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Highlights

Extensive genetic variation has been identified within the model microalga Chlamydomonas
reinhardtii. We describe how this variation influences the response to nutrient deficiency,
highlighting differences between natural and lab strains.

Abstract

Natural variation among individuals and populations exists in all species, playing key roles in
response to environmental stress and adaptation. Micro- and macro-nutrients have a wide range
of functions in photosynthetic organisms and mineral nutrition plays thus a sizable role in
biomass production. To maintain nutrient concentrations inside the cell within physiological
limits and prevent the detrimental effects of deficiency or excess, complex homeostatic
networks have evolved in photosynthetic cells. The microalga Chlamydomonas reinhardtii
(Chlamydomonas) is a unicellular eukaryotic model for studying such mechanisms. In this
work, twenty-four Chlamydomonas strains, comprising field isolates and laboratory strains,
were examined for intraspecific differences in nutrient homeostasis. Growth and mineral
content were quantified in mixotrophy, as full nutrition control, and compared to autotrophy
and 9 deficiency conditions for macronutrients (-Ca, -Mg, -N, -P, -S) and micronutrients (-Cu,
-Fe, -Mn, -Zn). Growth differences among strains were relatively limited. However, similar
growth was accompanied by highly divergent mineral accumulation among strains. The
expression of nutrient status marker genes and photosynthesis were scored in pairs of
contrasting field strains, revealing distinct transcriptional regulation and nutrient requirements.
Leveraging this natural variation should enable a better understanding of nutrient homeostasis

in Chlamydomonas.

Keywords
Chlamydomonas reinhardtii, ionome, natural variation, nutrient deficiency, nutrient

homeostasis, photosynthesis, iron, manganese
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Introduction

Photosynthetic organisms require both macro- and micro-nutrients in sufficient amount to
sustain growth and complete their life cycle. Outside an adequate supply range, they cannot
maintain homeostasis, leading to nutrient deficiency or toxicity (Romheld, 2011).
Nevertheless, photosynthetic organisms have colonized very diverse environments, both in soil
and water, characterized by extreme variations of nutrient supply, and therefore present a high
diversity of nutrient homeostatic networks (Huang and Salt, 2016). For instance, four distinct
iron (Fe) uptake machineries, of diverse evolutionary origins, are found, and in many cases co-
exist, in algae (Blaby-Haas et al. 2017). Complex and tightly regulated mechanisms evolved to
deal with inadequate nutrient availability, such as exclusion or hyperaccumulation to manage
metal excess (Hanikenne and Nouet, 2011; Kradmer, 2010), or inducible high affinity uptake,
sparing and recycling systems to cope with nutrient deficiencies (Miramar et al., 2003;
Marschner, 2011; Saito et al., 2011; Gutu et al., 2011).

Species display more or less wide ecological ranges with variation among and within their
populations allowing colonization and subsistence in diverse environments, thanks to
phenotypic plasticity or local adaptation (VanWallendael et al., 2022). Hence, different
strategies to maintain nutrient homeostasis are reflected in the ionome (defined by Lahner et
al., 2003; and Salt et al., 2008 as the mineral nutrient and trace element composition), which
can be used to distinguish strains/accessions thanks to characteristic ionomic profiles (Buescher
et al., 2010; Atwell et al., 2010; Baxter et al., 2012). Considering natural variation within
species not only provides a broader picture of a species behaviour but is instrumental for the
identification of new genes and ecologically relevant alleles as it allows the study of
quantitative (continuous) traits while the use of mutants is more suited for qualitative (discrete)
trait analysis (Alonso-Blanco and Koornneef, 2000; Weigel, 2012), increasing the power of
model organisms (Gasch et al., 2016). Examining natural variation of the ionome in
Arabidopsis thaliana (Arabidopsis) (Huang and Salt, 2016; Pita-Barbosa et al., 2019) has for
instance allowed identifying key genes involved in mineral nutrition or metal tolerance (Atwell
et al., 2010; Baxter et al., 2008; Chao et al., 2012). In that respect selecting crop varieties with
high nutrient-use efficiency is an important goal for breeders (Bhatt et al., 2020; Thiébaut and
Hanikenne, 2022).

Chlamydomonas reinhardtii (Chlamydomonas) is a single-cell biflagellate green
microalga used as a model to dissect fundamental biological processes (Harris, 2001; Salomé
and Merchant, 2019; Sasso et al., 2018). Chlamydomonas is a reference in the study of

photosynthesis (e.g., Dent et al., 2001; Wakao et al., 2021), and related processes such as light
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perception (e.g., Choudhary et al., 2019; Hart and Gardner, 2021), CO concentration
(Moroney and Ynalvez, 2007; e.g., Fei et al., 2022) or biofuel production (Rupprecht, 2009;
e.g., Fakhimi and Tavakoli, 2019), but also of the cell cycle (e.g., Ma et al., 2021), mobility
(Shih et al., 2013) or multicellularity (e.g., Bernardes et al., 2021). It also serves as model for
nutrition-related studies, including, nitrogen, sulfur, phosphate (Calatrava et al., 2017; Saroussi
et al., 2017; Plouviez et al., 2022) as well metal homeostasis (Hanikenne, 2003; Merchant et
al., 2006; Blaby-Haas and Merchant, 2017).

So far, research into the Chlamydomonas biology has essentially focused on a set of
commonly-used laboratory strains, related to the strains originally isolated by Smith in the
1940’s and 50’s (Smith, 1946; Smith and Regnery, 1950; Harris, 2009), hereafter referred to
as laboratory strains. It was recently shown that the genomes of these laboratory strains contain
highly conserved segments alternating with a mosaic of segments made of two alternate
haplotypes with 2% sequence divergence and that they display phenotypic diversity (Gallaher
et al., 2015). Additional strains displaying even higher (up to 3%) and randomly distributed
genetic variation in their genomes (Flowers et al., 2015) were later isolated, mostly in North
America, but were so far only marginally used in experimental approaches into the biology of
Chlamydomonas (Harris, 2009). Although they have been conserved for a certain time at the
Chlamydomonas Resource Center or other repositories, these highly divergent field isolates
(Flowers et al. 2015) will hereafter be referred as natural strains to distinguish them from
laboratory strains derived from the Smith original isolates.

Intraspecific variation in cellular zinc (Zn), copper (Cu), manganese (Mn) and Fe contents
for 4 Chlamydomonas laboratory strains grown mixotrophically in Tris-Acetate-Phosphate
(TAP) medium was reported (Kropat et al., 2011), whereas variation of growth, cell size and
chlorophyll content in a partially overlapping set of 5 laboratory strains upon varying Fe supply
was also described (Gallaher et al., 2015). Nonetheless, nutrient homeostasis research in
Chlamydomonas mostly relied on the study of a handful of strains and mutants (Pittman et al.,
2009; Ibuot et al., 2017; Hui et al., 2022; Kochoni et al., 2022). Here, we aimed to uncover the
extent of intraspecific variation in nutrient homeostasis in Chlamydomonas and to assess how
biased or incomplete our view of homeostasis mechanisms in Chlamydomonas may be from
the characterization of only a few commonly-used laboratory strains. In particular, we: (i)
explored the variation of growth and ionome profile within a panel of 14 natural and 10
laboratory Chlamydomonas strains grown mixotrophically in TAP, photoautotrophically in
Tris-Minimal-Phosphate (TMP) medium as well as in 9 TAP media deficient for single

nutrients (calcium, magnesium, nitrogen, phosphorus, sulphur, copper, iron, manganese and
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zinc), (ii) assessed the partitioning of this variation among laboratory and natural strains, and
(iii) scoring as phenotypic traits the expression of nutrient deficiency marker genes, examined
the distinct molecular strategies deployed to manage nutrient deficiency in selected pairs of

contrasting natural strains.

