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ARTICLE INFO ABSTRACT

Green microalgae can acclimate over short timescales to changing environmental conditions; however, it is
unclear how acclimation, or phenotypic adaptation, alters the organism's metabolism and whether there are
conserved responses to different stresses. Following six weeks of exposure, Chlamydomonas reinhardtii could
tolerate 100 mM Na*, 100 uM Cu®*, and 35 mM PO,>~ and partially tolerate 25 mM NH,*, 150 mM Na* and
150 uM Cu®*. Acclimation was coincident with increased growth rate and reduced cellular accumulation of
reactive oxygen species (ROS), which was indicative of enhanced ROS scavenging. Fourier transform infrared
(FT-IR) spectroscopy demonstrated distinct metabolic fingerprints of acclimated cells for each stress condition in
comparison to non-acclimated cells and to non-stressed cells. Carbon allocation varied in response to stress but
also following acclimation. In particular, Na* stress increased intracellular neutral lipid content but this re-
sponse was significantly reduced in acclimated cells, while carbohydrate content was enhanced in cells accli-
mated to excess Cu®>*. Acclimation of C. reinhardtii to Na* allowed enhanced tolerance of multiple stresses
simultaneously, while the other acclimated cell lines did not display any advantage. While acclimation of C.
reinhardtii to different ionic stresses elicits distinct metabolic signatures within the cells, enhanced ROS detox-
ification appears to be a conserved acclimation response.
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1. Introduction

Microorganisms can adapt to changing environmental conditions
over many generations through heritable genetic alterations, but
shorter-term protective responses to environmental perturbations, such
as an acute stress, can occur through non-genetic, physiological me-
chanisms [1]. This shorter-term acclimation process (also referred to as
phenotypic adaptations) aims to restore cellular homeostasis, allow
survival of the organism and maintain optimal physiological processes
[2]. Photosynthetic microorganisms such as green microalgae have
evolved mechanisms to acclimate to various environmental perturba-
tions, including high temperature [3], high light [4], salinity [5], metal
toxicity [6] and nutrient limitation [7]. These mechanisms can include
the synthesis of molecular chaperone proteins, changes to photo-
synthetic apparatus and photosynthetic efficiency, induction of oxida-
tive stress protective processes, and modifications to metabolic path-
ways. For example, microalgae may increase synthesis and activity of
enzymes to mediate reactive oxygen species (ROS) signalling or en-
hance ROS scavenging, such as in response to salt stress in
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Chlamydomonas reinhardtii [8,9]. Photoacclimation to high light in C.
reinhardtii seems to be mediated by significant metabolic changes in-
cluding major alteration to nitrogen metabolism [10].

Microalgae will be exposed to many different stresses during their
lifetime, and can be exposed to multiple stresses simultaneously. For
example, microalgae strains are able to tolerate and grow in toxic
wastewater streams, which can contain high concentrations of ammo-
nium (NH,*) and phosphate (PO4>7), salts such as NaCl, and heavy
metals, as well as a high bacterial burden and organic pollutants, de-
pending on the source and type of wastewater [11-13]. Microalgae
growth in wastewaters has been considered as potentially sustainable
means to cultivate biomass for industrial uses such as biofuel feedstock
due to the abundance of bioavailable nutrients, while microalgae are
also attractive as a low-cost alternative for remediating pollutants from
wastewaters [14-16]. Understanding how microalgae can tolerate and
grow effectively in such environments is therefore of interest. Few
studies have examined microalgae acclimation to multiple stresses.
Furthermore, it is unclear whether there are conserved or distinct re-
sponses to different stressors.
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A previous analysis of six chlorophyte microalgal strains incubated
in a wastewater medium from an urban secondary sewage treatment
source found that all strains could quickly (over 6 weeks cultivation)
acclimate to the wastewater stress to different degrees, and the accli-
mation process was associated with an accumulation of photosynthetic
pigments and increased activity of the ROS scavenging enzyme ascor-
bate peroxidase [17]. Another study demonstrated that the microalga
Chlorella sorokiniana could acclimate to tolerate palm oil mill waste-
water, which is rich in organic and inorganic pollutants, causing a
change in the metabolic fingerprint of the cells as quantified by FT-IR
spectroscopy [18]. However, in both of these cases, it is unclear whe-
ther the cells are responding to a specific component of the wastewater
or multiple components simultaneously through equivalent or different
processes.

This present study therefore aimed to perform a comparative ana-
lysis of acclimation by the model microalga C. reinhardtii to elevated
concentrations of the ionic stressors NH,*, PO,3~, Na* and Cu?*,
which are consistent with concentrations associated with municipal
wastewaters [17]. While many previous studies have examined toxicity,
adaptation and acclimation to salinity in microalgae [5,19], and a few
have examined responses to Cu®* toxicity [6,20], very few prior studies
have examined microalgae responses to excess concentrations of NH,*
and PO,%~ [21]. The results gathered from this investigation will not
only contribute to a broader understanding of microalgae stress re-
sponse and acclimation to inorganic stressors, but will also inform the
applied cultivation of microalgal biomass, such as with regards to op-
timising wastewater composition for biomass production.

