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ABSTRACT

Microalgae offer excellent opportunities for producing food and fuel commodities, but
in colder climates the low growth rates of many varieties may hamper production. In
this work, extremophilic Arctic microalgae were tested to establish whether satisfactory
growth and lipid production could be obtained at low water temperature. Five species of
snow/soil algae originating from Svalbard (78-79°N) were cultivated at 6°C, reaching
high cell densities (maximum dry weight 3.4 g-L'l) in batch cultivations, and high
productivity (maximum 0.63 g-L'l-d'l). After 20 days of cultivation total lipids ranged
from 28 to 39% of the dry weight, and diverse patterns of neutral lipid (triacylglycerol;
TAG) accumulation were observed. The five species largely accumulated unsaturated
fatty acyl chains in neutral lipids, especially polyunsaturated C16 series fatty acids,
C18:1n-9 and C18:3n-3. The results indicate that polar microalgae could provide an
opportunity to increase the yields of microalgal biomass and oil products at low

temperatures.
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1. INTRODUCTION

Microalgae are single-cell factories that may find applications as biofuel, feed and food
production platforms (Georgianna & Mayfield 2012; Hu et al., 2008). Cultivating these
fast-growing microorganisms on marginal land using waste or saline water supplies
offers promising solutions to global food, climate and energy issues, yet producing algal
biomass at scale with low environmental impacts still faces several challenges (Canadell
& Schulze, 2014; Chisti, 2013; Matassa et al., 2016). A major technical challenge is that
production of microalgae biomass and oil in colder climates can be inefficient, because
common strains such as those used for commercial work produce low yields at
temperatures below ~15°C (Chisti 2012; Moody et al:; 2014). However, by selecting
alternative species from cold polar habitats, it may be possible to mitigate some of the
effects of cold temperatures on productivity (Varshney et al., 2015).

Typical strains of microalgae used for commercial applications in outdoor
raceway ponds and photobioreactors require warm waters of around 24-40°C to attain
their optimal growth rates (Bernard & Rémond 2012; Béchet et al., 2011; Chisti 2012;
Endres et al., 2016). At higher latitudes, this could limit efficient production of model
microalgae species to summer months, or require heating of the culture broth,
consuming large amounts of energy (Moody et al., 2014). However, ecological research
has shown for some time that microalgae can be surprisingly productive in very cold
environments (Komadrek et al 2007; Leya et al., 2009; Lutz et al., 2016; Lyon & Mock
2014; Mock et al., 2017; Thomas & Dieckmann 2002), indicating that cold-adapted
strains could mitigate some of the effects of low temperature on bioprocess efficiency.

Below a thermal optimum, metabolic rate invariably reduces with decreasing
temperature. The effect is predictable, because metabolism is a network of enzyme-

catalyzed (i.e. temperature dependent) reactions, which can generally be described by



exponential (Q,,) or log-linear Arrhenius functions (Ahlgren et al., 1987; Falkowski &
Raven 2013; Raven & Geider 1988). Though this indicates microalgae should
invariably grow slowly in cold conditions, the microbes inhabiting permanently cold
regions have experienced strong, persistent selection and have acquired a range of
physiological adaptations that allow them to succeed at temperatures close to, or even
below freezing (Cavicchioli et al., 2011; Gounot & Russell 1999; Morgan-Kiss et al:,
2006). One of these adaptations is the increased abundance of polyunsaturated fatty
acids (PUFAS) in the lipids of cold-adapted microalgae, which improve the performance
of biological membranes, key sites of metabolism, at lower temperatures (Morgan-Kiss
et al., 2006). Cold-adapted microalgae may therefore offer lipid products enriched in
PUFAs, with potential uses in biotechnology and industrial products.

Cold environments can however differ considerably in other physical and
chemical variables. For example, microalgae inhabiting sea-ice are exposed to
constantly low temperatures and low light conditions, often with substantial variations
in salinity (Mock et al., 2017; Thomas & Dieckmann, 2002). Alternatively, terrestrial
species of microalgae found on snow, ice, rock, soil crusts and glaciers, often termed
snow-algae, are of special interest because they can survive under high irradiance and
unstable temperature regimes (Hori et al., 2014). These conditions are analogs to those
often occurring in outdoor photobioreactors and shallow raceway ponds, making this
group potentially interesting for industrial applications in harsh climates.