Materials and Methods

Chlamydomonas strains

Twenty-four Chlamydomonas reinhardtii strains were acquired from the
Chlamydomonas Resource Center and SAG Culture Collection of Algae as described in Table
1. Strains were maintained on 1.5% plant agar (Duchefa Biochemie B.V.) Tris-Acetate-

Phosphate (TAP) medium (Gorman and Levine, 1965) under 100 pE.m2.s% continuous light.

Culture conditions

TAP medium was used as control and base for all mineral deficiency media. All TAP
media contained 1 mL.L™ of glacial acetate and the final solution was titrated to pH 7.0 with
HCI. TMP medium was prepared as described by Gorman and Levine (1965). The nine single
deficiency media were prepared as described in Table 2. N, P, S and Fe deficiency conditions
were based on previous work by Figueroa-Torres et al. (2017), Barreiro et al. (2013),
Laurinavichene et al. (2002) and Glaesener et al. (2013), respectively; and the other deficiency
conditions were determined in preliminary experiments.

For each experiment, freshly growing cells on TAP agar plates were used to initiate
pre-cultures in TAP liquid medium. After two-days, the optical density at 750 nm (OD750nm)
was measured, as a proxy to estimate biomass, using a spectrophotometer (GENESYS™ 20
Visible Spectrophotometer, Thermo Scientific™). These pre-cultures were then used to
inoculate 35 mL of media (TAP, TMP or TAP with a single mineral deficiency), to a final
concentration of approximately 10* cells.mL™. The OD7sonm Was then measured from day 3
until day 7 to follow growth (Supplementary Figure S1) (Thiriet-Rupert et al., 2021).
Considering the diversity of strains (with varying cell size and aggregation, Gallaher et al.
2015, Flowers et al. 2015) and growth conditions used in the study, optical density at 750 nm,
as a proxy to estimate biomass, was selected to measure growth.

To minimize contamination by trace amounts of micronutrients (Cu, Fe, Mn, Zn), all
glassware was rinsed with HCI, plasticware was preferred and, if not possible, the material was

rinsed with 1 M EDTA. All assays including all 24 Chlamydomonas strains were conducted in
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two independent experiments, with two independent cultures each. All assays focusing on pairs

of Chlamydomonas strains were conducted with three biological replicates.

ICP-AES analysis
At day 4 of the cultures, samples for ICP-AES were prepared based on the protocol by

Thiriet-Rupert et al.(2021). Briefly, 10 mL of culture were harvested in metal-free tubes and
centrifuged at 2000 x g for 5 min to remove the media. Cells were resuspended with 5 mL of
5mM EDTA (pH 7.0) and centrifuged at 2000 x g for 5 min, this step was repeated twice. The
pellet was then washed with 5 mL distilled water. After centrifugation at 2000 x g for 5 min, 3
mL of >65% (v/v) nitric acid were added to the pellet, then stored at 4°C for 2 days for
digestion. Before analysis, distilled water was used to bring the final volume to 10 mL and 200
ML of >65% (v/v) nitric were added to each sample.

The elements Ca, Cu, Fe, potassium (K), sodium (Na), Mg, Mn, P and Zn were
quantified using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
(Vista AX CCD Simultaneous ICP-AES, Varian). The results were normalized using the
OD750nm.

RNA extraction and gRT-PCR
Total RNA was extracted using an adapted genomic DNA extraction protocol followed

by selective RNA precipitation with LiCl (Loppes and Radoux, 2001; Newman et al., 1990).
At day 4 of the cultures, 107 cells were harvested and centrifuged at 2000 x g for 5 min.
The pellet was frozen with liquid N2 and kept at -80°C until extraction. Extraction was initiated
by resuspending the cells in lysis buffer [2% SDS (w/v), 400 mM NaCl, 40 mM EDTA, 100mM
Tris HCI pH 8.0], adding phenol/chloroform/isoamyl alcohol (25:24:1) and incubating 5
minutes with agitation. The aqueous phase was separated by 5 min centrifugation at 15000 x g
and re-extracted with chloroform/isoamyl alcohol (24:1). Total RNAs were precipitated
overnight at 4 °C in 8 M LiCl and collected by a 5 min centrifugation at 15000 x g. Pelleted
total RNAs were then washed with 70% ethanol, centrifuged, and diluted in RNase free H20.
DNA contaminations were removed using the DNase Max kit (Qiagen) following the
manufacturer’s instructions. Total RNA concentration was determined spectrophotometrically
using a NanoDrop 2000 (Thermo Scientific) and the RNA quality was confirmed using agarose
gel electrophoresis. Complementary DNA (cDNA) synthesis was performed from 1 pg of total
RNAs using the RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific).
Quantitative reverse transcription-PCR (qRT-PCR) was performed using the QuantStudio™ 5

6
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system (Thermo Fisher Scientific) and the Takyon™ Low ROX Probe 2X MasterMix dTTP
blue (Eurogentec). Each reaction contained the 8 pL master mix, 125 nM of each primer
(Supplementary Table S1) and 4 pl of 50x-diluted cDNA and was performed in triplicate.
The reaction conditions were as follows: (i) pre-PCR at 50 °C for 2 min, then 95 °C for 10 min,
(ii) 40 cycles of PCR at 95 °C for 15 s and 60 °C for 15 s, (iii) melting curve at 95 °C for 15 s,
60 °C for 15 s and 95 °C for 15 s. Primers were designed ensuring that they annealed in non-
polymorphic sequences between strains to be compared and are described in Supplementary
Table S1.

Gene expression was calculated using the gbase+ software, version 3.2 (Biogazelle,
Zwijnaarde, Belgium) (Hellemans et al., 2008), by the 2"24¢T method using CBLP and RPL13
as reference genes and normalized to one of the replicates (Livak and Schmittgen, 2001; Nouet
etal., 2015; Thiriet-Rupert et al., 2021). The stability of the reference genes in our experimental
conditions was confirmed during the normalization step embedded in qBase (M = 0.212, CV
= 0.074). Statistical analysis using one-way ANOVA was performed using the software’s

statistics wizard.

Photosynthesis and pigment analysis

100 pL of 4-day old cultures were transferred to a white 96-well plate and dark adapted
for 10 min (Kalaji et al., 2014). Time-resolved chlorophyll fluorescence was then measured
using a SpeedZen 200 fluorescence imaging system (Johnson et al., 2009) equipped with red
LEDs (650-670nm) for actinic and saturating lighting, and blue LEDs (450-470 nm) as
fluorescence detection lights. PSII variable fluorescence was monitored through a saturation
curve composed of 7 light-steps (25, 50, 91, 130, 270, 420, 600 pmol of quanta m?2s?) of 4
minutes each (one saturating pulse of 220ms every minute). Fv/Fm was calculated on dark-
adapted samples as “Fm-Fs/Fm”, while rETR was calculated as “(Fm’-Fs’/Fm’)*light
intensity” and non-photochemical quenching (NPQ) was calculated was calculated as “Fm-
Fm’/Fm’ ” the last two pulses at each light-step were averaged. The saturation curve was
followed by 23 minutes of dark and a final pulse was used to monitor the photoinhibitory effect
of the actinic light on the Fv/Fm (Fv/Fm recovery).

For pigment quantification, 1 mL of 4-day old culture was centrifuged at 2000 x g for
5 min and the lipophilic pigments were extracted using 1 mL of methanol. The supernatant was
recovered after centrifuging the samples at 2000 x g for 5 min and the absorbance was measured
at 470 nm, 652 nm and 665 nm. Chlorophyll a and b, carotenoid concentrations were calculated
as described in Wellburn (1994).
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Data analysis and representation

Unless otherwise stated, data treatment was performed using RStudio IDE for R (RStudio
Team, 2021; R Core Team, 2022). Data was organized using tidyverse v1.3.1 (Wickham et al.,
2019), reshape2 v1.4.4 (Wickham, 2007), summarized using Rmisc v1.5 (Hope, 2013) and
statistical analyses (Kruskal-Wallis and pairwise Dunn tests) were performed using the FSA
v0.6.1 (Ogle et al., 2021) and rcompanion v2.4.1 (Mangiafico, 2021) packages.

