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Abstract

Manganese (Mn) is an essential trace element for all photosynthetic life, playing an integral role
in their photosystems, metabolism, and antioxidant activity. For corals, most studies focus on the
potential toxicity of Mn at high concentrations (e.g. >700 pg L1). However, there has been less
exploration on beneficial, biologically relevant levels of Mn. Combining promtomics, ICP, and
PAM fluorometry, we evaluate how Mn supplementation at increasing concentrations (0.5, 4.8,
11.4, 15.6 pg L) alters the physiology and proteome of the model cnidarian, Exaiptasia
diaphana, when subjected to ambient (26 °C) and elevated (32 °C) temperatures. We
demonstrate that Mn up to 15.6 pg L™ mitigates thermal stress to E. diaphana, resulting in
reduced photochemical damage and symbiont expulsion. Derived photobiology and proteomics
data contributes to a mechanistic model for how Mn reduces thermal susceptibility, supporting
the viability of Mn additions to enhance the protective capacities of photosynthetic cnidarians

during heatwaves.



Introduction

Reef-building corals typically thrive in oligotrophic waters via efficient mechanisms and
partnerships to retrieve nutrients from the water column *. For example, coral growth and health
are supported through intricate relationships with associated symbionts, including receiving
differing amounts of vitamins from bacteria ? and photosynthetic products (glycerol, glucose,
amino acids and lipids) from endosymbiotic dinoflagellates of the family Symbiodiniaceae .
Under optimal environmental conditions, photosynthetically fixed carbon is shared with the
cnidarian host &; in return, the coral host provides the Symbiodiniaceae with a source of
inorganic nutrients for photosynthesis and growth through various cellular and metabolic
processes such as inorganic carbon (CO2), ammonia (NHs), and phosphate (PO43") °. However,
when subjected to stress, this symbiotic partnership can breakdown, resulting in a loss of
Symbiodiniaceae from the holobiont (a process known as bleaching; %), resulting in detrimental
nutritional impacts for the cnidarian host, and the potential death of the organism if stressors
persist for extended periods of time . While several abiotic stressors (e.g. low salinity, cold
exposure and disease) can cause coral bleaching, increasing seawater temperatures and more

severe marine heat waves events are the primary cause of coral reef bleaching events 2,

Recent work has revealed that the abundance and stoichiometry of trace elements and nutrients
are likely important factors contributing to the resilience of both the coral host 13 and its
Symbiodiniaceae to stressors 416, Manganese (Mn) is a particularly crucial element with diverse
biological functions within both the ocean (where it is a limiting trace element in marine primary
production 1"8) and individual organisms due to its role in many essential physiological
processes. As with other organisms, Mn is required by corals where it is an important cofactor of
many enzymes, including the antioxidant enzyme Mn superoxide dismutase (Mn-SOD) which is
an important ROS detoxifying enzyme for both the animal host and Symbiodiniaceae *31°,
Additionally, Mn is required by all microalgae (such as Symbiodiniaceae), especially within the
oxygen evolving complex (OEC), the first protein complex in the light-dependent reactions of
oxygenic photosynthesis 4, which during thermal and light stress undergoes degradation and/or



upregulation of reactive oxygen species (ROS) . Mn also plays a broader role in photoprotection
and regulation 2° as well as aids in the maintenance of chlorophyll concentrations >4,
Additionally, Mn availability has been shown to impact macronutrient uptake and assimilation,
phagocytosis, heterotrophy 222 and cell signalling 224, However, despite the universal
importance of certain trace elements, such as Mn, little research has been conducted to determine
potentially beneficial concentrations of trace metals within reef systems ¢, particularly when

compared to relatively well-studied toxicological thresholds 2°.

Mn typically exists in low concentrations (approx. 0.06 pg L™?); 26 in the oligotrophic waters
around coral reefs, but concentrations can exceed 7.54 - 11.12 pg L in some areas 2"?, At
dramatically higher levels (e.g. 700 pg L) Mn can be lethal to coral 2, and the Australian and
New Zealand Environmental and Conservation Council (ANZECC) & Agriculture and Resource
Management Council of Australia and New Zealand (ARMCANZ) (2000) provide a current
guideline of 80 pg L™ for Mn in marine waters. Sources of Mn contamination include mining,
metal fabrication, herbicides, fossil fuels, and terrestrial runoff 2. It has been demonstrated that
intermittent (19.34 pg L) and constant (4.1 - 4.24 pg L) concentrations had a significant
positive effect on coral thermal tolerance by maintaining photosynthetic rates under thermal
stress!#%0, Additionally, it was also shown that Mn positively impacted the cellular responses of
corals to thermal stress through the decreased expression of heat shock proteins (HSPs) 13 as well
as increased rates of calcification and photosynthesis 4. However, it remains unknown if higher,
constant levels of Mn (yet still below toxicological limits) can further benefit cnidarian-algal
physiological performance, and what protein expression patterns support the maintenance of
photosynthetic efficiency, optimum physiological functioning, and thus, symbiosis between both
host and symbionts under stressful conditions. We therefore addressed these knowledge gaps
using Exaiptasia diaphana, ‘Aiptasia’, as a model organism to study the effects of four different

concentrations of Mn under both ambient and thermal stress conditions.