2. Materials and methods
2.1. Microalgae cultivation and growth measurement

C. reinhardtii (CCAP 11/32C) cells were cultivated under mixo-
trophic batch conditions in Tris-acetate-phosphate (TAP) medium at
24°C and 16 h:8 h light:dark cycle at 150 yumol m~2s~? light intensity
on an orbital shaker (120 rpm). TAP media composition was as de-
scribed previously [22], and included basal concentrations of 0.3 mM
Na*t, 6 M Cu®*, 1mM PO,>", and 7.5mM NH,". Six versions of
modified TAP media containing higher concentrations of these four
components was prepared: 100 mM or 150 mM Na-TAP by addition of
NaCl; 100 uM or 150 uM Cu-TAP by addition of CuSO,4; 35 mM PO,4-TAP
by addition of K;HPO,4; and 25 mM NHy4-TAP by addition of NH4CI. In
addition, a multi-stressed TAP medium was prepared by addition of
NacCl, CuSO,4, KoHPO,4 and NH,4Cl to have a medium containing 100 mM
Na*, 100uM Cu?*, 35mM PO,°~ and 25mM NH,*. In all experi-
ments, cell growth was determined by optical density at 750 nm
(OD750nm) measurements of cell density using a UV-visible light spec-
trophotometer (Jenway) and validated by cell counting using a Nex-
celom Cellometer T4 (Nexcelom Biosciences), which gave a significant
positive correlation between OD7so,y, Values and cell number (Fig. S1).
Growth rate (1) was determined within the exponential growth phase
where p = (In(N,) — In(N7)) / (t — t;) where N; and N, are the cell
density values at the early and late exponential phase, respectively, and
t; and t, are the days corresponding to N; and N, respectively.

2.2. C. reinhardtii acclimation

C. reinhardtii grown in standard TAP medium was acclimated to
tolerate individual stresses by weekly re-inoculation into the appro-
priate stress TAP medium: 100 Na-TAP, 100 Cu-TAP, 35 PO,4-TAP or 25
NH,4-TAP, over a six week period. For each inoculation, cells collected
after 7d batch culture growth were centrifuged at 1500¢ and con-
centrated to an OD;50,m Value of 1.5 then 1 mL of cells was transferred
into 39 mL of appropriate TAP medium. At day 7 of each weekly growth
period cell density and total chlorophyll concentration was recorded.
After the 6 week period, each of the cell cultures were referred to as
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‘acclimated cells’. Cells acclimated to tolerate 100 mM Na* and 100 uM
Cu®* conditions were also subsequently acclimated to 150 mM Na*
and 150 pM Cu?*, respectively. After 3 weeks of acclimation in 100 Na-
TAP or 100 Cu-TAP, cells were inoculated into 150 Na-TAP or 150 Cu-
TAP for a further five weeks of re-inoculation, and then referred to as
‘acclimated cells’. Each acclimation process was independently re-
plicated three or four times.

2.3. Chlorophyll concentration and chlorophyll fluorescence

A 2 mL volume of late-exponential phase (day 4) cells were collected
by centrifugation at 1500g for 5 min. The cell pellets were resuspended
and mixed in 2 mL of 96% ethanol until all pigment was extracted from
the cells then the cell debris was removed by centrifugation at 1500g for
5min. Chlorophyll a and b concentration was measured by absorption
spectroscopy and calculated as described by [23]. Total chlorophyll
(sum of chlorophyll a and b) was normalized against cell density value.
For non-acclimated and acclimated cells, F,/Fy, ratio, representing the
maximum quantum yield of Photosystem II (PSII) was measured using a
Heinz Walz PAM-101 chlorophyll fluorimeter and calculated as de-
scribed [24].

2.4. Fluorescence staining for ROS and neutral lipids

For intracellular ROS measurement, a replicate sample of each ac-
climated or non-acclimated cell culture was exposed to 100 mM or
150 mM Na™, 150 uM Cu®*, 35mM PO,>~, and 25 mM NH,4"* for 3h.
Then an equal number of cells at an ODys50,, value of 0.5 in a 2mL
sample was harvested by centrifugation at 1500g for 5min before
staining with 85uM 2’,7’-dichlorofluorescein diacetate (DCFH-DA) by
incubation for 2h in the dark at 24 °C then washed twice with phos-
phate buffer. Fluorescence spectroscopy (Fluoromax) was used to
quantify DCFH-DA ROS binding at 485nm excitation and 530 nm
emission wavelengths. Nile red staining was used to quantify neutral
lipid content of acclimated and non-acclimated cells after 6 d growth in
Na-TAP, Cu-TAP, NH,4-TAP or PO,4-TAP media. Cells were diluted to an
OD750nm Value of 0.5 then 740 pL of culture was added to 250 uL. DMSO
and 10 L Nile red stain (50 mgmL~"). Cells were then incubated at
40°C for 10 min in the dark. Fluorescence spectroscopy (Fluoromax)
was then used to determine Nile red lipid binding at 530 nm emission
and 575 nm excitation wavelengths.