Data was then plotted using the packages ggpubr v0.4.0 (Kassambara, 2020) or
ComplexHeatmap v2.8.0 (Gu et al., 2016) with custom-made colour scales using circlize
v0.4.13 (Gu et al., 2014). Plots were exported in vector image format using the svglite v2.0.0
(Wickham et al., 2021) package.

Results

Growth and ionome variation in mixotrophy and autotrophy

The 24 laboratory (L) and natural (N) strains (Table 1) were initially grown in liquid
medium in mixotrophy (TAP) and photoautotrophy (TMP). Optical density was recorded
(OD750nm, @s a proxy to estimate biomass) from day 3 to 7 of culture, with an intermediary
sampling point at day 4 for element profiling (Supplementary Figure S1, Supplementary
Dataset S1). Final optical density (day 7) in TAP medium was overall 4 times higher than in
TMP, possibly to COz limitation in these growth conditions (Figure 1A-B, Supplementary
Datasets S1-S3). Optical density of the least growing strain in TAP [(N) CC-1374] was
approximately 5x higher than growth of the least growing strain in TMP [(L) CC-5325]. Three
laboratory strains (CC-5325, CC-125 and CC-3348) were among the 3 least growing strains in
TMP medium while the 3 least growing strains in TAP were natural strains (CC-1374, CC-
2343, CC-2935) (Figure 1A). In contrast, a laboratory strain (CC-1418) was one of the most
growing strains in both TAP and TMP. Overall, the range of optical density variation at day 4,
i.e., the range between the least and the most growing strains, among laboratory strains was
larger in TMP (3.3x) than in TAP (1.5x), whereas the opposite was observed for natural strains,
with a 1.64x range in TMP and a 2.7x range in TAP (Supplementary Dataset S2).In TAP,
copper (Cu) accumulation was the most variable trait, with a 12x range between the most and
the least accumulating strains, whereas iron (Fe) accumulation was the least variable trait (2x)
among micronutrients (Figure 2A, Supplementary Datasets S4 and S5). Among

macronutrients, calcium (Ca) accumulation displayed the widest variation (9x) upon growth in
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TAP, whereas phosphorus (P) accumulation was the least variable (2x). (Figure 2A). Variation
of Cu and Fe accumulation was larger in natural strains whereas Ca and P accumulation varied
more in laboratory strains (Supplementary Dataset S5).

In TMP, the accumulation of all elements, with the stark exception of Cu, was higher than
in TAP (Figure 2B), with average Ca accumulation being the most increased (2.5x). The
reduction in Cu content might result from decreased cellular Cu requirement, as respiration is
decreased during photoautotrophic growth (Kropat et al., 2015). Similar to TAP, Cu
accumulation was the most variable trait (11x), together with Ca accumulation (9x), and Fe

accumulation varied the least (3x).

Growth and ionome variation under nutrient deficiency

The strains were next grown for 7 days in TAP liquid medium either fully (-Ca, -Mn, -Zn)
or partially (-Cu, -Fe, -Mg, -S, -P and -N) deprived of a mineral nutrient (Table 2). Depending
on the element, using partial or full depletion allowed finding a balance between inducing a
deficiency response while at the same time maintaining growth. These differences in treatments
determined different intensities of nutrient deficiency and, for the most part, may explain the
differences in growth observed among deficiency conditions (Figure 3A, Supplementary
Dataset S1).

All nutrient deficiency treatments negatively impacted median growth of the strain panel
at day 4, with the exception of -Zn (Figure 3A). However, after 7 days of culture, all treatments
resulted in lower average optical density comparatively to the TAP full nutrition control: this
reduction ranged from 0.9x for -Zn to 0.3x for -Mn (Supplementary Figure S2).
Chlamydomonas cells contain similar concentrations of micronutrients (Merchant et al., 2006
and Figure 2A), but Mn deficiency (no Mn added in the medium, Table 2) had a much stronger
impact on growth than Zn deficiency (no Zn added in the medium as well, Table 2), for
instance. Both treatments also had a very different effects on residual Zn or Mn accumulation
in the cells, with 0.2x and 0.02x reductions, respectively (Figure 4, Supplementary Dataset
S6). TAP medium was suggested to contain Zn in excess (Merchant et al. 2006), and Zn may
be carried over in cells from the pre-culture. It was previously shown that 2 consecutive
transfers to medium without Zn were required to fully inhibit Chlamydomonas growth (Hong-
Hermesdorf et al. 2014). Chlamydomonas might as well be able to take up trace Zn
contaminants present in the chemicals and acid-washed vessels used to prepare the TAP

medium (Merchant and Helmann, 2012).
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Laboratory strains overall tolerated nutrient deficiencies better than natural strains,
representing ~70% of the top 3 most growing strains across all conditions. In contrast, natural
strains represented ~63% of the bottom 3 least growing strains (Figure 3B, Supplementary
Dataset S5). The most growing laboratory strain in TAP [(L) CC-1418] was also among the 3
most growing strains under -Cu, -Fe, -Mg, -P and -Zn, whereas in contrast it was the strain the
most impacted by -Ca. Two other laboratory strains were among the 3 most growing strains
for multiple deficiency treatments: (L) CC-410 (-Cu, -Mg, -P and -Zn), and (L) CC-1010 (-Ca,
-Fe and -S). On the other hand, the strains most often among the least growing strains were
from both backgrounds: (N) CC-1374 (-Cu, -Mg, -Mn, -P, -S, -Zn), (L) CC-125 (-Mg, -N, -S),
(L) CC-1690 (-Cu, -N, -S) and (N) CC-2343 (-Ca, -Fe, -P). However, while (N) CC-1374 and
(N) CC-2343 were already among the least growing strains in TAP, the (L) CC-125 and (L)
CC-1690 strains were in the top 3 most growing strains in -Ca and -Zn, respectively. Overall,
significant growth differences between natural (N) and laboratory (L) strains were observed in
6 out of 11 media, including TAP and TMP (Supplementary Figure S3).

Average mineral accumulation levels in the strain panel were either increased (31% of all
observations) or decreased (69% of all observations) by nutrient deficiencies, indicative of the
tight interconnections among nutrient homeostasis networks (Figure 4, Supplementary
Datasets S4 and S7). In particular, the elements whose supply was limited in the medium all
displayed on average a strongly reduced accumulation in the strains, ranging from a 0.3x
reduction for Mg to a 0.02x for Cu, indicating that the deficiency treatments were effective.
Whereas average growth reduction ranged between 1x and 0.2x, the impact of nutrient
deficiencies on element accumulation was massive ranging from 0.3x to 1.3x for Mg to 0.02x
to 8.5x for Mn compared to TAP. Across all conditions and strains, Fe accumulation again
appeared the most tightly regulated, as in TAP, whereas the most variable elements were other
micronutrients, Cu, Mn and Zn.

Most striking was the global effect of Ca deficiency on Mn accumulation which on average
increased by 8.5x across the 24-strain panel compared to TAP. Cu was strongly accumulated
upon Ca (1.4x), Fe (2.8x) and Zn (2.9x) deficiencies. Zn displayed higher accumulation upon
Mn (2x), Ca (2.2x) and Fe (2.3x) deficiencies, and conversely Fe accumulated more in cells
upon Cu (1.4x) and Zn (1.5x) deficiencies.