Much like common reef building corals, the sea anemone Aiptasia forms a symbiosis with
Symbiodiniaceae. However, in contrast to corals, Aiptasia are easy to propagate in large numbers
in laboratory environments 3, render symbiont-free (aposymbiotic, e.g.,%?, maintain genetic

homogeneity, and manipulate the symbiont community 3. Furthermore, a wealth of publicly



available data exists for Aiptasia, including its genome, proteome, metabolome, and
transcriptome >34, |eading to its wide acceptance as a model organism to study unique
interactions of the cnidarian-algal symbiosis *’. In this study we apply proteomic and
photophysiological techniques to Aiptasia and hypothesize that differing concentrations of Mn
affects the stability of both cnidarian symbiosis and photophysiology during thermal stress.
Results from this study further our knowledge on the important role of Mn in Cnidarian

symbiosis and its potential for use as an active reef intervention strategy.

Results

Symbiont Cell Densities

Symbiodiniaceae cell densities within all Aiptasia treatments held at 32°C were generally lower
than those held at 26°C (ANOVA F = 2.4 and p < 0.05) (Fig. 1a), with the 0.5 ug L™ Mn
treatment at 32°C being significantly (Tukey Post-hoc p < 0.05) lower (87%) than the control
(0.5 ug L) at 26°C. Mn had a significant effect on cell densities under thermal stress (ANOVA
F=4andp <0.05) with Tukey Post-hoc revealing that the 15.6 pg L treatment was
significantly (p < 0.05) higher (370%) than 0.5 pg L™ (Fig. 1a-c) (Supplementary Table 1)
(Supplementary Data) Additionally, the 15.6 pg L™ treatment at 32°C experienced the smallest
loss of symbionts (52%) relative to control. A moderate but significant correlation (p < 0.05, R =
0.597, Pearsons’s rank test) between increasing Mn concentration and symbiont densities was
evident for treatments at 32°C, but not at 26°C. Symbiont densities in control (0.5 pg L™ at 26°C)
remined unchanged from the start of experiment (Supplementary Fig. 1) (p > 0.05, independent t
test).

Photophysiology

All treatments (0.5, 4.8, 11.4 and 15.6 pg L) at 32°C exhibited lower maximum quantum yield
of PSII (F./Fm) values relative to those at 26°C (ANOVA p <0.05) (Fig. 1d,e) (Supplementary
Table 2) (Supplementary Data). However, addition of Mn increased Fv/Fm under the thermal
stress treatment (Non-parametric Kruskal-Wallis test 9.611 p <0.05 (ANOVA F =4.615p <
0.05) 0.296), but not at 26°C (ANOVA p > 0.05). After 8 days at 32°C, F./Fm values had dropped



24.2% for the 0.5 pg L™ Mn treatment compared to an 8% decrease for the 15.6 ug L™ Mn
treatment (Fig. 1e). Mann-Whitney U tests indicated a significant difference (p < 0.05) between
the lowest (0.5 pug L) and three highest Mn treatments (4.8, 11.4 and 15.6 pg L) when
subjected to thermal stress. Overall, Mn addition therefore helped to maintain higher levels of

photochemical efficiency under thermal stress whilst having no impact at 26°C.

Proteomics

A total of 3970 host and 1515 symbiont proteins were detected. Differentially abundant proteins
(DAPs) (limma FDR < 0.1, Logz- Fold change > 0.25, < -0.25) were found between temperature
treatments (26°C vs 32°C) and Mn concentrations at 32°C (Fig. 2) but not at 26°C. At 32°C,
lower Mn concentrations tended to have more DAPs than higher Mn concentrations compared to
the control (0.5 pg L 26°C) for both host and symbiont (Fig. 2a-c). This is reflected in PCA
plots (Fig. 2a,b) where higher Mn treatments at 32°C form clusters closer to those at 26°C. In
particular, the 11.4 pug L™ and 15.6 pg L™ treatments at 32°C for the symbiont proteome
appeared to cluster together closer to those at 26°C than the lower Mn concentrations.
PERMANOVAs were conducted where it was shown that both the symbiont (F = 4.02, R = 0.54
and p < 0.05) and host (F = 3.07, R =0.47 and p < 0.05) proteome were significantly affected by

the addition of Mn under thermal stress.

Host Proteome

One DAP was found between the Mn treatments at 32°C, however temperature (26°C vs 32°C)
had a significant effect with 175 DAPs (Limma FDR < 0.1 Logz- Fold change > 0.25, < -0.25)
observed between 0.5 pg L™ treatments. HSP 90 alpha-1 and HSP71 were significantly (Limma
FDR < 0.1 Log Fold change > 0.25, < -0.25) up-regulated in 0.5 pg L™ Mn at 32°C treatments
compared to those at 0.5ug L Mn at 26°C (control), with higher Mn treatments being closer to

control levels (Supplementary Table 3).