2.5. Fourier transform-infrared (FT-IR) spectroscopy

Cell cultures were normalized to an OD;50,, value of 0.7 and 10 mL
was centrifuged at 1800g for 5 min then the supernatant was removed
and the cells washed twice in 1.5 mL of sterile 0.9% (v/v) NaCl solution,
before resuspension of each cell pellet in 1 mL of 0.9% (v/v) NaCl to
equivalent to an ODyso,m Vvalue of 7.0. For each replicate sample,
2 X 20 pL cell suspension was added onto a 96-well silicon microplate,
with each sample being oven dried at 50 °C for 1h before the second
volume was added. An Equinox 55 FT-IR spectrometer (Bruker
Corporation), equipped with a deuterated triglycerine sulfate detector
with a HTS-XT high-throughput microplate extension was used to col-
lect the FT-IR spectra from the plate. Spectra were collected over the
wavenumber range 4000-600cm ™, following previously reported
settings [25]. Spectra were pre-processed using extended multiplicative
signal correction (EMSC2) [26]. All preprocessed data were subjected
to principal components analysis (PCA) followed by discriminant
function analysis (PC-DFA) using MATLAB. PCA was used to reduce the
dimensionality of the data, and DFA was applied to maximize between-
group variance while minimizing within-group variance [27]. Band
assignments were determined as described previously [28].
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Fig. 1. Acclimating Chlamydomonas reinhardtii to excess Na*, Cu*>*, PO,>~ and NH,*. (A) Cell density after 7 d batch culture growth at each week of serial
inoculation in TAP medium amended with 100 mM Na™*, 100 uM Cu®*, 25 mM NH,* and 35 mM PO4>~. (B) Cell density after 7 d batch culture growth at each week
of serial inoculation of cells originally acclimated in 100mM Na* and 100 uM Cu®* grown in TAP medium amended with 150mM Na™ and 150 uyM Cu?®*,
respectively. Data shown (A and B) is cell density relative to non-stressed control cells. (C) Exponential phase growth rate for acclimated and non-acclimated cells

grown in Na*, Cu®>*, PO,%~

or NH,* conditions as indicated. All data are mean values + SEM from 3 to 4 measurements. An asterisk (*) indicates significant

difference (p < 0.05) of acclimated cells compared to non-acclimated cells. The dashed line indicates the mean non-stressed control value of growth rate.

3. Results
3.1. Acclimation of C. reinhardtii to individual stressors

C. reinhardtii cultures were treated with concentrations of Na*,
Cu?*, PO,®~ and NH, " that elicited a stress response in comparison to
the conditions of cultivation in standard TAP medium. 100 mM Na*
(compared to 0.3mM Na*), 100 uM Cu?* (compared to 6 uM Cu?*),
35mM PO,®~ (compared to 1 mM PO,>7), and 25mM NH,* (com-
pared to 7.5mM NH, ") each caused significantly reduced cell density
(Figs. S1 and S2) and reduced growth rate, although the growth rate
inhibition for the 100 uM Cu®" treatment was less than for the other
stresses (Fig. 1). Cells were exposed to each stress during sequential 7 d
batch cultures over a 6-week period with cell density measured at the
end of each week. Over the period of acclimation, in response to
100mM Na™, 100 uM Cu®* and 35mM PO,>~ cell density of C. re-
inhardtii increased mostly uniformly week by week to a level equivalent
to that of the non-stressed control by the sixth week (Fig. 1A) and
growth rate was significantly increased for the cultures acclimated to
Na* and PO,3~ (Fig. 1G). The process of acclimation to 25 mM NH, "
was different to the other three stress treatments. Following the first
week of batch culture, there was a substantial NH, " toxicity demon-
strated by significant reduction in cell density over the next three weeks
of batch cultures, however, in the final two weeks, cell density in-
creased significantly but did not increase above 75% of the non-stressed
control (Fig. 1A). Nevertheless, the NH,* acclimated cells by the final
week of treatment did display significantly higher growth rate in
comparison to non-acclimated cells (Fig. 1C). The profiles of weekly
total chlorophyll concentration during the periods of acclimation for
each treatment were equivalent to the cell density profiles (Fig. S3A).

The 100mM Na* and 100uM Cu®* cells were sub-cultured into
150 mM Na-TAP and 150 pM Cu-TAP media, respectively, to determine
whether the cells could acclimate to a higher concentration of Na™ or
Cu®*. While serial inoculation in 150 mM Na* media increased cell
density over time and significantly increased growth rate (Fig. 1), tol-
erance to this higher concentration of Na™ could not reach the level of
the 100mM Na™ acclimated cells or the non-stressed control. C. re-
inhardtii was able to grow in 150uM Cu®*, however, there was no
significant improvement over time (Fig. 1B) and growth rate was even
significantly lower in the 150 uM Cu®* acclimated cells compared to
non-acclimated cells (Fig. 1C).