Compared to TAP, Ca accumulation was negatively affected in a similar fashion by Ca,
but also Fe and Mn deficiencies (~0.2x), and even more so by Cu, Mg and P deficiencies
(<0.05x) (Figure 4). P was the second most negatively affected element, with strong

accumulation reduction upon Cu and Mg deficiencies (~0.1x).
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lonome variation at the strain level under nutrient deficiency

Hierarchical clustering of the element profiling data was next conducted to further assess
the determinants of the ionomic variation in Chlamydomonas (Supplementary Figure S4,
Supplementary Dataset S8). It is remarkable that the growth conditions had a bigger impact
on the clustering than the strain origin, lab or natural. This for instance contrasts with (i) the
footprint of local adaptation in the metal hyperaccumulator Arabidopsis halleri, where
geographic origin has more impact on the ionome and transcriptome than the exposure to Zn
or cadmium (Cd) excess (Schvartzman et al., 2018; Corso et al., 2018, 2021) or (ii) a number
of ionomic traits in Arabidopsis (Campos et al. 2021). In Chlamydomonas, the treatment
clusters seldom contained strains grown in other conditions. Mn deficiency was a noticeable
exception, with strains distributing in two distant clusters, independently of their lab or natural
origin, whereas strains exposed to N deficiency were the most dispersed among clusters
(Supplementary Figure S4).

A more detailed analysis of data clustering was then conducted for individual growth
conditions. It showed that, even in TAP, very distinct element accumulation patterns were
observed among strains (Figure 5A). Most clusters grouped both lab and natural strains,
suggesting again that strain origin was not the most discriminating factor. The (L) CC-3348
strain displayed the most divergent ionome profile, marked by high Fe, Zn, K and Cu, but low
Mn, accumulation (Figure 5A).

Upon Mn deficiency (Figure 5B), 10 strains, 4 of which laboratory strains, accumulated
Mn below detection levels and, for 3 of those, K could not be detected either. The effect of Fe
deficiency on the strain ionomes displayed a general trend: an overaccumulation of Cu, Zn and
Na coupled with an under accumulation of Mg, Fe and Ca (Figure 5 C), with the exception of
strain (L) CC-3348, which under accumulated all elements.

Clustering in the other deficiency media showed the same blend of natural and laboratory
strains, and how the accumulation of some elements was key for clustering (Supplementary
Figure S5). Briefly, in TMP, two laboratory strains (CC-5325 and CC-1010) were an exception
with increased Cu accumulation opposite to the lower accumulation observed in all other
strains (Figure 1G). Although it varied in amplitude (40x), Mn accumulation in -Ca condition
was a conserved trait in all strains, with the exception of strain CC-2342 (Supplementary
Figure S5 E). Overall the -N, -Zn and -S conditions had the lowest impact on the ionomes

(Supplementary Figure S5 B, H, D), whereas the -P, -Mg and -Cu conditions had a strong
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negative effect on the accumulation of most elements in cells (Supplementary Figure S5 C,
F, G).

At the end of this analysis, pairs of divergent natural strains were selected for a deeper
exploration of the variation of the Mn and Fe deficiency responses (by scoring expression of
nutrient status marker genes and photosynthetic parameters), as these conditions had a strong
impact in the ionome phenotypes and natural strains were so far much less examined than

laboratory strains (Figure 5B-C).

Manganese deficiency response in two natural strains

Two natural strains with contrasting ionome phenotypes upon Mn deficiency were
selected: (N) CC-2290, which accumulated Mn and K below detection levels, and (N) CC-
1373, which accumulated those two elements (Figure 5B). In this condition, the strains also
differed in their accumulation of Fe (1.5x), Cu (5.1x), Mg (7.3x), Zn (13x) and P (33x), all
those elements being more accumulated in CC-1373 (Supplementary Figure S6,
Supplementary Dataset S9).

NRAMP1 (Natural Resistance-Associated Macrophage Protein 1), a gene strongly
induced by Mn deficiency (Allen et al., 2007b), whose product was suggested to transport Mn
in yeast (Rosakis and Kdster, 2005) and to be a Mn assimilation transporter in Chlamydomonas
(Allen et al., 2007b), was constitutively lower expressed (4x) in TAP in strain CC-2290
(Figure 6A). NRAMP1 moreover failed to be induced by Mn deficiency in strain CC-2290,
which resulted in a 125x lower expression than in strain CC-1373 (Figure 6A). Similarly, the
expression of MTP4 (Metal Tolerance Protein 4) was lower in CC-2290 in TAP and was not
induced by Mn deficiency, compared to CC-1373 (8x induction) (Figure 6A). MTP4 was
previously shown to be Mn-deficiency inducible in a laboratory strain and encodes an Mn-
transporting MTP, possibly involved in Mn internal storage (Allen et al. 2007b; Ibuot et al.,
2020).

Allen et al. (2007b) showed that Mn deficiency in the CC-425 lab strain resulted in
reduced Fe accumulation, and in the transcriptional induction of genes encoding the Fe uptake
machinery in Chlamydomonas (Hanikenne et al., 2009; for review, see Blaby-Haas and
Merchant, 2012, 2017). In the natural strain CC-1373, two components of this machinery
[FREL (Ferric Reductase 1) and FOX1 (Ferroxidase 1)], used as Fe deficiency marker genes,
were upregulated by Mn deficiency. As for NRAMP1 and MTP4, the Mn-responsiveness of
these genes was abolished in strain CC-2290 (Figure 6A). Albeit less marked, a similar

expression profile was observed for the IRT1 (Iron-Regulated Transporter 1) gene, involved
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in an alternative Fe?" uptake pathway than FOX1 (Hanikenne et al. 2009; Blaby-Haas and
Merchant, 2012, 2017), among the two strains (Figure 6A), resulting in a ~20x lower
expression of the gene in strain CC-2290 compared to CC-1373 upon Mn deficiency.

Chlamydomonas possesses two superoxide dismutase (SOD) isozymes: a Mn
containing (MnSOD) in the mitochondria, and a Fe containing (FeSOD) in the chloroplast
(Kitayama et al., 1999). The MnSOD is encoded by 5 genes (MSD1-5). MSD3 is the isoform
most induced transcriptionally by both Mn and Fe deficiency and MnSOD activity was reported
to be reduced under Mn deficiency (Allen et al.,, 2007b). This loss in activity is not
compensated by an increased expression or activity of the plastid FeSOD (FSD1) in the CC-
425 laboratory strain (Allen et al., 2007b). In strain CC-1373, the expression of both MSD3
and FSD1 was strongly induced by Mn deficiency (Figure 6A), suggesting a compensation
mechanism replacing MnSOD by FeSOD, in contrast to CC-425. MSD3 was constitutively
highly expressed in both TAP and -Mn conditions and FSD1 was down-regulated by -Mn in
strain CC-2290.

The two natural strains further differed in their Cu and Zn accumulation levels upon
Mn deficiency (Figure 5B), and marker genes for the Cu and Zn nutritional status were
investigated. The CTR2 gene, encoding a high affinity Cu transporter located at the plasma
membrane and responsive to Cu (Castruita et al., 2011; Page et al., 2009), was significantly
induced in strain CC-1373 by Mn deficiency, unlike in strain CC-2290. In contrast, the
expression of ZRT1 and ZRT3, two Zn-nutrition responsive transporters (Malasarn et al., 2013),
was unaltered by Mn deficiency, although ZRT1 was significantly overexpressed in CC-1373
compared to CC-2290 (Figure 6A).