To test whether cold-adapted microalgae could offer solutions for industrial
cultivation in colder temperatures, terrestrial chlorophyte microalgae originating from
the Svalbard archipelago (74 to 81°N) were selected (Table 1). These microbes
experience persistently low temperatures and extreme annual variations in photoperiod

(24 h dark to 24 h sunlight). Five test strains were cultivated in an array of low-



temperature photobioreactors supplied with concentrated CO; to study their growth,
photosynthetic efficiency and neutral lipid production in batch and semi-continuous
cultures. A temperature of 6°C was selected for testing, because it is substantially lower

than other bioreactor studies.

2. MATERIALS & METHODS

2.1. Bioreactor cultivation

Five varieties of microalgae (Table 1) were obtained from the Culture Collection of
Cryophilic Algae (CCCryo, Fraunhofer, Germany). Each strain was originally collected
from snowfields and solid substrates on Spitsbergen (Svalbard, 78-79°N, 11°E). Prior to
experiments the cultures were maintained in Erlenmeyer flasks at 2-4°C at an irradiance
of 30 £ 10 pmol-m'z-s'1 provided by a 4700K color temperature fluorescent lamp. The
experimental equipment comprised a temperature-controlled environment chamber
(Termaks AS, Bergen, Norway) fitted with nine fluorescent lamps (cool daylight, 36 W,
Phillips) containing 12 photobioreactor units. Photobioreactors were 350 mL glass tubes
(Friedel, Oslo, Norway) measuring 35 mm internal diameter. They contained 310 mL of
media, fitted with sealed silicone stoppers and autoclaved as complete units. Carbon
dioxide enriched gas (60 mL-min") was supplied to each photobioreactor by rotameter
(Omega, Manchester, UK). The CO, concentration was controlled by mixing dried,
filtered, compressed air with carbon dioxide using a mass flow control system (GMS-
150, Photon Systems Instruments, Czech Republic) (Figure 1). Experimental replication
was achieved by repeating each treatment 3 or more times. Each strain was initially
assigned to one of the bioreactors at random, then subsequently moved amongst reactors

for each replicate to mitigate any small reactor-specific effects. Photobioreactors were



illuminated from one side at an irradiance of 135 pmol-m'z-s'1 (batch cultures) or 230
umol'm™s™ (semi-continuous cultures). To measure the light conversion efficiency the
average irradiance over the photobioreactor surface was calculated. This was done by
measuring the photon flux normal to the glass wall (transmittance = 0.96) at twelve
evenly spaced positions on each of the units (0, 90, 180, 270° to the light source at top,
middle and base) at each irradiance level. For batch cultures the average irradiance
measured 67.9 £ 2.1 pmol-m'z-s'1 (M £ SD, n = 12) whilst for semi-continuous cultures
this increased to 116.2 + 5.0 pmol-m'z-s'1 (M = SD, n = 12). These were expressed as a
daily photon flux, fuay, With units mol-m™>d”. Thirty batch.cultures were conducted (5
strains X 2 time points x 3 replicates) with a CO, concentration of 1% v/v. Batch
cultures used Bolds Basal Medium (BBM, Bischoff & Bold, 1963) with double-strength
NaNO; (5.88 mM). Semi-continuous cultures used increased CO, concentrations (2.5%)
and triple-strength NaNOj (8.82 mM), to ensure that nutrients were always provided in
excess. Semi-continuous cultivations were maintained by diluting with fresh medium to

a target cell density (Cpag) of 1.5 g'L™" every 48 hours.

2.2. Growth

Growth of batch cultures was measured by optical density that was calibrated against
the dry weight. Absorbance in a 1.0 cm path length cell was recorded at 540 nm every
two days and the dry weight was measured at 0, 10 and 20 days. The dry weight was
measured by low-pressure vacuum filtration of a known volume of culture fluid through
weighed 1.0 um pore size 47 mm glass fiber filters (VWR, Norway) that were dried at
95°C for 48 hours. The productivity of semi-continuous cultures was measured by the

dry weight and volume of broth removed. The concentration of nitrate in the broth was



measured with standard colorimetric reagents adapted to a 96-well microplate (Ringuet
et al., 2011) using NADH:nitrate reductase (NECi Superior Enzymes, USA). The
absorbance was measured at 540 nm (FLUOstar Optima, BMG Labtech, USA). Seven-

point linear calibrations were included in each plate with r* values >0.996.