Acclimated and non-acclimated cells were also examined for pho-
tosynthetic parameters. While total chlorophyll concentration was ei-
ther unchanged or moderately increased in the cells acclimated to
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100mM Na*, 100 uM Cu®* or 35mM PO,>~, it was significantly re-
duced in the 25mM NH,4 " exposed cells (Fig. S3). However, the F,/Fy,
ratio, which represents the maximum quantum yield of PSII and is
routinely used as an indicator of stress [24], was unchanged between
non-acclimated and acclimated cells in response to NH4* treatment
(Fig. S3C). Likewise, there was no significant change in F,/Fp, ratio in
response to Cu®>* or PO4>~ exposure, while both concentrations of Na™
significantly reduced F,/F,, ratio value and acclimation to Na™ sig-
nificantly increased F,/F,, ratio.

3.2. Oxidative stress response

Intracellular ROS accumulation was measured in acclimated and
non-acclimated cells following exposure to excess Na™, cu’®*, P03~
and NH;*. ROS are a common by-product of metabolic processes
within all cells [29] therefore non-stressed cells were also stained with
DCFH-DA to determine background levels of ROS to quantify ROS in-
duction relative to non-stressed control cells. All treatments sig-
nificantly increased intracellular ROS after 3 h in non-acclimated cells,
with NH," exposure inducing the highest increase in comparison to
controls (Fig. 2). In acclimated cells there was a comparative significant
reduction in ROS accumulation for all treatments. Cells acclimated to
150mM Na* and 150 uM Cu®* induced ROS to approximately 30%
increase relative to the control compared to an approximately 70-80%
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Fig. 2. Intracellular reactive oxygen species (ROS) induction in acclimated
Chlamydomonas reinhardtii cells. ROS were determined by DCFH-DA staining
after 3 h exposure to individual stresses in non-acclimated and acclimated cells.
Data shown are ROS induction relative to non-stressed control cells. All data are
mean values = SEM from 3 measurements. An asterisk (*) indicates significant
difference (p < 0.05) of acclimated cells compared to non-acclimated cells.
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increase for the non-acclimated cells. Furthermore, for cells acclimated
to 100mM Na*, 35mM PO,>~ and 25mM NH," there was no sig-
nificant increase in ROS compared to the non-stressed control cells
(Fig. 2).

3.3. Metabolic fingerprints of acclimation by FT-IR spectroscopy

FT-IR spectroscopy allowed assessment of the metabolic response of
C. reinhardtii to the ionic stresses, and an evaluation of the metabolic
signatures of acclimation. Replicate FT-IR spectra were collected from
non-acclimated cells cultivated in each stress condition (Fig. S4). These
spectra were statistically analysed using supervised multivariate ana-
lysis PC-DFA to identify changes in metabolic fingerprints of the cells
after 6 d growth (Fig. S5). There were clear differences between control
non-stressed cells and all stressed cells on the basis of clustering within
the PC-DFA scores plot. There was some overlap between the Na*,
Cu®* and PO,>~ exposed cells while the NH,™* treated cells clustered
apart from all others on the basis of discriminant function 1 (DF1) and 2
(DF2) (Fig. S5A). DF loading plots indicated that the stressed non-ac-
climated cells were distinguished by changes in polysaccharides
(1200-900 cm ™) with 25 mM NH4 " stressed cells having the lowest
polysaccharide content (Fig. S5B). Additionally, both DF1 and DF2
loadings highlight substantial variation between spectra, such that the
NH,4* stressed cells had higher absorbance in amide I and II regions.
The Na™* stressed cells could be further distinguished from the Cu®*
and PO,>~ exposed cells on the basis of DF3, which was associated with
changes to lipid and carbohydrate content (data not shown).

With the demonstration that FT-IR spectroscopy can be used to
distinguish between each of the stress treatments, comparisons were
made between the acclimated and non-acclimated cells. PC-DFA was
able to generate two distinct clusters which separate Na™ acclimated
cells from non-acclimated cells, especially for the 100 mM Na™* accli-
mated cells, which partially overlapped with the non-stressed control
cells (Fig. 3A). The loading plot indicates that many spectral features
were changed between the acclimated and non-acclimated cells on the
basis of DF1 and DF2 (Fig. 3C). The changes in spectra characteristics
for the 100mM Na™ acclimated cells were particularly attributable to
increase in fatty acid associated peaks (2957-2852 cm ™Y, increase in
amide I and II (~1655 and ~1545cm™!), and substantial variation
with respect to the polysaccharide region. PC-DFA likewise generated
distinct clusters between non-acclimated cells grown in 100 uM and
150 UM Cu®* and the acclimated cells, which were in turn clearly
distinct from the spectra of control, non-stressed cells (Fig. 3B). DF2
explains most of the changes due to acclimation to Cu?* in comparison
to non-acclimated, Cu®*-stressed cells, while DF1 explains the variation
between control and acclimated cells. DF1 loadings highlight sig-
nificant variation between spectra at wavenumber 1745 cm ™}, typi-
cally attributed to ester functional groups from lipids and fatty acids
(Fig. 3D). Cu®>* acclimated cells were highly distinct from the control
samples and non-acclimated cells on the basis of amide I and amide II
signatures. Additionally, spectra indicate that acclimated cells had
higher absorbance within carbohydrate peaks in comparison to control
and non-acclimated cells.