Mn deficiency is known to lead to secondary P deficiency and to the up-regulation of a
number of P transporters in the CC-425 laboratory strain (Allen et al., 2007b). This
transcriptional regulation was however suggested to be independent of the P deprivation
regulatory network (Allen et al., 2007b). Natural strains CC-1373 and CC-2290 displayed
opposite P accumulation profiles: in strain CC-1373, P accumulation was low on TAP and
slightly increased (1.1x) upon Mn deficiency (Figure 5A-B) whereas it was high on TAP and
decreased (0.03x) upon Mn deficiency in strain CC-2290 (Figure 5A-B). The P accumulation
profiles were essentially mirrored by the expression of PTB2, a P-nutrition responsive
phosphate transporter-encoding gene (Moseley et al., 2006; Grossman and Aksoy, 2018),
whose expression was induced by Mn deficiency in CC-1373 and was constitutively high in
CC-2290 (Figure 6A).
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Mn is essential for photosynthesis: it is a key component of the oxygen-evolving
complex (OEC—- Mn4CaOs), thanks to its multiple oxidation states, which allows the catalysis
of water deprotonation and electron transfer through the photosynthetic chain (Merchant and
Sawaya, 2005; Shen, 2015). Mn-deficiency is known to impact photosynthesis at the
photosystem 11 (PSII) level (Teichler-Zallen, 1969; Allen et al., 2007b). Therefore, some
photosynthetic parameters were evaluated in the two strains: (i) the maximum quantum yield
of photosystem 11 (PSII) photochemistry (Fv/Fm), (ii) the relative electron transfer rate of
photosystem Il (rETR) at different light intensities, (iii) non photochemical quenching (NPQ)
at different light intensities, and (iv) photoinhibition measured from Fv/Fm recovery in the
dark after the exposure to actinic light (reviewed in Murchie and Lawson, 2013). In TAP, both
strains exhibited similar Fv/Fm and rETR upon low light exposure (Figure 6B, C,
Supplementary Dataset S10). This was reflected by similar OD7sonm for CC-2290 and CC-
1373 achieved at day 4 (Figure 1A). In contrast, upon high light exposure in TAP, rETR values
were lower and NPQ values higher in CC-2290 (Figures 5C, D). Under Mn deficiency at all
light intensities, CC-2290 was more impacted than CC-1373 (Figures 5C), with lower rETR
values, which is consistent with the stronger growth reduction observed for CC-2290 in these
conditions. Altogether, these observations point to a donor-side PSII limitation at the level of
the OEC because of low intracellular [Mn] in CC-2290. In addition, a lower chla/b ratio was
observed in CC-2290 under Mn deficiency, which suggested a higher PSII:PSI stoichiometry,
as previously observed in pea (Chow et al., 1990), or a larger chlb-rich PSII antenna size in
CC-2290 (Supplementary Figure S7C).

Iron deficiency response in two natural strains

Fe deficiency resulted in variation of Fe accumulation among natural strains (Figure
5C, Supplementary Dataset S8) but had even more impact on the accumulation of other
elements (Figure 5C) and on optical density (Supplementary Figure S2). Two natural strains,
CC-2343 and CC-4414, differing for P (1.9x), Zn (2.6x), Mn (3.3x) and Cu (4x) accumulation
(Supplementary Figure S8, Supplementary Dataset S11), as well as growth (1.8x), upon Fe
deficiency were further characterized.

The response of Chlamydomonas laboratory strains to reduced Fe supply in the medium
has been characterized in details, distinguishing two stages: (i) a deficiency response, when Fe
supply is reduced but is more or less sufficient to sustain growth essentially thanks to the
induction of the Fe uptake pathways (FOX1/FTR1 on one side and IRT1/IRT2 on the other

side); and (ii) a limitation response, when Fe supply is so low that cells are strongly affected
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and trigger massive reorganisation of the photosynthetic apparatus to spare Fe (La Fontaine et
al., 2002; Moseley et al., 2002; Merchant et al., 2006; Allen et al., 2007a; Naumann et al.,
2007; Urzica et al., 2012; Page et al., 2012). In this study, Fe supply was reduced to 1.8 uM
Fe, corresponding to the deficiency stage described above (Table 2).

Components of the Fe uptake machinery were differentially expressed in the two
natural strains (Figure 7A). FOX1 was less expressed in TAP and displayed lower induction
by Fe deficiency in strain CC-2343, having a higher Fe accumulation in both conditions
(Figure 5A, C), compared to strain CC-4414. FRE1 and IRT1 were in contrast expressed at
similar levels and strongly induced by Fe deficiency in both strains (Figure 7A). All 3 genes
were previously reported to be strongly induced by Fe deficiency in the CC-425 and CC-4532
laboratory strains (Allen et al., 2007b,a; Glaesener et al., 2013; Urzica et al., 2013).

Similarly, the CTR2 and CYC6 (Cytochrome cs) genes were up-regulated by Fe
deficiency in strain CC-4414 only (Figure 7A). As mentioned above, CTR2 is involved in Cu
uptake, whereas CYC6 encodes an heme-containing cytochrome, which substitutes for
plastocyanin under Cu deficiency enabling maintenance of photosynthesis in these conditions
(Kropat et al., 2015; Merchant, 1998; Merchant and Bogorad, 1986). The CTR2 and CYC6
induction by Fe deficiency in strain CC-4414 suggests a higher Cu requirement and Cu sparing,
through plastocyanin replacement, in the strain, possibly to support the strong induction of the
FOX1 multicopper oxidase (Kropat et al., 2015). It however did not fully compensate this
increased Cu demand, as the CC-4414 strain accumulated less Cu (0.25x) than strain CC-2373
upon Fe deficiency (Figure 5C).

NRAMP1 expression was similar between the two strains in TAP (Figure 7A),
consistent with their similar Mn accumulation (Figure 5A). NRAMP1 was previously shown
to respond to Mn but not Fe deficiency in Chlamydomonas laboratory strains (Allen et al.,
2007b; Urzica et al., 2012). This does not exclude that NRAMP1 can transport other metal
cations than Mn (Chang et al., 2020), including Fe, as its distantly related NRAMPL1 plant
homologs (Hanikenne et al., 2005; Blaby-Haas and Merchant, 2012), which are involved in
both Mn and Fe homeostasis (Cailliatte et al., 2010; Castaings et al., 2016; Chen et al., 2019).
In our conditions, Fe-deficiency led to reduced (0.2x) Mn accumulation in strain CC-4414,
which was not compensated by increased expression of NRAMPL, in agreement with previous
reports in lab strains (Allen et al., 2007b). In contrast, in strain CC-2343, Fe deficiency had a
positive effect on Mn nutrition, with higher Mn accumulation (1.1x) accompanied by decreased
NRAMP1 expression. Fe deficiency induced the IRT1 and IRT2 genes (Figure 7A, Blaby-Haas
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and Merchant, 2012; Urzica et al., 2012), whose products might be responsible for increased
Mn uptake (Dubeaux et al., 2018).

Chlamydomonas cells experiencing Fe deficiency are more susceptible to oxidative
damage (Naumann et al., 2007) and the transcriptional response to Fe deficiency involves a
large set of oxidative stress response genes (Urzica et al., 2012). In laboratory strains, strong
induction of MSD3 (encoding a chloroplast and mitochondria localized MnSOD), at the
transcript, protein and activity levels, has been reported upon Fe deficiency (Allen et al., 2007b;
Urzica et al., 2012; Page et al., 2012). FeSOD, also chloroplast-localized, encoded by FSD1,
has a more complex fate. It is not transcriptionally regulated by Fe deficiency. However, in
these conditions, the FSD1 protein is initially degraded, before de novo synthesis and Fe re-
acquirement enabled by an Fe sparing machinery triggered at the expense of other Fe-
containing proteins (Allen et al., 2007b; Urzica et al., 2012; Page et al., 2012). The CC-2343
and CC-4414 natural strains deployed distinct strategies to deal with the Fe deficiency-induced
oxidative stress: CC-2343 induced FSD1 expression whereas CC-4414 induced MSD3 as
described in laboratory strains (Figure 7A).