2.3. Lipid analysis

Lipids were extracted from lyophilized microalgae (~6 mg of sample) weighed using a
precision balance (MX5, Mettler-Toledo). Lipid extraction was performed using 4.0 mL
of chloroform:methanol solution (2:2.5 v/v) spiked with internal standard
(Tripentadecanoin, C15:0 Triacylglycerol, Sigma-Aldrich). A bead mill (MagNA lyser,
Roche, 0.1 mm glass beads) and a sonication bath were used for complete cell
disruption. Total lipids were then recovered by addition of 2.5 mL aqueous Tris buffer
(6 gL' Tris, 58 g'L™! NaCl, pH 7.5) followed by vortexing (10 seconds) and
centrifugation (1500 rcf). The chloroform phase was removed and dried under a stream
of nitrogen. Total crude lipid extracts were measured gravimetrically, and the fatty acid
composition of neutral and polar lipids was measured by gas chromatography (GC).
Separation of neutral and polar lipids was achieved by solid-phase extraction. Total
lipid extracts were redissolved in 0.5 mL hexane:diethylether (7:1 v/v) and loaded onto
6 mL (1g) silica cartridges (Supelco®). Neutral lipids were first eluted with 10 mL of
hexane:diethyl ether (7:1 v/v), then 10.0 mL of methanol:acetone:hexane (2:2:1 v/v/v)
was added to elute the polar lipids. Each lipid fraction was then dried under a stream of
nitrogen and the fatty acyl chains were derivatized to fatty acid methyl-esters (FAMEs)
using acidic methanol (3.0 mL 5% H,SO, in methanol, 70°C for 3h). The FAMEs were
recovered by mixing (30 min) with 3.0 mL of hexane and quantitated by a GC fitted

with a Flame Ionisation Detector (SCION 436, Bruker). The GC was operated without



injector sample split and was fitted with an Agilent CP-Wax 52 CB column. Supelco”
37-component standards were used for identification and quantitation of common fatty
acids and additional standards were sourced for unusual unsaturated fatty acids
(Larodan Fine Chemicals, Sweden). Each fatty acid was quantitated by linear regression
of five-point calibrations (+*+ .999) and blanks were included in the extraction procedure
so that trace peaks derived from sample preparation could be eliminated. Internal
standard recovery, accounting for sample losses and transesterification efficiency,

averaged 95%.

2.4. Statistical methods

Batch cultures followed typical sigmoid growth patterns that comprised lag, exponential
and stationary phases. The data was modeled and the differences amongst strains were
evaluated using a nonlinear four-parameter logistic mixed-effects model using the R
package nime (Pinheiro & Bates 2006). The mixed-effects model contained both fixed
(species) and random (bioreactor unit level) effects. The type of nonlinear mixed effects

model used to describe the cell density (Cx, g-L'l) over time was (eq. 1).

2;— @1
Cyij = a + & 1)
H $3i — tij J
1+exp<7¢4, )
l

In this expression Cx,;; is the cell density ( g-L'l) in a bioreactor culture, i, at time #;;
(days); Parameter ¢1 is the minimum dry weight (g-L'l), the lower asymptote; @2 is the
maximum dry weight, the uppermost asymptote (g'L™"); 43 is the inflection point
corresponding to the time of maximum growth (days) and ¢4 is the slope parameter. A

power variance model of the form Var(g;j) = (s2lvl-jl26

was used to significantly (LR =
118.7, p < .001) improve the analysis, where v;; are variance covariates and

corresponds to the variance parameters (Figs S1, S2). Random effects were included for



parameters ¢2, ¢3 and ¢4; parameter 1 was dropped from the random part of the model
based on sequential model comparisons using Akaike’s information criterion (AIC)
statistics. Random effects were approximately normally distributed (Fig S3). After
building the optimal model, the fixed-effect estimates of each parameter were obtained
for each strain of algae and compared using the #-values and probabilities (Table Slc).

The productivity (P, g-L'l-d'l) was calculated using the logistic model fitted
values of cell density (Cx) over time. The productivity in a photobioreactor at the jth
time was derived using a 1-hour time step (¢ — #;.1 = 1 hour, eq. 2) to generate high-
resolution productivity curves, and the maximum value (Pgmax) was found.