The analysis of the spectra from PO~ and NH," treated experi-
ments showed substantial variation and tight clustering between non-
stressed control, non-acclimated stressed, and acclimated cell popula-
tions (Fig. 4A and B). Changes in spectra due to PO,>~ acclimation
were explained predominantly by DF1. Thus, according to DF1 load-
ings, acclimation to PO,>~ induced positive changes in amide I and
reduction in carbohydrate (Fig. 4C). For the NH," treatment, accli-
mated cells were particularly clustered on the basis of DF2 (Fig. 4B),
with DF2 loadings indicating variation with respect to amide I, a change
within the v,sP=0 bonds of nucleic acids, phosphoryl groups, or
phosphorylated proteins (~1245cm™1), and further variation within
the polysaccharide peaks (Fig. 4D).

The overall comparison of the PC-DFA clustering patterns suggests
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that the cells are benefiting from acclimation to Na*, PO,®~, and
NH, ™, as the acclimated cells are clustering on the same side (according
to DF1) of the control samples on the PC-DFA scores plots. While the
Cu?* acclimated cells are clustering on the opposite side of the control
samples which suggest that these cells are not benefiting as much from
this process, which is in complete agreement with our findings based on
the comparison of changes in growth rate (Fig. 1C) and profiles (Fig.
S2) of the cells under these conditions.

3.4. Changes in carbon allocation: lipids and carbohydrates

Non-acclimated and acclimated cells were analysed individually to
assess the effect acclimation had on cellular carbon allocation. It has
been previously demonstrated that FT-IR spectroscopy can reliably and
accurately quantify lipid and carbohydrate composition of algal cells
and that data from individual spectra peaks can be validated by con-
ventional methods [30-32]. Using FT-IR data the lipid:amide I and
carbohydrate:amide I ratios were used for relative quantitation and to
identify significant changes in total lipids and carbohydrates in re-
sponse to the acclimation treatments. Several investigations have pre-
viously used both amide I and amide II peaks to quantify relative
amounts of metabolites including lipids and carbohydrates [32-34]. In
general lipid:amide I ratio values indicated no significant variation
between acclimated and non-acclimated cells on the basis of total lipid
(data not shown). To examine this further with respect to neutral sto-
rage lipids, including triacylglycerol, cells were stained with Nile red to
measure neutral lipid accumulation after 6 d growth. Storage lipid ac-
cumulation is a common stress response in green microalgae such as C.
reinhardtii, and all stresses apart from 25mM NH," induced a sig-
nificant increase in neutral lipid accumulation (Fig. 5A). Acclimation to
both 100mM and 150mM Na™ significantly reduced neutral lipid
content of cells in comparison to non-acclimated cells, whereas Cu®*
and PO,>~ acclimation had no effect.

Changes in total carbohydrate content as determined by carbohy-
drate:amide I ratio were observed in many of the treatments. 25 mM
PO,>” and 100mM Na* significantly increased carbohydrate content
in comparison to non-stressed control while acclimation to these two
conditions significantly reduced carbohydrate content (Fig. 5B). In
contrast, there was a substantial significant increase in carbohydrate
content in both sets of Cu®>* acclimated cells while non-acclimated cells
exposed to either Cu®>* concentration were equivalent to non-stressed
control.

3.5. Tolerance of acclimated cells to multiple simultaneous stresses

All acclimated cells were grown in medium containing elevated
concentrations of Na™ (100 mM), Cu?* (100 pM), PO~ (35 mM) and
NH, " (25 mM) together, in order to assess whether acclimation to any
of the individual stresses had increased the tolerance of C. reinhardtii to
a multi-stressed environment. The multiple stress treatment was very
toxic to non-acclimated cells and resulted in a substantial decrease in
cell density and total chlorophyll concentration by nearly 60% in
comparison to non-stressed control cells (Fig. 6). Most of the acclimated
cell types showed no additional tolerance on the basis of no significant
difference in total chlorophyll concentration or cell density. Only the
Na™ acclimated demonstrated a degree of multi-stress tolerance; the
100mM Na™ acclimated cells displayed a significantly higher cell
density compared to the non-acclimated cells, and the 150 mM Na*
acclimated cells had significantly higher chlorophyll content (Fig. 6).
This distinction was also apparent on the basis of FT-IR spectra analysis,
with strong clustering observed between the 100 mM Na* acclimated
cells separate from the non-stressed control cells and from the cluster
containing the non-acclimated multi-stressed cells and the Cu®*, NH,*
and PO,>~ acclimated cells (Fig. 7A). Mostly DF2 explains the variation
between the Na* acclimated, multi-stress tolerant cells and the multi-
stress sensitive cells, particularly associated with spectral changes in the
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Fig. 3. FT-IR spectroscopy signatures in response to Na* and Cu®* stresses in acclimated Chlamydomonas reinhardtii cells. (A and B) DF-PCA scores plot derived from
replicate EMSC2 normalized spectra of acclimated (Accl.) and non-acclimated cells grown in Na™ and Cu?™ conditions as indicated. Control cells were grown under
non-stressed conditions. (C and D) DF1 and DF2 loading plots derived from the scores plots shown in panel (A) and (B). Key features of the spectra are highlighted: a,
vsCH, and v,sCH,, vsCH3 and v,sCHj of fatty acids; b, \C=O0 of amides associated with protein (Amide I); ¢, SN—H of amides associated with protein (Amide II); d,
vasP=0 of nucleic acids, phosphoryl groups, phosphorylated proteins; e, vC—O of carbohydrates.

amide I and amide II regions (Fig. 7B).