Fv/Fm and rETR were reduced upon Fe deficiency in both CC-2343 and CC-4414
natural strains (Figure 7B-C, Supplementary Dataset S12), indicating impaired
photosynthesis. However, the photosynthetic apparatus of strain CC-4414 was more impacted
upon Fe deficiency as indicated by lower maximum rETR, lower NPQ at most light intensities,
and a lower Fv/Fm recovery. In Chlamydomonas laboratory strains, a major target of Fe
deficiency is the Fe-rich PSI complex, which is subject to reduction and remodelling, as well
as other Fe-requiring photosystem proteins, with the purpose of sparing Fe and prioritizing
respiration (Moseley et al., 2002; Yadavalli et al., 2012; Page et al., 2012). Despite these
preventive measures, electron flow between PSII and PSI was shown to be disturbed, leading
to ROS generation, which primarily targets PSII (Naumann et al., 2007). Here, strain CC-4414
displayed an increased chla/b ratio upon Fe deficiency, indicative of an increased PSI:PSlI ratio
(Chow et al., 1990), which may suggest either (i) a lower capacity to recycle and remodel PSI
in these conditions and/or (ii) a higher sensitivity of PSII to ROS. The higher NPQ observed
in CC-4414 upon Fe deficiency, at least at some light intensities (Figure 7D, Supplementary
Dataset S12), may support the latter hypothesis. Chlorosis was reported to be not visible at
early Fe-deficiency stages (Moseley et al., 2002; Terauchi et al., 2010; Urzica et al., 2012). At
day 4, both CC-2273 and CC-4414 cell culture appeared lighter green (Supplementary Figure
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S9A), which may be linked to the decrease in chlorophyll/carotenoid ratio in Fe-deficiency

(Supplementary Figure S9D).

Discussion

Variation of the ionome largely exceeds variation of growth in Chlamydomonas

In this study, we describe the large extent of phenotypic variation that exists in a panel of
24 Chlamydomonas strains, in line with the important genetic variation previously reported
among laboratory and natural strains (Flowers et al., 2015; Gallaher et al., 2015). This variation
was evident in both mixo- and photoautotrophy, as well as upon deficiency of essential macro-
and microelements. Growth variation was observed in all tested conditions, with in several
cases partitioning of this variation among natural and laboratory strains. Strikingly, much larger
variation was observed at the ionome level. If the relative abundance of the micro- and
macroelements reported here agrees with previous observations in 5 wild-type and 2 mutant
strains in varied growth conditions, the range of accumulation variation among strains in a
single medium exceeds by far what has been previously reported in Chlamydomonas
(Merchant et al., 2006). This variation is quite extensive in comparison to other model
organisms (e.g., Atwell et al., 2010; Yu et al., 2012; Baxter et al., 2012) or to field-collected
taxonomically diverse plant species (Watanabe et. al., 2007). It is much larger than ionome
variation reported in roots or leaves of Arabidopsis accessions grown in hydroponics or on soil
(Baxter et al., 2012). For instance, the range of Cu accumulation in roots of Arabidopsis
accessions was reported to be ~3x (Baxter et al., 2012), whereas it is ~12x in Chlamydomonas
(Figure 2A). The extent of variation observed among Chlamydomonas strains is comparable
to variation observed between mutant and wild-type yeast strains (Yu et al., 2012). Higher
impact of growth conditions on the ionome vs biomass production suggests that, among strains,
distinct ionome equilibrium (i.e. distinct homeostatic networks) are able to support growth.
This homeostatic flexibility is not similar for all elements. Among micronutrients,
accumulation of Fe, which is both essential and, as a redox active ion, highly toxic in excess
(Marschner, 2011), is the most tightly controlled, with the narrower range among
Chlamydomonas strains (Figures 2 and 4). In contrast, Cu, although essential and highly toxic
as well in excess (Marschner, 2011), displays a surprisingly much wider range of accumulation
(Figures 2 and 4), raising the question about how such low or high accumulation is handled
by the cells. This likely reflects the capacity of the strains to uptake, efficiently use and/or store

nutrients (see below).
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Interactions between nutrients also vary among Chlamydomonas strains

lonome variation among Chlamydomonas strains does not only concern individual
element accumulation but also interactions between elements (Figures 2 and 4). Such
interactions take place for several reasons. Fe, Zn, Mn and Cu interactions are at least in part
due to shared or interacting uptake pathways (Allen et al., 2007b; la Fontaine et al., 2002;
Malasarn et al., 2013), as exemplified in a detailed analyses of pairs of strains (Figures 6, 7 and
8). Interactions between Ca, S and micronutrients at least in part result also from their
colocalization in acidocalcisomes, lysosome-derived structures storing metals in excess for
future use in Chlamydomonas (Tsednee et al., 2019; Schmollinger et al., 2021). As Mg is
chelated by rRNA and ATP, the largest cytoplasmic reservoirs of Pi and Mg, an interaction
between P and Mg homeostasis is expected and coo-regulation mechanisms have been
described (e.g., Bruna et al., 2021).

The most striking observation is the massive Mn accumulation in -Ca condition, with
on average 8.5x more than in TAP control conditions (Figure 4). Ca-Mn interactions in
acidocalcisomes have been described previously in Chlamydomonas (Tsednee et al., 2019).
Several transmembrane transporters [e.g., CAX (Cation Exchanger) or BICAT (bivalent cation
transporter)] involved in the transport of both Ca and Mn have been identified in plants,
including for the import of these elements into the chloroplast, as well as other compartments,
where Mn may also replace Ca at Ca-binding-sites (reviewed in He et al., 2021).

A number of nutrient interactions observed in this study were reported before in individual
Chlamydomonas strains, such as an increased Cu and Fe accumulation upon Zn deficiency
described for CC-4532 (Malasarn et al., 2013) or reduced P accumulation in Mn deficiency
reported for strain CC-425 (Allen et al., 2007b) suggesting that, although subjected to
important variation, the direction of these interactions is conserved among strains. In contrast,
on average across the 24 strains, Mn concentrations decreased upon Zn deficiency and Fe
concentrations increased upon Mn deficiency while opposite trends were observed in
individual strains by Malasarn et al. (2013) and Allen et al. (2007b), respectively, suggesting

that nutrient interactions can also occur in opposite directions among strains.

Mn and Fe deficiencies trigger divergent transcriptional responses and ionome outcomes in

two natural strains

Dissecting the molecular mechanisms underlying ionomic differences in selected pairs of
natural strains exposed to Mn or Fe deficiency, respectively, revealed the distinct strategies of

the strains to manage nutrient deficiency (Figure 8).
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In both cases, the transcriptional regulation of marker genes contributed to the
interactions between Mn and Fe, Zn or Cu homeostasis, which have been extensively
documented in both flowering plants (Socha and Guerinot, 2014; Ricachenevsky et al., 2018;
Hanikenne et al., 2020) and Chlamydomonas (Allen et al., 2007b; Blaby-Haas and Merchant,
2017; Castruita et al., 2011; Hanikenne et al., 2009, 2005; Urzica et al., 2012), mainly because
these nutrients share transporters and chelators.