Cy i —Cyi_
p, = X,j X,j—-1

J
tj—tjiy

(2)

A curve was generated for each replicate culture and the mean and standard deviation of
Pnax for each variety (n = 3) was calculated. Next, the specific growth rate (k, d") over

time was calculated at high-resolution from P and C, (Hulatt et al., 2017).

P.
k= =L (3)
Cxj

The productivity (P, g-L'l-d'l) of semi-continuous cultivations maintained for 16-18
days was interpreted using a linear mixed-effects Analysis of Covariance (ANCOVA)
model. The slopes and the intercepts were allowed to vary amongst the different strains,
so that their respective intercepts are the average volumetric production at the start of
semi-continuous cultivation (g-L'l-d'l) and their slopes describe the average change in
productivity over time (g-L'l-d'z) for each species of microalga. The model included

both random slopes and random intercepts for each experimental bioreactor unit.

2.5. Light



Light conversion efficiency was derived from P__ (batch cultures) and P, the

max 10°

productivity after 10 days of dilution (semi-continuous cultures). The photon flux
incident on the photobioreactor, / (mol-L’l-d'l), was calculated (eq. 4).

_ fday

I 4)

" Repr
Where Rpgr is the photobioreactor illuminated surface area per unit culture volume
(mz-L'l) and fyay is the average PAR photon flux (400-700 nm) over the surface of the

photobioreactor (mol'm™d™). The biomass yield on light was calculated (eq. 5).

B
YX/mol = mlax (5)

Where Y x/mol is the maximum biomass yield on light (g-mol'l). For semi-continuous

cultures, Pmax was substituted for Pjo.

3. RESULTS & DISCUSSION

3.1. Batch cultures

In batch culture each of the five varieties reached maximum cell densities from 2.2 +
0.9t03.4+0.3 gL' (Table 2). The growth patterns of four species were described
using a logistic mixed-effects model (Fig 2), which provides a mechanistic
interpretation of biomass accumulation. Despite strong growth Macrochloris
rubreoleum formed cell aggregations, and so only the maximum cell density is
presented for this variety. Table 2 also provides the model parameter estimates that
characterize the average growth trajectory of each species of microalga. The model
parameters, which describe important features of the growth curves, differed
significantly between strains (F ¢ 5.4, P .002, Table 3) indicating that different species

produced fundamentally different growth patterns. The maximum biomass (¢2) of
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Chlamydomonas pulsatilla, for example, was significantly higher than each of the other
two flagellate snow algae (all pairwise contrasts in Table S1c). The growth of
Raphidonema sempervirens was characterized by a consistently extended lag phase,
reaching maximum productivity after 14.3 + 1.2 days (¢3). The productivity (P, g-L"-d™)
and specific growth rate (k, d"') of each strain are presented in Fig 2. Maximum
production (P_ ) varied 2.5 fold between the different species, the highest productivity
in batch culture attained by C. pulsatilla (0.58 + 0.16 g-L."-d") and the lowest
productivity was obtained from Chloromonas platystigma (0.25 £ 0.09 g-L"-d") (Table

5). On average, k__ranged from 0.33 to 0.56 d" between species, equivalent to biomass

max

doubling inside the photobioreactor every 1.8 to 3.0 days. Invariably, k__occurred three

max

to five days earlier than P__ .

3.2. Semi-continuous cultivation

To confirm that the high growth rates of batch cultures were repeatable and could be
maintained in long-term cultures, the three most productive varieties (C. pulsatilla, C.
klinobasis and R. sempervirens) were selected for cultivation in semi-continuous mode
(Fig. 3). The productivity of semi-continuous cultures was modeled with a linear mixed
effects ANCOVA (analysis of covariance) model that included separate slopes and
intercepts (fixed effects) for each microalgae strain. In agreement with the batch
cultures, significant differences in the intercepts (¥ = 38.1, p < .001, Table 4) confirmed
that different varieties had fundamentally different growth rates. Again, C. pulsatilla
consistently sustained the highest yields, measuring on average 0.57 g-L’l-d'1 at the start
of the maintenance period (Table 4) and increasing on average to 0.63 g-L’l-d'1 after 10
days (Table 5). Raphidonema sempervirens initially produced the lowest yields in semi-

continuous cultures (0.32 g-L'l-d'l, Table 4) and its productivity decreased to 0.21 gL
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4™ after 10 days. On average, C. pulsatilla showed a weak increase in productivity
over time (slope 0.006 g-L'-d?), whilst R. sempervirens showed a gradual reduction in
productivity (slope 0.011 g-L™"-d?) over the same period (Table 4). There were however
no detectable differences in slope amongst the three species (F = 2.2, p =.120) and on
average there was no overall change in productivity with time across all three varieties
(F=0.6,p=.439).