4. Discussion

Acclimation responses in photosynthetic microorganisms such as C.
reinhardtii have been previously studied for stresses including high
light, high or low temperature, and salinity, highlighting the im-
portance of specific transcriptional, proteomic or metabolic changes in
controlling the acclimation to these different stresses [3-5,10,35].
While there are clear distinctions between these particular acclimation
responses, previous studies have not performed side-by-side compar-
isons of acclimation to different stresses under identical conditions with
the same microalgae strain in order to determine whether there are
conserved responses or highly distinct responses. This study therefore
examined four different but related ionic stresses: elevated concentra-
tions of Na*, Cu®?*, PO,>~ and NH,".

Well characterised green microalgae stress indicators (growth rate,
chlorophyll concentration, F,/F, ratio, storage lipid accumulation and
ROS accumulation) demonstrated that the concentrations of the ions
chosen elicited stress in non-acclimated cells and that acclimation by C.
reinhardtii allowed strains to fully tolerate (for 100 mM Na*, 100 uM
Cu®’* and 35mM PO,*7) or partially tolerate (for 150mM Na®*,
150 uM Cu®* and 25 mM NH, ") the individual stressors. Apart from for
the Na* stresses, the F,/F,, ratio, which is the ratio of variable to
maximum chlorophyll fluorescence and an indicator of the efficiency of
PSII, was a poor indicator of stress (Fig. S3C). This was particularly
surprising for the NH,* treatment since this stress caused a significant
drop in chlorophyll concentration (Fig. S3A). Furthermore, high NH,*
stress inhibits photosynthesis in many species of algae by directly
competing with water as an electron donor to PSII thereby significantly
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reducing photosynthetic efficiency [36]. Likewise, Cu®** exposure has
been previously shown to inhibit photosynthetic activity [37,38]. It has
previously been argued that chlorophyll fluorescence responses, and in
particular the F,/F,, ratio poorly correlates to microalgae biomass,
growth rate and nutrient status, and may therefore be a poor indicator
of physiological status [39].

All stressors induced intracellular production of ROS in non-accli-
mated cells within 3h of exposure as determined through use of the
DCFH-DA reporter, and a clear conserved response between all accli-
mated strains was a substantial decrease in ROS production, although
the relative levels of ROS reduction varied (Fig. 2). Taken together, this
suggests that acclimated cells may have had enhanced antioxidant
capabilities. This is consistent with previously observed mechanisms of
acclimation by microalgae to multiple stresses. Species such as Chlorella
luteoviridis were shown to acclimate to wastewater conditions asso-
ciated with reduced ROS accumulation and increased activity of as-
corbate peroxidase [17]. ROS accumulation by the individual stresses
as observed here was expected as most of these stresses, including
salinity, Cu®>", and NH,* were known to lead to the production of
internal ROS [8,40,41]. Cu®** can directly induce ROS by participating
in Fenton chemistry [40], while NH," has been shown in higher plants
to induce redox imbalances through reactions with the mitochondrial
electron transport chain [41] as well as by induction of the urea cycle,
which increases production of nitric oxide [42]. Increased antioxidant
activities in microalgae as a tolerance mechanism to salt stress and
Cu?* toxicity have previously been observed [8,43-45] and is likely to
be a component of the acclimated C. reinhardtii cells. In contrast, the
significant ROS reduction in the NH,* acclimated cells may be partly
due to a reduction in NH,* uptake rather than antioxidant mechan-
isms, since nitric oxide production inhibits the NH, " uptake pathway
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Fig. 4. FT-IR spectroscopy signatures in response to PO,>~ and NH, " stresses in acclimated Chlamydomonas reinhardtii cells. (A and B) DF-PCA scores plot derived
from replicate EMSC2 normalized spectra of acclimated (Accl.) and non-acclimated cells grown in PO,>~ and NH, " conditions as indicated. Control cells were grown
under non-stressed conditions. (C and D) DF1 and DF2 loading plots derived from the scores plots shown in panel (A) and (B). Key features of the spectra are
highlighted: a, v;CH, and v,sCH,, v;CH3 and v,,CHj of fatty acids; b, v=C=0 of amides associated with protein (Amide I); c, SN—H of amides associated with protein
(Amide II); d, v,sP—O of nucleic acids, phosphoryl groups, phosphorylated proteins; e, vC—O of carbohydrates.

therefore blocking further ROS induction [42].