Symbiont Proteome

At 32°C a total of 24 DAPs were observed between the highest (15.6 pug L™?) and lowest (0.5 pg
LY) Mn treatments in the symbiont proteome (Fig 2a,b). DAPs between 32°C treatments (0.5 —
15.6 pg L) in the symbiont proteome consisted of photosynthesis, energy metabolism, protein



folding and stress response related proteins (Fig. 3a,b). Heat shock protein (HSP) levels in the
symbiont (Fig. 3c) were elevated under thermal stress. Interestingly, treatments with the highest
Mn concentration (15.6 pg L) displayed elevated levels of HSPs compared to the lowest Mn
treatment (0.5 pg L) (Supplementary Table 4).

Gene Enriched Ontology

Gene ontology (GO) analysis was subsequently performed to further understand how treatments
influenced the physiological functioning of the Aiptasia. Enriched GO terms (Limma FDR < 0.1,
Log2- Fold change > 0.25, < -0.25) were compared for both the host and symbiont between
control (0.5 pg L at 26°C) and treatments (0.5 pg L™ and 15.6 pg L™ at 32°C)(Supplementary
Tables 5 and 6), as well as between treatments at 32°C (0.5 ug L™ and 15.6 ug L) for the
symbiont. GO terms were sorted into the three main ontologies, “biological processes” (BP),
“cellular compartment” (CC) and “molecular function” (MF) with clear differences in both up
and down regulated GO term classifications being identified between 0.5 pug L™ and 15 pg L™
treatments at 32°C within the symbionts. The addition of Mn during thermal stress had a
significant (Limma FDR < 0.1, Logz- Fold change > 0.25, < -0.25) impact on the abundance and
type of enriched GO terms from the symbiont but not the host. For the symbiont, when
comparing the 15.6 pug L™ treatment to the 0.5 pg L treatment at 32°C, 23 up and 10 down
regulated GO terms were identified.

In the host, zero enriched GO terms were observed between Mn treatments, but were present
between control and elevated temperatures (26 °C and 32°C). GO Terms between 0.5 pg L*
treatments consisted of protein folding and structural modification as opposed to the 15.6 pg L™
treatment at 32°C (compared to control) which included detoxification terms (Supplementary
Table 6).

Table 1. Gene ontology (GO) terms enriched (Limma FDR < 0.1, Logz- Fold change > 0.25, < -
0.25) between 0.5 pg L™ and 15 pg L treatments at 32°C for algal symbionts.

Up Regulated

GO ID | GO TERM DAPS P VALUE

Biological Process

G0:0006457 | protein folding 4 0.014
oxaloacetate 1

G0:0006107 | metabolic process 0.022



glycogen metabolic 1
G0:0005977 | process 0.043
UDP-alpha-D- 1
glucose metabolic 1 0.043
G0:0006011 | process
photosystem Il 1
G0:0042549 | stabilization 0.064
tricarboxylic acid 2
G0:0006099 | cycle 0.080
G0:0015977 | carbon fixation 1 0.085
G0:2001295 | malonyl-CoA 1 0.085
biosynthetic process
Cellular Compartment
G0:0019898 | extrinsic component 1 0.037
of membrane
photosystem 11 1
G0:0009654 | oxygen evolving 0.055
complex
Molecular Function
ATP-dependent 4
G0:0140662 | protein folding 0.0010
chaperone
G0:0005524 | ATP binding 8 0.0013
unfolded protein 3
G0:0051082 | binding 0.0076
G0:0008964 | phosphoenolpyruvate 1 0.0174
carboxylase activity
aconitate hydratase 1
G0:0003994 | activity 0.0174
G0:0047456 | 2-methylisocitrate 1 0.0174
dehydratase activity
UTP:glucose-1- 1
phosphate
G0:0003983 | uridylyltransferase 0.0345
activity
G0:0003989 | acetyl-CoA 1 0.0513
carboxylase activity
metalloendopeptidase 1
G0:0004222 | activity 0.0513
ATP hydrolysis 3
G0:0016887 | activity 0.0525
fructose 1,6- 1
bisphosphate 1-
G0:0042132 | phosphatase activity 0.0679
G0:0043531 | ADP binding 1 0.0679
G0:0004807 | triose-phosphate 1 0.0841
isomerase activity
Down Regulated
GO ID | GO TERM P VALUE
Biological Process
phagosome-lysosome 1
G0:0090385 | fusion 0.0051
endosome to 1
G0:0008333 | lysosome transport 0.0051
autophagosome 1
G0:0000045 | assembly 0.0101
G0:0046907 | intracellular transport 2 0.0600
Cellular Compartment
G0:0005770 | late endosome 1 0.0051
G0:0005764 | lysosome 1 0.0204
G0:0045335 | phagocytic vesicle 1 0.0204
light-harvesting 1
G0:0030076 | complex 0.0255

Molecular Function



G0:0003924 | GTPase activity 2 0.0052
G0:0005525 | GTP binding 2 0.0055

Superoxide Dismutase Abundance

SOD abundances were similar across all treatments (temperature andMn) for the host when
compared to control levels (0.5 pg/L* at 26°C). However, in the symbiont, SOD abundance was
significantly (Limma FDR < 0.1, Logz- Fold change > 0.25, < -0.25) lower for 0.5, 4.8 and 11.4
Hg/Lt Mn treatments at 32°C compared to control (0.5 pg/L™* at 26°C), whilst the 15.6 pg/L™*

Mn treatment at 32°C maintained abundances of SOD similar to controls.