The results from batch cultures (section 3.1) and semi-continuous cultures are
concordant. Together the data indicates that high productivity is possible from some
cold-adapted strains at 6°C, but also shows that the species have substantially different
maximum growth rates. In nature, different species and ecotypes adapt to their
environment with strategies that are characterized by trade-offs between investments in
resource acquisition/survival and growth rate (Litchman et al., 2015). Consequently this
may translate to variation in maximum attainable yields in optimized cultures, and
careful selection of individual strains is an essential step for achieving the maximum
productivity.

Although research in the ecology of polar areas has indicated that microalgae
can be productive in cold ecosystems, no previous studies have shown comparably high
autotrophic productivity in low temperatures (i.e. sub-15°C). For example, a recent
study reports productivity figures under 0.05 g-L’l-d'1 for ten strains native to Canada,
cultivated at 10°C in autotrophic and mixotrophic conditions (Wang et al., 2016).
Similarly, Abdelaziz et al. (2014) report in their screening study maximum productivity
figures under 0.1 g'L™"-d”" amongst Canadian strains cultivated at 10 and 22°C. The
maximum productivity obtained in this study was over 6-fold higher in batch (0.58 g-L°
'.d™") and semi-continuous cultivations (0.63 g-L’l-d'l) at lower 6°C water temperature.

This difference can be explained by a number of factors, especially strain selection and

12



photobioreactor design. The five species tested here, rather than being simply cold-
tolerant, display the traits of true cryophiles; the three flagellate species (C. pulsatilla, C
klinobasis, C. platystigma) for example remained highly motile (phototactic) close to
freezing, becoming inactive at room temperature (Cavicchioli et al., 2011; Morgan-Kiss
et al., 2006). The adaptation of microalgae to low water temperatures (e.g. genetic,
epigenetic and short-term acclimation mechanisms) could provide solutionsto increase
productivity in industrial cultivation systems. A second variable is the supply of
inorganic carbon for photosynthesis. At low water temperatures the solubility of CO, is
increased, but the gas-liquid mass transfer of CO, is lower. Addition of concentrated
CO, is essential for allowing maximum rates of carbon fixation, but does not seem to

have been utilized in previous studies at low temperature.

3.3. Photosynthetic efficiency

To measure the photosynthetic efficiency of the photobioreactors, the biomass yield per
mole photons PAR (Y x/mal, g-mol'l) was calculated. In batch cultures the fastest growing
strain, C. pulsatilla;recorded a PAR conversion efficiency of 1.23 + (0.33 g-mol'l,
reduced to 0.79 +£0.03 g-mol” in semi-continuous cultures (Table 5). Although R.
sempervirens performed strongly in batch culture, peaking at 0.91 +0.10 g:mol”, in
semi-continuous mode, it ultimately recorded the lowest PAR conversion efficiency at
0.23 +0.12 g'mol . The values for C. pulsatilla are comparable to those predicted by de
Mooij et al. (2014) and the upper values discussed by Vejrazka et al. (2012) for related
Chlamydomonas reinhardtii under similar incident irradiance conditions. These figures
correspond to approximately 12% and 8% PAR energy conversion efficiency, which is
equivalent to ~5% and ~3% total solar energy conversion (see supporting text). Such