No previous studies have examined links between PO,>~ toxicity
and acclimation to redox status and antioxidant mechanisms. Indeed,
current literature regarding PO,>~ toxicity is very limited for both
plants and algae. However, eutrophication is an increasing problem for
some freshwaters and agricultural land leading to PO,>” toxicity
symptoms [46,47]. Microorganisms including microalgae can store
excess PO,>~ as internal poly—PO43 ~ [48] and are therefore able to
partly buffer and maintain internal PO,>~ concentrations. A recent
study examined the response to a “large excess” of PO,°~ up to
250mgL ™! in Chlorella regularis and found inhibited cell growth and
reduced cell viability linked to impaired cellular structure and high
concentrations of intracellular poly—PO437 [49]. This study has exposed
C. reinhardtii to 35mM PO,>~ (equivalent to > 3gL™ ") although it
should be noted that the strain had been previously continuously cul-
tivated in TAP medium with an already high PO,>~ concentration of
1mM (equivalent to 95mgL~') and this C. reinhardtii strain may
therefore have already partially acclimated (or adapted) to relatively
high PO,3~ before incubation in 35 mM PO,%~.

C. reinhardtii acclimated strongly to the lower concentrations of Na™
and Cu®* but only partly to 150 mM Na™ and 150 uM Cu®*. High Na*
concentrations will inhibit cell growth by causing osmotic stress and
impaired Na*/K* homeostasis, in particular resulting in competitive
inhibition of K™ dependent enzymes [50]. Therefore Na* acclimation
mechanisms will require enhanced osmoregulation and intracellular
Na* regulation, such as through Na* sequestration [35,51]. Cu®" is
known to be a potent inhibitor of microalgal growth by a variety of
different mechanisms, which include its ability to displace essential
metal ions in enzymes, interact with thiol groups of proteins, induce
oxidative stress and disrupt photosynthetic activity, leading to
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significantly reduced growth rate and cell viability [20,52]. A previous
attempt to acclimate a Chlorella sp. to tolerate higher concentrations of
Cu?* was unsuccessful [6], so species-specific differences may explain
the ability of C. reinhardtii to successfully acclimate to high Cu®*. There
are various mechanisms by which a cell could gain tolerance to Cu®*
including ligand binding and internal sequestration [53]. Future ex-
periments will be needed to identify the exact mechanisms involved
within the Na* and Cu®* acclimated C. reinhardtii.

The acclimation of C. reinhardtii to 25 mM NH4* was challenged by
a severe reduction in cell density following the first three repeats of re-
inoculation into NH4-TAP medium during Weeks 2 to 4 of the accli-
mation process (Fig. 1A). This is in agreement with previous studies
which have identified a mean inhibitory concentration of ~24 mM
NH," and a mean toxic concentration of ~39mM NH," for Chlor-
ophyceae algae [21]. As discussed above, NH, ™" stress is known to se-
verely inhibit photosynthesis, which would hamper improvements to
growth. However, in all experiments C. reinhardtii cultivation was
mixotrophic, by using a combination of photosynthesis as well as using
organic carbon in the form of acetate. The ability of the NH, " stressed
cells to utilise acetate even if autotropic growth was compromised,
coupled with an NH,4*-induced increase in photorespiration [42], may
explain the ability of the cells to withstand the NH,™" toxicity and
subsequently start to show enhanced tolerance by Week 5 and 6. Future
investigations should therefore compare acclimation without acetate to
confirm whether the NH," acclimation process was partly due to a
change in energy metabolism, or monitor the acetate levels in the
medium to quantify its assimilation. Furthermore, acclimation to each
of the ionic stresses should be examined in future under autotrophic
conditions in contrast to the mixotrophic conditions of this present
study.
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Fig. 5. Intracellular neutral lipid and carbohydrate induction in acclimated
Chlamydomonas reinhardtii cells. (A) Neutral lipids were determined by Nile red
staining after 6 d growth in individual stresses of non-acclimated and accli-
mated cells. (B) Carbohydrate values were determined by carbohydrate:amide I
peak height ratio values from FT-IR spectra derived from cells after 6 d growth
in individual stresses of non-acclimated and acclimated cells. Carbohydrate
peaks were defined as those from wavenumber 1160, 1086, 1050 and
1036 cm ™! while the amide I peak was from 1655 cm ™~ !. Data shown are re-
lative change in lipid or carbohydrate abundance relative to non-stressed
control cells. All data are mean values + SEM from 6 to 9 measurements. An
asterisk (*) indicates significant difference (p < 0.05) of acclimated cells
compared to non-acclimated cells, while a hash symbol (#) indicates significant
difference (p < 0.05) of non-acclimated cells compared to control cells.
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Fig. 7. FT-IR spectroscopy response to multiple stresses simultaneously in
single stress-acclimated Chlamydomonas reinhardtii cells. (A) DF-PCA scores plot
derived from replicate EMSC2 normalized spectra of acclimated and non-ac-
climated cells in a multi-stress medium containing 100 mM Na™*, 100 uyM cu?™,
25mM NH4* and 35 mM PO,%~. Acclimated cells had been acclimated to each
of the individual conditions as indicated. Control cells were grown under non-
stressed conditions. (B) DF1 and DF2 loading plots derived from the scores plot
shown in panel (A). Key features of the spectra are highlighted: a, v;CH, and
vasCHa, VsCH3 and v,,CH3 of fatty acids; b, v©C=O of amides associated with
protein (Amide I); ¢, SN—H of amides associated with protein (Amide II); d,
vasP=O0 of nucleic acids, phosphoryl groups, phosphorylated proteins; e, Y=C—O
of carbohydrates.