Discussion

Trace elements are vital for the optimal functioning of many ecosystems 68 particularly coral
reefs, where essential elements such as Mn are often found in very low concentrations %
Research into trace elements to date has primarily focused on toxicity 2° with few studies
examining beneficial concentrations of these elements and what effects elevated and/or depleted
concentrations may have on coral reef taxa ¢, We therefore investigated the effects of varying
non-toxic Mn concentrations on the model cnidarian Exaiptasia diaphana and its symbiotic
microalgae, Breviolum minutum, revealing how even small additions in Mn concentration has the

capacity to increase their thermal tolerance.

Maintenance of photochemical efficiency and symbiosis under manganese additions

In alignment with previous studies 314, Aiptasia maintained higher values of Fv/Fm with the
addition of Mn under thermal stress, however contrary to these studies, our results indicated that
Mn addition maintained algal symbiont densities (Fig. 1a,d) (Supplementary Tables 1 and 2),
suggesting that Mn can protect and/or enhance fundamental photophysiological processes
required for the transfer of nutrients and ultimate maintenance of symbiosis between algae and
host. This maintenance of symbiosis aligns with previous studies that have shown thermally
damaged symbionts with low F./Fm were expelled from the host whilst those with higher Fv/Fm
were maintained ¥. Therefore the addition of Mn has the potential to mitigate the impacts of
thermal stress in cnidarians, together with enhancing the efficiency and protection of the

photosystems within their algal symbionts 314, Similar effects have also been reported in other



photosynthetic organisms, where Mn boosts the efficiency and protection of the oxygen evolving
complex (OEC) in PSII 2049-42: this is important as the OEC is often the first target of thermal
stress in Symbiodiniaceae “>**, We found that concentrations of Mn between 4.8-15.6 pug L™ had
a beneficial impact, helping to maintain photochemical efficiencies under thermal stress (Fig. 1)
(Supplementary Table 1). Fv/Fm values in the two lowest Mn concentrations at 32°C generally
declined over time with increased exposure to thermal stress, however Aiptasia maintained in 4.8
ug L of Mn experienced a sudden increase in Fv/Fm (Fig. 1€) on the penultimate day of the
experiment. Interestingly, this sudden ‘recovery’ of photochemical efficiency coincided with an
increase in the rate of symbiont expulsion, suggesting photosynthetic efficiency was potentially
increased due to reduced competition for Mn among remaining algal symbionts within the host,
aligning with findings of previous studies 343, The effects of different Mn concentrations were
further demonstrated by lyagbaye et al., (2022) where host and symbiotic algae appear able to
partition Mn when exposed to higher concentrations, with the symbiont maintaining a higher

concentration than the host tissue .

Manganese has a significant effect on the proteome of the Symbiodiniaceae of Aiptasia under
thermal stress

Consistent with prior studies “6 temperature exerted a pronounced effect on the proteomes of
both the host and symbionts (Fig. 2a,b). Mn treatments impacted symbionts but not host,
suggesting that Mn addition plays a crucial role in preserving the proteostasis of the algal
symbiont under thermal stress. Both unique and shared GO terms were identified between 0.5 ug
Lt and 15.6 pug L™t Mn treatments at 32°C, indicating that whilst some processes were common
across treatments, Mn addition induced treatment specific changes in the proteome. Enriched GO
terms from the symbionts under thermal stress were consistent with those from other studies
where terms relating to PSII, protein folding and energy metabolism were all impacted by
elevated temperature. Terms such as ‘Photosystem II stabilisation” and ‘Photosystem II oxygen
evolving complex” were enriched with Differentially abundant proteins (DAPS) under thermal
stress at 0.5 pug L™ but not at 15.6 ug L™* Mn (Supplementary Table 1) compared to control
(26°C), corresponding with Fv/Fm results where treatments at 32°C with higher Mn
concentrations exhibited greater photochemical efficiencies, suggesting that PSII capacity was

enhanced by Mn availability. Additionally, GO terms related to protein folding, energy



metabolism and other enzymatic activities were enriched between 0.5 pug L™ and 15.6 pug L™ Mn
treatments under thermal stress (Table 1), indicating that downstream metabolic processes were

able to be maintained.