high light conversion rates are unlikely to be obtained in stronger light, because the
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quantum yield invariably decreases with increasing irradiance and the influence of
temperature on photosynthetic rate is greater. Nevertheless, the data supports the other
results, demonstrating that low-temperature cultivation systems can still offer high light
utilization efficiency. The light environment experienced by an algal cell is a function
of the incident irradiance, the cell density and the mixing characteristics (i.e. the
transition of a cell along the internal light gradient) of the photobioreactor (Béchet et al.,
2013). The effect of strong light should be investigated further to determine the
efficiency at the higher light intensities that might be experienced by cells in outdoor
cultivation systems, although various photon management strategies can be used to
mitigate the effects of high irradiance (Ooms et al., 2016). At cooler, higher latitudes,
annual changes in irradiance and photoperiod are much larger than in equatorial regions.
Therefore, microalgae cultivated outdoors must be able to cope with both high and low
light conditions. The terrestrial strains tested in this work are potentially well suited to
such variable light regimes. For example, Raphidonema may utilize a large pool of
xanthophyll cycle pigments for non-photochemical quenching in high light conditions
(Leya et al., 2009) and closely-related Koliella is also able to survive the prolonged
seasonal periods of darkness in polar regions (Baldisserotto et al., 2005). Many
microalgae are also able to utilize exogenous organic carbon sources, and so
photoheterotrophic cultivation might provide an opportunity to improve microalgae

productivity in low light and temperature conditions (Wang et al., 2016).

3.3. Lipids and fatty acids in batch cultures
In batch cultures, each of the five species accumulated total crude lipid between 10 and

20 days, reaching up to 39% of the dry cell mass (Table 2). The accumulation of lipid
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was comparable amongst the different varieties, with an average increase of +16% total
lipid from day 10 to day 20 (Fig S4). Snow algae lipids were fractionated into neutral
lipids (predominantly triglycerides; TAG) and polar lipids (membrane lipids), and the
constituent fatty acids were analyzed. Fatty acids in polar lipids decreased from day 10
to day 20, whilst those in neutral lipids systematically increased in abundance (Fig 4).

The three flagellate snow algae largely accumulated polyunsaturated fatty acids
(PUFAS) in neutral lipids. Each Chlamydomonas strain accumulated C16:3,.C16:4,
C18:1, C18:2 and C18:3n-3, whilst the neutral lipids of Chloromonas were also
characterized by a large increase in C18:3n-3 from 10 to 20 days (Fig 4). Macrochloris
rubreoleum and R. sempervirens behaved differently, each generally accumulating only
C18 series fatty acids, especially monounsaturated fatty acids (MUFAs). Macrochloris
rubreoleum accumulated both C18:17-9 and C18:1x-7 isomers, C18:2n-6, and smaller
amounts of C18:3r-3, whilst neutral lipid production by R. sempervirens was comprised
almost entirely by just one type of monounsaturated fatty acid, C18:1x-9 (oleic acid).

The fatty acids 16:0 and 18:3n-3 were abundant in the polar lipids of each of the
five species (Fig 5). The flagellate strains Chlamydomonas sp. and C. platystigma were
also characterized by polar lipids containing large amounts of C16:3 and C16:4 acyl
chains, whilst M. rubreoleum contained C18 series MUFA and PUFA fatty acids.
Raphidonema sempervirens was the only strain to produce long chain PUFAs, yielding
C20:5n-3 (eicosapentanoic acid, EPA) at a maximum 6.6 wt% of the total FAMEs at
day 10.

For fuels, TAG is the most valuable lipid feedstock because it is a convenient
precursor molecule for upgrading to biodiesel (Hu et al., 2008; Olmstead et al., 2013). A
single microalga can contain dozens of different TAG molecules with fatty acyl chains

in various sn-positions (Rezanka et al., 2014) and the profiles in Fig 4 are the average
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patterns for each species. The model oleaginous microalga Nannochloropsis primarily
accumulates saturated and monounsaturated fatty acids C16:0 (42%), C16:1n-7 (29%)
and represents a standard for comparative purposes (Fig S5). Each of the Arctic
varieties however primarily accumulated mono and polyunsaturated fatty acids in
neutral lipids, which is consistent with observations of PUFA-rich TAG in other snow
algae (Rezanka et al., 2014), and may be an important feature of lipid products from
similar cold-adapted strains. Whilst high PUFA content is desirable for food and feeds,
it also impacts the suitability for biodiesel, by modifying the oxidative stability and
cold-flow properties of its fuel derivatives (Olmstead et al;; 2013). Hydrotreatment
however, may offer an alternative method for upgrading microalgal oils to renewable

(green) diesel fuel (Elliott et al., 2013).