Both the initial stress responses in non-acclimated cells and the re-
sponse to acclimation could be clearly detected and distinguished on
the basis of FT-IR spectra coupled with multivariate analysis. While
each stress treatment sample could be differentiated from each other
and from the non-stressed samples according to the PC-DFA scores
plots, there was some overlap between the cu?®*, Nat and PO,3~
treatments indicating related metabolic responses, while NH,* stress
yielded a very distinct metabolic fingerprint compared to all other
treatments and the control (Fig. S5A). This is in line with the substantial
toxicity caused by 25 mM NH, " as discussed above. Substantial meta-
bolic variation between the NH, " treated cells and the other treatments
was due to internal carbon storage. During times of stress microalgae
redirect more energy in the form of ATP and NADPH to carbon storage
in the form of lipid or carbohydrates rather than algal biomass for
growth [54]. Extensive microalgae research has studied this during
nitrogen and phosphorus deficiency [32]. In response to such stresses,
microalgae synthesise a diverse range of lipids, mainly neutral storage
lipids such as triacylglycerols and to a lesser extent membrane lipids
[55]. The Na™, Cu?®* and PO43_ stress treatments induced significant
accumulation of either storage lipid and/or carbohydrate, while the
NH,* treatment showed no lipid increase relative to control and a
significant reduction in carbohydrate (Fig. 5), which is likely to be due
to change in starch abundance [32]. The substantial lipid induction
observed in response to salt and Cu®* is consistent with earlier ob-
servations in C. reinhardtii [56], and Euglena gracilis [57], respectively.
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Each of the acclimated strains displayed distinct metabolic finger-
prints (Figs. 3 & 4). Furthermore, the FT-IR spectral analysis could
distinguish between a stressed metabolic fingerprint and an acclimated
metabolic fingerprint. Such a change to the metabolome due to accli-
mation has also been reported in response to high light acclimation in
C. reinhardtii, where a metabolic fingerprint determined by nuclear
magnetic resonance of acclimated high-light cells was distinct from
both stressed, non-acclimated high-light cells and from non-stressed
low-light cells [10]. There were contrasting features between the ac-
climation profiles particularly in terms of distinct carbon partitioning
(Fig. 5). NH,* treatment significantly increased amide peaks in com-
parison to non-stressed samples in acclimated and non-acclimated cells.
This may indicate that increased protein synthesis is needed to deplete
excess NH, ", which is a process known to occur in other microalgae
[21]. Clearly additional metabolic features will explain these acclima-
tion profiles and in future more targeted analysis will be able to identify
specific metabolic pathways that are modified within these cells fol-
lowing the acclimation process.

A final experiment assessed how the acclimated cells tolerated a
multiple stress environment, which can be considered as more analo-
gous to a ‘real’ environment such as municipal wastewater. Again
stressed and non-stressed cells were clearly distinguished, with the
NH," acclimated cells largely indistinguishable from the non-accli-
mated stressed cells, the Cu®* and PO,3~ acclimated cells forming an
adjacent cluster, and the Na™ acclimated cells displaying a more dis-
tinct metabolic profile (Fig. 7). This correlates with the Na™ acclimated
cells being the only sample to show any enhanced tolerance to the
multiple stressed condition. These cells had higher levels of amide
peaks indicative of higher protein abundance, and which may suggest
that these acclimated cells were more metabolically active under this
multiple stress regime. This dependence on the Na™ acclimated cells
may also indicate that the tolerance to the Na* component of the
multiple stress TAP medium is unique and could not be gained by the
other acclimated cells, while the Na™ acclimation process partly allows
tolerance of Cu®>*, PO,®>~ and NH,* stress. This may in part be because
the Na™* exposure is the most toxic condition, thus the Na* acclimated
cells may also show higher tolerance levels when exposed to the mul-
tiple stressed condition as it can withstand the most significant influ-
encing factor. In addition, the process of acclimation may have led to
physiological trade-offs that are less beneficial when the cells are ex-
posed to a new environment [58].

This study has shown that acclimation to tolerate different ionic
stresses by C. reinhardtii can be distinguished on the basis of metabolic
signatures while some conserved features such as reduced accumulation
of ROS and storage lipids were apparent. Future experiments will be
needed to determine some of the specific mechanisms that underpin
these acclimation processes. This may include a focus on the down-
stream signalling pathways that will result in acclimation. For example,
acclimation to salinity in C. reinhardtii may be linked to Ca®* signalling,
lipid signalling and ROS signalling [9,19,59]. Finally, there will be
interest to determine whether acclimation processes can be used to
manipulate metabolism and biomass productivity of microalgae in
order to enhance yields of particular metabolites that have high-value
uses.
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