Under thermal stress, only one DAP was found between Mn treatments for the host, however 24
DAPs were observed in the symbiont proteome between the lowest (0.5 pg L) and highest (15.6
ug L) Mn concentrations. Interestingly, changes to PSII appeared to be limited to extrinsic
proteins with no differences found between intrinsic and core PSII proteins such as D1 and D2 —
perhaps partly due to the ability of D1/D2 to be continuously repaired 2°. Photosynthetic proteins
such as ‘PS II 12kDa’, ‘Psb31°, ‘SBPase’ and ‘Cytochrome Csso’ were significantly
downregulated under thermal stress at 0.5 g L™ when compared to the 15.6 ug L treatment
(Limma FDR < 0.1, Logz- Fold change > 0.25, < -0.25). Generally, protein abundances at 15.6
ug Lt Mn (32°C) were much closer to those seen under ambient conditions (0.5 pg L™ Mn,
26°C) (Fig. 3a), again suggesting higher levels of Mn helped to maintain functional
photosynthetic machinery, particularly the oxygen evolving complex (OEC), as with previous
work 2%41 that showed Mn limitation can significantly disrupt the functionality of PSII. Several
proteins either incorporate Mn in their functions or work directly in the OEC #’. For example,
extrinsic proteins such as cytochrome Cssoand PS Il 12 kDa (PsbU) stabilise the OEC by
protecting the Mn cluster from external reductants “84° and the presence of PS Il 12kDa (PsbU)
in Synechococcus sp. increased the thermal stability of the OEC °%°!; in the latter case where
PsbU may afford protective ability against ROS 2. However, little is known about the role of
Psb31 in higher plants and algae, although limited research suggests Psb31 can serve as a
substitute for the Mn stabilising protein — PsbO — in marine diatoms 3. We observed significant
downregulation of these extrinsic proteins (Csso, PsbhU and Psb31), accompanied by no
measurable changes in D1and D2 protein expression and reduced photochemical efficiencies
(Fv/Fm) at 32° C and limiting Mn conditions (0.5 pg L) when compared to higher Mn treatments
(15.6 ug L%, 32° C), suggesting declining photosynthetic capacity may be caused by

accumulation of damaged or non-functional OECs.

Other DAPs such as aconitate hydratase B, AtpH protein, acetyl-CoA carboxylase and
phosphoenolpyruvate carboxylase represent enzymes involved in metabolic processes such as the



Krebs cycle, ATP synthesis, fatty acid metabolism and carbon fixation. All four of these proteins
were downregulated in low Mn concentrations (0.5 pg L) under thermal stress (32°C) when
compared to higher Mn levels (11.4-15.6 pg L) which showed similar expression rates as
Aiptasia kept at 26°C (all Mn treatments) (Limma FDR < 0.1, Logz- Fold change > 0.25, < -0.25)
(Fig. 3a). Such responses further indicate that these downstream metabolic processes were
maintained or enhanced from more efficient photosystem functioning under Mn addition. We
also observed upregulation of Rab-7a in our thermally exposed Aiptasia, particularly in lower
Mn treatments (0.5 pg L) where expression rates were significantly higher than those exposed
to increased levels (15.6 pug L) of Mn. Proteins such as Rab-7a (and YPT1) are likely key
regulators of vesicular trafficking and are thought to play a direct role in the maintenance of
cnidarian-algal symbiosis through phagocytosis °*°°. Healthy symbionts appear to be able to
reject the host derived Rab-7a proteins whilst thermally damaged and photosynthetically
impaired algal cells carried this protein >, Interestingly Rab-7a was not detected in over half of
the Aiptasia at 26°C thereby supporting previous work that healthy symbionts were less likely to

carry this protein.

Overall, heat shock protein (HSP) expression levels were elevated across both host and
symbionts at 32°C (all Mn treatments) when compared to 26°C treatments (Fig 2c)
(Supplementary Fig. 1). Contrary to the host, HSP levels in the symbiont were elevated by
addition of Mn under thermal stress, with HSP 90 being significantly higher (Limma FDR < 0.1,
Logz- Fold change > 0.25, < -0.25) in the 15.6 pg L™ treatment compared to 0.5 pg L™ (Fig. 3c).
As such, whilst photosynthetic efficiency was higher under elevated Mn (as shown in Fig 3)
algal cells may be experiencing a higher demand for protein repair and maintenance processes
(Fig. 3c) thereby resulting in higher HSP expression amongst Mn-treated Aiptasia under thermal
stress. Both Biscéré et al. (2018) and Montalbetti et al. (2021) previously showed that corals
subjected to increased Mn concentrations exhibit higher thermal tolerance, but no change in SOD
activity >4, This is interesting as current leading theories suggest that that cofactors and
enzymes such as SODs play a vital role in the suppression of ROS-induced bleaching. However,
similar to previous studies, we observed no significant up-regulation in SOD expression (Fig.5)
as a result of either heat stress °® or Mn treatments 3. Consequently, SOD activity is likely

saturated resulting in greater cellular damage from ROS *® increasing the rate of required repair



and folding from HSPs. It has also been shown that HSPs such as Dnak2 can both directly and
indirectly support PSII function through the facilitation of protein import, stabilisation and
folding in the thylakoid membrane °"°8, The fact that HSP expression levels were reversed for
high and low Mn treatments (0.5 ug L™ vs 15.6 pug L™ at 32°C) in the host versus symbiont
indicates that although under Mn enrichment the symbiont is exhibiting greater stress responses
through elevated HSP expression, it can maintain a better partnership with the host, indicated by

lower host HSP expression.

