
conditions. Most studies using MS-AFLP were done for
ecological epigenetics on higher plants, animals like fish,
or fungi such as yeast (see review Schrey et al. 2013 and
references therein).

Summarizing as demonstrated, cryopreservation has ef-
fects on the methylation pattern in all of our investigated
strains, but whether these differences during cryopreservation
affect the biotechnological properties among the strains, needs
further investigations. Kapoore et al. (2019) compared the
physiology of a marine strain (CCAP 211/21A) belonging to
Chlorella vulgaris before and after cryopreservation. They
found strong effects when the cultures were cryopreserved at
—15 or —80°C for 4 months. However, only minor effects were
reported when the cultures were cryopreserved with cryopro-
tectant (here 5% methanol). This indicates that the biotechno-
logical properties do not change if the cultures were cryopre-
served with optimal protocols.

Biomass and carotenoid production of different
Chromochloris strains in aerated cultures

Chromochloris zofingiensis is one of the model organisms for
carotenoid production in biotechnology. Many studies
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focused on the optimization of astaxanthin production under
different conditions and on upscaling it in large bioreactors
(Liu et al. 2014; Chen et al. 2017; Huo et al. 2018). All these
applications used only one strain, SAG 211-14 or its dupli-
cates (CCAP 211/14, UTEX 32, ATCC 30412). We com-
pared the biomass and carotenoid production of five strains,
which were available axenically in the culture collection. Our
focus was not on finding the optimal conditions to maximize
biomass and carotenoid content but rather on the comparison
of the strains. As demonstrated above, four out of the five
strains were genetically very similar (Figs. 3—4). To test if
these strains also show similar properties in terms of biomass
and carotenoid production, we cultivated all strains aerated
with different carbon dioxide conditions in a two-step ap-
proach (see above). Our investigations demonstrated that the
strain SAG 211-14 used in biotechnology did not produce the
highest biomass compared to the others (Fig. 7). The strain
SAG 221-2 would also be a good candidate for biotechnolo-
gy. The other three strains produced a lower amount of bio-
mass, but all strains had 5-10-fold increase in biomass under
5-10% CO, compared to non-enriched aeration. The optimal
CO, concentration was at 5%, while an increase to 10% did
not show a further increase in biomass. The amounts of chlo-
rophyll and carotenoids were very similar among the strains,
which demonstrated that all of the investigated strains are
potential candidates for usage in biotechnology.
Interestingly, taking into account both parameters biomass
and carotenoid contents, the strains SAG 4.80, SAG 31.80,
and SAG 34.80 produced a higher amount of carotenoids per
dry weight in comparison to both others, which produced a
higher biomass. In summary, all five strains could be used in
biotechnological applications, and the choice of which strain
should be used is dependent on the conditions applied and
desired products. As different strains perform better under
either higher or lower CO, concentrations, this suggests the
possibility of connecting the CO,-enriched air fed to algal
bioreactors in a series configuration, whereby the outflow air
of upstream bioreactors acts as an inflow for downstream bio-
reactors. During a light cycle, the CO, concentration of air
moving through the series would drop after each reactor
(due to photosynthesis), such that strains with affinity for the
highest CO, treatment should be connected upstream and
strains with affinity for lower CO, concentration should be
connected downstream. Such a system could reduce the loss
of carbon dioxide from outlet air streams, which may be rel-
evant for certain applications, such as in space. Further inves-
tigations are required to assess the effects of rising oxygen
concentrations downstream of the series, which occurs during
a light cycle dues to photosynthesis. Finally, it is worth noting
that algal bioreactors connected in series would experience an
inverse in gas concentrations along the series during dark cy-
cle, i.e., rising CO, and falling O,, due to algal respiration.

In our experiments, we reached similar biomasses among
the strains compared to the published data. Del Campo et al.
(2004) observed a biomass of 8 g L' after 25 days of
growth (compared to our 36 g L™ in 10 days; Fig. 7). Our
results on carotenoid production were comparable to those
published in Liu et al. (2014) despite that different approaches
were used in the different studies. The two-step approach ap-
plied in this study could be used for optimization of biomass
and carotenoid production. Whether this approach is suitable
for scaling up needs to be tested.
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