The contrasted expression patterns of Mn-, Fe-, Cu- and Zn-responsive genes, encoding
metal transporters, in the CC-1373 and CC-2290 strains are likely to account for the contrasted
Mn (NRAMP1, MTP4), as well as Fe (FRE1, FOX1), Cu (CTR2) and Zn (ZRT1) accumulation
levels in control and/or in Mn deficiency conditions (Figure 5B). Differential expression
between the two strains does not only concern genes encoding functions in metal uptake at the
plasma membrane, but also reflects different intracellular storage (MTP4) and metal usage
(FSD1/MSD3) strategies. Some of the transporters may influence the accumulation of several
elements. Hence, NRAMPL1 has been reported to also transport Zn (Chang et al., 2020). Given
the low selectivity for metal cations, including Mn and Zn, of the IRT1 homolog in Arabidopsis
(Vert et al., 2001; Dubeaux et al., 2018), it may directly contribute to Mn and Zn uptake. The
reduced Cd accumulation in an irtl Chlamydomonas mutant (Thiriet-Rupert et al., 2021)
indeed suggests that IRT1 may also transport divalent metal cations other than Fe. Noticeably,
despite some major differences of NRAMP1, FRE1 or FOX1 gene expression in TAP, there
was only relatively minor variation of Fe (1.5x), Mn (1.04x, not significant), and Zn (1.2x, not
significant) accumulation between strains CC-2290 and CC-1373 (Supplementary Figure
S6). It is also interesting to note that, in Chlamydomonas, Fe-deficiency response elements are
for instance found in the promoter of genes encoding Mn transporters (e.g., MTP4, Fei et al.,
2009). The diversity of the molecular response to Mn deficiency among two natural strains
highlights that these interactions can take different forms within the species, suggesting
possible divergence in Mn sensing and regulatory mechanisms.

Similarly, Fe accumulation and Fe-responsive gene expression patterns (FOX1, IRT1),
together with oxidative stress management (FSD1, MSD3) and photosynthetic responses
(Figure 7), altogether suggest that the CC-2343 and CC-4414 natural strains handle Fe
homeostasis distinctly, with strain CC-4414 experiencing a stronger Fe deficiency possibly
stemming from less efficient Fe uptake, reduced Fe sparing capacity and/or higher Fe
requirements, even on TAP, which in turn impacts the accumulation and use of other metals,

such as Cu, Mn and Zn. That such variation of Fe homeostasis existed in Chlamydomonas was
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previously shown (Gallaher et al., 2015). We provide here some molecular understanding of

the mechanisms underlying such variation.

Conclusion

These detailed analyses in selected natural strains highlight differences in metal
requirements as well as major differences in the transcriptional regulation of metal homeostasis
genes, suggesting that distinct metal sensing and signalling may also take place among strains.
In conclusion, our study underlines the extent of phenotypic variation within the
Chlamydomonas species and leveraging this natural variation should enable a better
understanding of nutrient homeostasis mechanisms in Chlamydomonas and in photosynthetic

organisms.
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Supplementary data

Supplementary Table S1. Deficiency marker gene description and qRT-PCR primers.
Supplementary Figure S1. Schematic representation of the experimental design.
Supplementary Figure S2. Variation of the impact of mineral deficiencies on growth of 24
Chlamydomonas strains.

Supplementary Figure S3. Variation of the impact of nutrient deficiencies on growth of
laboratory vs natural Chlamydomonas strains.

Supplementary Figure S4. Clustering of 24 Chlamydomonas strains exposed to the 10
nutrient deficiencies based on their ionome profiles.

Supplementary Figure S5. Clustering of 24 Chlamydomonas strains based on their ionome
profiles.

Supplementary Figure S6. Comparison of the nutrient concentrations in the CC-1373 and
CC-2290 natural Chlamydomonas strains upon Mn deficiency.

Supplementary Figure S7. Variation of the pigment composition in response to Mn deficiency
between the CC-1373 and CC-2290 Chlamydomonas natural strains.

Supplementary Figure S8. Comparison of the nutrient concentrations in the CC-2343 and
CC-4414 natural Chlamydomonas strains upon Fe deficiency.

Supplementary Figure S9. Variation of the pigment composition in response to Fe deficiency
between the CC-2343 and CC-4414 Chlamydomonas natural strains.

Supplementary Dataset S1. Data of the growth curves of each of the 24 Chlamydomonas
strains.

Supplementary Dataset S2. Descriptive statistics of day 4 optical density measurements in all
tested media.

Supplementary Dataset S3. Descriptive statistics of the growth curves in all tested media.
Supplementary Dataset S4. Data of the ionome of each of the 24 Chlamydomonas strains.
Supplementary Dataset S5. Descriptive statistics of the ionome.

Supplementary Dataset S6. Top and bottom 3 strains for all measured parameters at day 4.
Supplementary Dataset S7. Descriptive statistics of the relative nutrient concentrations under
nutrient deficiency.

Supplementary Dataset S8. Heatmap dataset.

Supplementary Dataset S9. Strains CC-1373 and CC-2290 nutrient concentrations in TAP
and -Mn.

Supplementary Dataset S10. Statistic differences for rETR and NPQ for strains CC-1373 and
CC-2290 in TAP and -Mn.
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Supplementary Dataset S11. Strains CC-2343 and CC-4414 nutrient concentrations in TAP
and -Fe.

Supplementary Dataset S12. Statistic differences for rETR and NPQ for strains CC-2343 and
CC-4414in TAP and -Fe.
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Figure legends

Figure 1. Growth variation among 24 Chlamydomonas strains grown in mixotrophy and
autotrophy. (A-B) Growth, measured as optical density at 750 nm (OD7sonm) from day 3 to day
7 of culture, in TAP (A) and TMP (B). Each coloured dot represents the mean + SD for each
strain and the colouring follows the same order as the colour key (bottom). The laboratory
strains (L) are coloured in a yellow-dark red scale and the natural strains (N) are coloured in
green-violet scale. (A-B) The boxes represent the 1% quartile, median and 3" quartile of the
data for all strains, and the whiskers extend from the median + 1.5 interquartile range, whereas
outliers are represented by black dots. Values are from 2 independent experiments, with 2

independent cultures each.

Figure 2. lonome variation of 24 Chlamydomonas strains in mixotrophy and autotrophy. (A)
lonome profiling (ICP-AES) at day 4 of culture in TAP. Elements are ordered from left to right
by growing median concentrations in cells (umol. OD™). (B) lonome profiling at day 4 of
culture in TMP. The values are relative to TAP (100%, noted with a dashed line). (A-B) The
boxes represent the 1% quartile, median and 3" quartile of the data for all strains, and the
whiskers extend from the median + 1.5 interquartile range, whereas outliers are represented by

black dots. Values are from 2 independent experiments, with 2 independent cultures each.

Figure 3. Variation of the impact of nutrient deficiencies on growth of 24 Chlamydomonas
strains. (A) Growth, measured as optical density at 750 nm (OD7sonm), at day 4 of culture on
TAP (mixotrophy, control), TMP and TAP with single deficiencies for 5 macroelements (-Ca,
-Mg, -N, -P, -S) or 4 microelements (-Cu, -Fe, -Mn, -Zn). The boxes represent the 1% quartile,
median and 3" quartile of the raw data, and the whiskers extend from the median + 1.5
interquartile range whereas outliers are represented by black dots. Each coloured dot represents
the mean £ SD for each strain. Values are from 2 independent experiments, with 2 independent
cultures each. The laboratory strains (L) are coloured in a yellow-dark red scale and the natural
strains (N) are coloured in green-violet. The strains are ordered according to the colour key.
OD7s0nm average values for each treatment were compared with the values of the TAP control
condition using the Wilcoxon test, and significant differences are indicated with *: p <= 0.05,
**:p <=0.01, ***: p <= 0.001 and ****: p <= 0.0001. (B) Ranking of the strain growth from

the most (1) to the least (24) performing. Rectangles are color-coded as in (A).
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Figure 4. Variation of the impact of mineral deficiencies on the ionome profile of 24
Chlamydomonas strains. Samples were analysed by ICP-AES at day 4 of culture on TAP
(mixotrophy, control) and on TAP with single deficiencies of 5 macroelements (-Ca, -Mg, -N,
-P, -S) or 4 microelements (-Cu, -Fe, -Mn, -Zn). The concentrations of the 9 quantified elements
(Ca, Cu, Fe, K, Mg, Mn, Na, P, Zn) are represented relatively to their concentrations in TAP
(100%, noted with a dashed line). The boxes represent the 1% quartile, median and 3" quartile
of the raw data, and the whiskers extend from the median + 1.5 interquartile range whereas
outliers are represented by black dots. Coloured dots represent the relative average element
concentrations per treatment: macronutrient deficiencies (-Ca, -Mg, -N, -N, -P, -S) in blue scale
and micronutrient deficiencies (-Cu, -Fe, -Mn, -Zn) in red scale. The entire dataset is presented
in the right panel, and a focus on the relative concentrations ranging 0%-300% relative to the
control is shown in the left panel. Values are from 2 independent experiments, with 2

independent cultures each.