Photosystem Il inhibition and repair

Under normal conditions, PSII is in a constant state of damage and repair, with reassembly of the
OEC occurring as often as every 15-30 minutes “°. However, increased light and thermal energy
can impact the rate of damage and thus, the rate of required PSII reassembly %°. Interestingly, the
rate of OEC reassembly, especially the Mn4Ca cluster, is heavily dependent on cellular
concentrations of available Mn?* 4%, As PSII breaks down, oxidised Mn ions are lost from the
OEC and, without access to free Mn?*, OEC reassembly is inhibited, thus impairing
photochemistry and downstream metabolic pathway activity within the symbiont. A drop in
photosynthetic metabolic activity inherently reduces the ability of the cell to function and repair,
including HSP production  (Fig. 3c) . This was shown in the 0.5 ug L™t Mn treatment at
elevated temperature (32°C), where photochemical efficiency, extrinsic protein and HSP

abundances were all reduced compared to higher Mn concentrations.

Our proposed metabolic cascade from Mn limitation would reduce the amount of resource
sharing with the host and the ability of the algal cell to fend off host derived RAB-7a proteins
which are a marker for phagocytosis >, ultimately ending in bleaching (Fig. 1b)
(Supplementary Fig 2). The results from our study as well as those of 3 support this hypothesis,
as we observed no significant increases in SOD expression above control levels (0.5 pg/L™ at
26°C) (Fig. 4) across Mn treatments at 32°C but significant upregulation of HSPs, extrinsic
proteins and metabolic/energy production proteins, as well as a down regulation in RAB-7a and
YPT1 in high Mn treatments. Further to this, higher expression of Psb31, a known substitute for
PsbO (Mn-stabilising protein) was observed, indicating that the OEC repair processes were

active whilst still maintaining reasonable functionality. Should this theory be incorrect and SOD



did in fact scavenge excess ROS in higher Mn-treated Aiptasia, a reduction of HSP levels
alongside an increase in SOD compared to control (0.5 pg/L ™t at 26°C) levels should have been
observed, however this was not the case. It was observed in the symbionts under thermal stress
that concentrations of 15.6 pg/L™ prevented any significant (limma FDR < 0.1, Logz- Fold
change > 0.25, < -0.25) decline in SOD activity compared to the control (0.5 pg/L ™ at 26°C),
however SOD levels were still well below those kept at 26°C, indicating that levels of SOD were
declining due to the breakdown of other cellular activities and did not increase in line with
theorised increases of ROS.

Despite this, the generation of ROS under thermal stress is known to induce intra and
extracellular damage, causing metabolic cascades that play an important role in the breakdown of
cnidarian-algal symbiosis. However results from both this and previous studies show that it may
not be the sole primary cause of holobiont dysregulation 861 Data here suggests an additional
plausible explanation being that the breakdown of the host-symbiont relationship is linked
closely to the ability of the algal symbionts to maintain metabolic functioning through continued
photosynthetic efficiency, thus maintaining their ability to share metabolites with the cnidarian
host.

It is also important to note that there are many other SOD independent mechanisms for
scavenging ROS (catalase, peroxidases, peroxiredoxins and other non-enzymatic antioxidants °2)
that may have played a role in the mitigation of thermal stress. However, our results did not
identify any significant differences in their abundances under the conditions tested. Additionally,
recent research 811616364 hag raised questions about whether ROS is the primary driver of
bleaching, suggesting that other processes such as metabolic dysfunction or impaired nutrient
cycling may play a more central role. While the ROS model remains widely accepted, these
alternative mechanisms warrant further investigation to better understand the complex factors

contributing to holobiont breakdown during thermal stress.

Other influences of Manganese

In eukaryotes Mn is vital for mitochondrial ATP synthesis and regulation %% where Mn-
dependant enzymes such as pyruvate carboxylase, arginase and Mn-SOD rely on free Mn?* ions
to carry out and maintain key metabolic functions ¢’. Limited information exists on its role

within marine taxa but in other organisms Mn is known to substitute/compete with ions such as



Mg?* and Ca?* for binding sites where it can influence mitochondrial function and energy
metabolism ®8, To date, little to no research has been conducted on corals that combines Mn
enrichment and omics analysis, and while we observed no significant proteomics-based changes
in these enzymes and proteins this does not imply that low-level Mn enrichment affects PSI|I

only.

Conclusion

Photosynthetic organisms underpin the existence of modern coral reefs yet are extremely
sensitive to environmental changes such as ocean warming. It is therefore important to identify
ways in which photosynthetic organisms can both be protected and enhanced as effects of
climate change increase. Here, we show that maintenance of photosynthetic efficiency and
photosynthetic metabolism under thermal stress is strongly linked to the availability of Mn, with
increases in the trace metal directly correlating to enhanced photochemical efficiency and overall
holobiont function. This study not only provides empirical evidence on the benefits of increased
exogenous Mn availability during thermal stress in cnidarians but is also the first to characterise
its effects at both the physiological and proteomic level in the holobiont. Despite the novelty of
this study, future experiments could benefit from additional data such as OJIP analysis and
host/symbiont elementomics to help paint a clearer picture on the effect of Mn supplementation.
This study provides foundational knowledge that paves the way for future work and the potential
use of Mn supplementation in situ during periods of thermal stress, with the aim of supporting

and increasing the resilience of coral reefs amidst the backdrop of climate change.