3.4. Comparison of low temperature productivity with other studies

The performance of microalgae is often difficult to compare between studies due to
differences in cultivation conditions and the variables that limit growth rate. For
example, the interacting effects of irradiance, optical path length, temperature, nutrient
supply, COsupply and cell density each affect productivity. Therefore, to put the data
in context, the results from this study were compared with similar designs of
photobioreactors operated at warmer temperatures (Fig 6a) and with data from an
exhaustive meta-analysis that has compiled data from 60 years of intensive
photobioreactor cultivation experiments (Fig 6b) (Granata 2017). In each of the
comparisons, the productivity of the low temperature systems remained in the center of
the defined ranges, i.e. broadly comparable to many other warm-water studies. These

results show that, although low temperature invariably reduces maximum metabolic rate
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(Ahlgren et al., 1987; Falkowski & Raven 2013; Raven & Geider 1988), the reductions

in yield at low temperatures may not be as great as expected.

4. CONCLUSIONS

At a temperature of 6°C, maximum productivity reached 0.63 g'L™-d" and lipid content
up to 39% was attained with the snow alga Chlamydomonas pulsatilla. The neutral
lipids of each species were comprised by a large proportion of mono and
polyunsaturated fatty acids, which may find applications in industrial production.
Overall, the results indicate that selection of alternative varieties of microalgae from
polar environments may provide an opportunity to, at least partially, mitigate the
reduced yields associated with lower water temperatures, or avoid the need to invest

large amounts of heat energy in large-scale microalgae cultivation systems.
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FIGURE CAPTIONS
Figure 1. Diagram of the experimental photobioreactors with dimensions and culture

volume.

Figure 2. Growth patterns in batch culture. (a) Uppermost panels show the accumulation
of biomass (Cx) by four species of microalgae. Grey lines demarcate the predicted
values of individual logistic models fitted to replicate cultures. Red lines are predicted
values for each species from the mixed model. (b) Lowermost panels show the

volumetric production (P, solid lines) and the specific growth rate (k, dashed lines).

Figure 3. Productivity in semi-continuous cultures. (a) Left-hand panels show the
changes in_biomass (Cx) before and during semi-continuous cultivation of the three
most productive species. (b) Right-hand panels show the productivity (P) over time. The
fitted lines are the fixed-effects (average for each species) from the linear mixed-effects

(ANCOVA) model.

Figure 4. Patterns of neutral lipid accumulation. Left-hand columns show the proportion

of total fatty acids comprised by neutral lipids (uppermost colored segments) after 10

and 20 days cultivation. Right-hand panels show the patterns of fatty acid accumulation

24



in the neutral lipids. Grey and white bars indicate 10 and 20 day cultivation times

respectively.

Figure 5. Fatty acids in polar lipids. Changes in fatty acids (as methyl esters, mg.g”' dry
weight) in the polar lipids of five species. Grey and white bars indicate 10 and 20 day

cultivation times respectively.

Figure 6. Comparison of productivity at low temperature with other studies (a) Non-
exhaustive comparison of snow algae photobioreactor productivity at 6°C with similar
photobioreactor designs (comparable irradiance, light path length and CO; supply) at 25
and 26°C (Guccione et al., 2014; Hulatt & Thomas 2011; Rodolfi et al., 2009). (b)
Exhaustive comparison of snow algae photobioreactor productivity at 6°C with 60-years
of intensive photobioreactor cultivation (Granata 2017). Colored points are the mean for
each species in batch and semi-continuous cultures and a horizontal jitter is applied for
visualization, x-axis unitless.

TABLES

Table 1. Strain information. Species identities (strain ID) are from the CCCryo database
(see methods) with the habitat and latitude from which strains were originally collected.

Name Class strain ID  Habitat Motility Lat. Long.

Chlamydomonas klinobasis ~ Chlorophyceae 194-04 snow field biflagellate  78°55N  11°53E
Chlamydomonas pulsatilla Chlorophyceae 050-99 snow field biflagellate  79°39N  11°00E
Chloromonas platystigma Chlorophyceae 002b-99 snow field biflagellate ~ 78°58N 11°36E
Raphidonema sempervirens Trebouxiophyceae 011a-99 snow field no 78°58N  11°36E
Macrochloris rubreoleum Chlorophyceae 020-99 hard substrate Z0Ospores  79°16N  11°46E

*M. rubreoluem produces biflagellate zoospores during its life cycle but is otherwise non-motile.
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Table 2. Batch growth statistics. The maximum dry weight (g'L"") and maximum crude
lipid (% dry weight) are recorded after 20' days of batch cultivation. Maximum
inorganic Nitrogen (nitrate) uptake is the difference between two measurements over 48
hours. The fixed effects parameters from the logistic mixed-effects model are provided.