Figure 5. Clustering of 24 Chlamydomonas strains based on their ionome profiles. The
concentrations of 9 elements (Ca, Cu, Fe, K, Mg, Mn, Na, P, Zn) were measured by ICP-AES
in samples collected at day 4 of culture in TAP (mixotrophy, control) (A) or in TAP with Mn
(B) or Fe (C) deficiencies. Concentration values are provided as mean values from 2
independent experiments, with 2 independent cultures each. (A) TAP. The average values per
strain were centred on the average values across the 24 strains and scaled around this average,
per column (values are provided in Dataset S11). Central values are in white. (B-C) Mn and
Fe deficiencies, respectively. The average concentrations are relative to the TAP condition. For
easier representation, null values were replaced by 10, The data was scaled using a logio
transformation and the control value, represented as 2 (100% = 102 %), is coloured in white.
Dendrograms represent the Euclidean distance clustered by complete linkage. Strain origin
[natural (N) or laboratory (L)] is shown between brackets. Boxed strains were used for detailed

pairwise comparisons.

Figure 6. Variation of the nutrient marker gene and photosynthetic responses to Mn deficiency
between the CC-1373 and CC-2290 Chlamydomonas natural strains. Samples were collected
at day 4 of culture in TAP and in TAP -Mn media. (A) Relative transcript levels of the
NRAMP1, MTP4, FRE1, FOX1, IRT1, PTB2, MSD3, FSD1, CTR2, ZRT1 and ZRT3 genes in
the strains CC-1373 and CC-2290. Values are means + SE of 3 technical PCR replicates
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performed on samples from 2 to 3 biological replicates for each strain and condition. The
expression levels are relative the CbLp and RPL13 housekeeping genes and to the average of
the 3 technical replicates of the first biological replicate of strain CC-1373 in TAP medium (1
unit, noted with a dashed line). The Y-axis is transformed using a pseudo-logarithmic scale,
starting at 0.001 (unlabelled tick mark). Statistically different (Dunn test, p<0.05) expression
levels are represented with different letters. (B) Maximum quantum yield of photosystem 1l
(Fv/Fm) of dark-adapted samples before (initial, dark grey) and 23 minutes after (recovery,
light grey) the saturation curve measurement. (C) Relative electron transport (rETR) upon
exposure to increasing light intensity (0-600 pmol photons.m=2.s%). (D) Non-photochemical
quenching (NPQ) upon exposure to increasing light intensity (0-600 pmol photons.m?.s?)
followed by darkness (Dark). (B-D) Values are means + SD (n=3). Non-parametric pairwise
multiple comparisons were performed using Dunn's test and the different grouping letter were
attributed when statistical differences were found. Small letters in (B) refer to the initial Fv/Fm
while the capital letters refer to the recovery. Statistics for rETR and NPQ data can be found
in Dataset S9.

Figure 7. Variation of the nutrient marker gene and photosynthetic responses to Fe deficiency
among the CC-2343 and CC-4414 Chlamydomonas natural strains. Samples were collected at
day 4 of culture in TAP and in TAP -Fe media. (A) Relative transcript levels of the FREL,
FOX1, IRT1, NRAMP1, CTR2, CYC6, FSD1, MSD3, ZRT1 and ZRT3 genes in strains CC-
2343 and CC-4414. Values are means + SE of 3 technical PCR replicates performed on samples
from 2 to 3 biological replicates for each strain and condition. The expression levels are relative
the CbLp and RPL13 housekeeping genes and to the average of the 3 technical replicates of the
first biological replicate of the strain CC-4414 in TAP medium (1, noted with a dashed line).
The Y-axis is scaled using a pseudo-logarithmic scale, starting at 0.001 (unlabelled tick mark).
Statistically different (Dunn test, p<0.05) expression levels are represented with different
letters. (B) Maximum quantum yield of photosystem Il (Fv/Fm) of dark- (initial, dark grey)
and light-adapted cells (recovery, light grey). (C) Relative electron transport (rETR) of the
strains exposed to an increasing light intensity (0-600 pmol photons.m?.s?). (D) Non-
photochemical quenching (NPQ) upon exposure to increasing light intensity (0-600 pmol
photons.m2.s1) followed by darkness (Dark). (B-D) Values are means = SD (n=3). Non-
parametric pairwise multiple comparisons were performed using Dunn's test and the different

grouping letter were attributed when statistical differences were found. Small letters in (B)
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refer to the initial Fv/Fm while the capital letters refer to the recovery. Statistics for rETR and
NPQ can be found in Dataset S11.

Figure 8. Summary scheme of marker gene expression and photosynthesis variations among
selected pairs of natural strains. (A-B) Strains CC-1373 and CC-2290 in control condition (A)
and under -Mn (B). (C-D) Strains CC-4414 and CC-2343 in control condition (C) and under -
Fe (D). The colored shapes indicate different gene markers (metal transporters represented with
an arrow), color-coded according to the associated metal (yellow: iron, blue: copper, pink:
manganese, grey: phosphate, red: zinc. Hexagons represent the Fv/Fm after dark adaptation
(black) and after 23 minutes of saturating light (white). Stars represent the average optical
density (OD at 750nm) at day 4 of culture.
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Table 1. Panel of 24 Chlamydomonas strains.

Name Common Name
CC-124! 137c

CC-125¢ 137c

CC-410! 137c

CC-503! cw92
CC-1009! UTEX 89
CC-1010! UTEX 90
CC-1373! SAG 54.72
CC-1374! SAG 77.81]
CC-1418! SAG 18.79
CC-1690" 21 gr
CC-1952¢ S1C5
CC-2290! S1D2
CC-23421 Jarvik #6
CC-2343! Jarvik #224
CC-23441 Jarvik #356
CC-2931! -

CC-2935! -

CC-2936! -

CC-2937* -

CC-2938! -

CC-3348! SAG 73.72, C8
CC-44141 DN2
CC-53251 cwl15 (Jonikas CMJ030-

JR397)
SAG 11-312 -

The strains were obtained from the Chlamydomonas Resource Center
(http://www.chlamycollection.org)! or the Gottingen University Culture Collection of Algae
(https://sagdb.uni-goettingen.de)®> in 2017. The 10 laboratory strains are underlined. CC:
Chlamydomonas Center; SAG: Sammlung von Algenkulturen der Universitat Goéttingen.
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Table 2. Composition of the single element deficiency media.

Nutrients Conditions TAP Control (UM) Deficiency (UM) Ratios

Macronutrients

Acetate TMP 17,416 0 0
Calcium -Ca 387.6 0 0
Magnesium -Mg 405.7 5.4 Yzs
Nitrogen -N 7,478 747.9 Y10
Sulphur -S 506.5 56.6 Ys
Phosphate -P 1,000 100 Y10

Micronutrients

Iron -Fe 17.95 1.8 Y10
Copper -Cu 6.29 0.006 Y1000
Manganese -Mn 25.6 0 0

Zinc -Zn 76.5 0 0