Methods

Experimental setup

Symbiotic Exaiptasia diaphana (AIMS 3 genotype) (herein called Aiptasia) were sourced from
the Australian Institute of Marine Science (AIMS, Townsville, Qld, Australia) and its
Symbiodiniaceae was identified as Breviolum minutum 3. Aiptasia were grown in 500 mL glass
containers held in a water bath maintained at 26 + 0.3°C by Inkbird thermostats (INKBIRD Tech.



C.L, China). Lighting consisted of Hydra 52s (Aqua illumination, USA) providing 50 umol
photons m s of light on a 12:12 light/dark cycle (representative of their natural environments).
Aiptasia were grown in custom artificial seawater (35 ppt), comprised of a salt solution with a
modified L1 trace component (Supplementary Tables 7 and 8) that was replenished in each tank
at a rate of 1000 mL day* via Red Sea peristaltic pumps (Red Sea Aquatics, Israel). The
modified L1 trace component mix (Supplementary Tables 7 and 8) was designed to represent
oligotrophic reef conditions and allow for element specific manipulations. Media was freshly
made every other day and tested via inductively coupled plasma mass spectrometry (ICP-MS)
(Supplementary Table 9; see methods below). Aiptasia were fed Artemia nauplii (instar 1) twice
a week (also grown in the modified media) and following feeding the tanks were cleaned to
minimise algal growth. Aiptasia were propagated and genetic homogeneity was maintained by
cutting them in half when their oral disks reached a diameter of ca. 6-7 mm, and subsequently

were left to regrow 3L,

The experimental setup consisted of four water baths, two maintained at a temperature of 26 +
0.3°C and two that were incrementally temperature ramped to 32 + 0.3°C at a rate of 0.5°C per
day over 12 days. Each water bath contained four 500 mL glass containers, one for each Mn
concentration (0.5 +0.2, 4.8 +0.5,11.4 +0.8 and 15.6 + 0.6 pg L™), resulting in a total of eight
experimental treatments: 26°C 0.5 pg L (control), 26°C 4.8 pg L%, 26°C 11.4 pg L%, 26°C 15.6
pg L, 32°C 0.5 ug L?, 32°C 4.8 ug L2, 32°C 11.4 pg L2, 32°C and 15.6 pg L. Modified
seawater was delivered to each corresponding container at a rate of 500 mL every 12 hours via a
peristaltic pump (Red Sea Aquatics, Israel). Sixteen Aiptasia measuring 5-6 mm were placed into
each 500 mL container. Two water baths were then ramped up in temperature from 26°C to 32°C
at a rate of 0.5°C per day using controllable thermostats (Inkbird, Australia) and titanium heaters
(Schego, Germany). The water baths were then held at this temperature for eight days, until a
drop of ca. 30% in values of maximum PSII photochemical efficiency (Fv/Fm) was observed in
Aiptasia kept in 0.5 pg L of Mn. This was done to ensure that samples would contain enough
symbionts for proteomics analysis as well as maintaining as many photosynthetically damaged
symbionts as possible before they are expelled from the host.

PAM fluorometry



Maximum photosystem Il (PSII) efficiency (Fv/Fm) was determined after a 20-minute period of
dark acclimation using a Waltz Diving PAM (Heinz Walz Gmbh, Germany). Measurements
were performed every second day until the end of the ramping period, and then daily until the
end of experiment between the hours of 12-1 pm. To ensure stray light from the Diving-PAM
fluorometer did not affect the dark acclimation of other Aiptasia, individuals were placed into
smaller 10 mL wells within the same water baths prior to being measured. A 10 mm spacer was
utilised on the end of the fibre optic sensor to maintain a standardised distance between the fibre
optic and Aiptasia for each measurement performed. The fibre optic was placed above the centre
of each Aiptasia ensuring that the whole organism was captured each measurement with a total

of eight Aiptasia measured for each treatment.

ICP-MS analysis

Water samples from each new batch of media were tested for Mn using an Agilent 7700, ICP-
MS (Agilent, USA) (Supplementary Table 9). Samples were placed into the SPS 4 autosampler
MS (Agilent, USA), the sampling tip was rinsed, and the system purged using 2% nitric acid
between samples for 30 seconds. To minimise machine drift and build-up of salt within the
machine, an argon humidifier (PerkinElmer, USA) was used, and samples were diluted to 1:5 in
a 2% ultra-pure nitric acid solution (Seastar, Canada). Rhodium and yttrium were used as
internal standards and calibration curves (0, 1, 2, 4, 8, 16 and 32 pg L) were created using a 20
component, ICP-MS standard at 10 pg L™ in 2% HNO3z + Tr HF (ZeptoMetrix, USA). Spike
recoveries were performed by adding 10 pg L of Mn to four randomised samples at the end of
each run to verify that limited machine drift occurred. Blanks and calibration curves were matrix
matched using high purity analytical grade chemicals (Sigma Aldrich, Germany) (Supplementary
Table 10).