Batch growth statistics Logistic mixed-model fixed effects parameters™
Strain Max dwt Max Lipid Max N uptake #1 @92 #3 ¢4
(gL (%) (MMNO;-Ldh) (gL (gL (days) (scale)
Chlamydomonas klinobasis 2.59(0.46) 34.444) 1.28 (1.34) 0.08 (0.02) 2.52(0.19) 8.68(0.84) 1.87(0.19)
Chlamydomonas pulsatilla 3.37(0.26)  39:2(7:3) 1.59(0.15) 0.09 (0.02) 3.26(0.27) 7.10(1.18) 1.30(0.25)
Chloromonas platystigma 2.16(0.89) 31.4(8.2) 1.07 (1.07) -0.07 (0.02) 2.17(0.27) 10.30(1.20)  2.21(0.26)
Raphidonema sempervirens 2.67(0.16)  28.2(2.2) 0.77 (0.60) 0.07 (0.02) 291(0.29) 14.26 (1.21) 1.95(0.26)
Macrochloris rubreoleum 2.06 (0:85) 37.5(2.1) 0.95 (0.42) — — — —

“The model parameters are: ¢1, lower asymptote; ¢2, upper asymptote; ¢3, time of maximum growth; ¢4,
scale parameter. See methods and supporting information for further details.

26



Table 3. Results of logistic nonlinear mixed effects model of batch cultivation kinetics.
Tests for the effect of Strain (between-species differences) are presented for each of the
four parameters.

Parameter numdf dendf F p

@1 intercept 1 105 885.0 <.001
Strain 3 105 153.7 < .001%**

@2 intercept 1 105 1860.1 <.001
Strain 3 105 6.8 <.001%**

@3 intercept 1 105 172.2 < .001
Strain 3 105 16.6 < .001%**

P4 intercept 1 105 417.9 <.001
Strain 3 105 54  .002#%*

*Significant differences at the 99% (**) and 99.9% level (***) are indicated.
“"Parameter pairwise contrasts between strains are available in Table Slc.
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Table 4. Results of Analysis of Covariance (ANCOVA) linear mixed-effects model of
biomass production in semi-continuous cultivations. (a) Fixed effect parameter
estimates (M + SE) for each strain including the intercepts (g-L"-d" dry weight at day
zero) and slopes (g-L"-d®). (b) Analysis of variance table presenting the main effects
and interaction (i.e. different slopes between species).

(a) Strain intercept slope
Chlamydomonas klinobasis  0.39 (0.07)  -0.002 (0.007)
Chlamydomonas pulsatilla 0.57 (0.05) 0.006 (0.005)
Raphidonema sempervirens  0.32 (0.07) -0.011 (0.007)

(b) Factor numdf dendf F p
intercept 1 65 581.2 <.001
day 1 65 0.6 439
strain 2 7 38.1 < .001***
day X strain 2 65 22 120
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Table 5. Growth rate and photosynthetic efficiency. Summary statistics for batch and
semi-continuous cultures. Values are the maximum growth rate in batch or semi-
continuous cultures (Pmax or Pjo) and the light energy conversion efficiency expressed as
grams of biomass produced per mol of PAR photons, M (+ SD).

Batch cultures Semi-continuous
Species Pra (L 'd™) g-mol™’ n Py (gL"-d") g-mol”! n
Chlamydomonas klinobasis 0.33 (0.08) 0.71 (0.16) 3 0.36 (0.10) 0.45 (0.12) 3
Chlamydomonas pulsatilla 0.58 (0.16) 1.23(0.33) 3 0.63 (0.03) 0.79 (0.03) 4
Chloromonas platystigma 0.25 (0.09) 0.53 (0.20) 3 — = —
Raphidonema sempervirens ~ 0.43 (0.04) 0.91 (0.10) 3 0.18 (0.10) 0.23 (0.12) 3
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HIGHLIGHTS

1. Polar snow algae cultivated in low temperature photobioreactors.

2. Productivities up to 0.63 g-L'-d™ (dry weight) were attained.

3. Neutral lipids (TAG) were comprised by large amounts of MUFAs/PUFAs.

4. Cold adapted microalgae may offer improved performance in lower temperatures.
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