Proteomic analysis

Aiptasia were processed similar to Oakley et al. 6. Frozen Aiptasia were washed in 1 mL HPLC-
grade water to remove salts before being mechanically homogenised with a Dounce homogeniser
in 500 uL HPLC-grade water. The microalgal fraction was separated by low-speed
centrifugation (Eppendorf 5424 microcentrifuge) (200 g x 30 seconds) and the supernatant,



containing host protein, was transferred to a new tube. The algal pellet was frozen at —80 °C until
later processing with the same method. The host protein was denatured by addition of sodium
deoxycholate to a final concentration of 5% w/w, with 100 mM triethylammonium bicarbonate
buffer (TEAB, pH 8.5), and 10 mM tris (2-carboxyehtyl) phosphine (TCEP) as a reductant.
Samples were incubated at 90—95 °C for 20 minutes and then disrupted using an ultrasonicator
probe (20 x 2 second pulses) to lyse cells and to denature and dissolve proteins. Lipids and
pigments were reduced by an ethyl acetate phase transfer, where the sample was agitated with 1
mL ethyl acetate for 1 minute, followed by centrifugation (10,000 g x 1 minute). The upper,
ethyl acetate layer was removed and the process repeated before the residual ethyl acetate was
removed by centrifugation under vacuum for 15 minutes. The remaining aqueous protein sample
was transferred to a 0.5 mL 30 kDa molecular weight cutoff filter (Amicon Ultra, Merck
Millepore) for filter-aided sample preparation ®°. Each protein sample was concentrated in the
filter by centrifugation (14,000 g x 20 minutes), resuspended in 380 uL 100 mM TEAB in the
filter, centrifuged again, and the process repeated before resuspending the sample in 400 puL 100
mM TEAB. A 10pL subsample was acidified and pelleted to remove deoxycholate, then the
protein quantified (Qubit 2.0, ThermoFisher Scientific, USA). 100 ug of the protein sample was
reduced with 6 mM TCEP (final) at 37 °C for 10 minutes, then alkylated with 20 mM acrylamide
(final) at room temperature for 20 minutes. The protein was then digested with 2 g trypsin
(Trypsin Gold, Promega) overnight at 37 °C in the filter. Peptides were separated from
undigested protein by centrifugation (14,000 g x 20 minutes) and acidified with 1% formic acid
(final) and centrifuged (10,000 g % 2 minutes) to remove deoxycholate. Peptides were then
desalted with C18 tips (Omix Bond Elut, Agilent Technologies), dried by vacuum centrifugation,

and stored at 4 °C until analysis.

Mass spectrometry

Peptides were resuspended in 0.1% formic acid, dissolved at 37 °C for 30 minutes, and analysed
by liquid chromatography-tandem mass spectrometry. Samples of 250 ng total peptide were
loaded onto an Acclaim PepMap C18, 50 cm, 75 um inner diameter, 3 um particle size, 100 A
column (#164570, ThermoFisher Scientific) and Ultimate 3000 liquid chromatograph
(ThermoFisher Scientific). Peptides were eluted by a 120-minute gradient from 3%-35% buffer
B (buffer A: 0.1% formic acid; buffer B: 80% acetonitrile, 0.1% formic acid) at 300 nL min™!



and 55 °C. Peptides were analysed with a Lumos Tribrid Hybrid mass spectrometer
(ThermoFisher Scientific) by electrospray ionisation at a 1.8 kV spray voltage and a resolution of
120,000. The top 20 MS peaks over a scan range of 375-1400 m/z were analysed by the orbitrap,
rejecting +1 charge states and with dynamic exclusion enabled (60 s). Peptides were fragmented
by collision-induced dissociation and fragments analysed by the ion trap. The instruments were
operated with Chromeleon (v7.3.1), Xcalibur (v4.7), and Tune (v4.1.4244) (ThermoFisher
Scientific).

Protein identification was conducted using the Andromeda search engine in MaxQuant (v2.2)
against protein models derived from the Exaiptasia diaphana genome ** or Breviolum minutum
transcriptome . False discovery rate (FDR) thresholds were set at 1% for peptide and protein
search matches, and a minimum of two peptides per protein were required for identification.
Searches assumed trypsin digestion with a maximum of two missed cleavages 6. Oxidation of
methionine and acetylation of the protein N-terminus were specified as variable modifications,
and carbamidomethylation of cysteine was specified as a fixed modification. The ‘match
between runs’ feature was enabled, and peptide-sequence matches were grouped by parsimony

and quantified by label-free quantification intensity.

Protein abundance analysis

Protein abundance analysis was as per “¢ where all known false matches were removed and all
protein label-free quantification intensity values were logz- transformed. Differentially abundant
proteins (DAPs) were then identified using Limma ! based of a FDR <0.1 and Log-FC of
>0.25 or <-0.25. SODs (superoxide dismutase) identified from the proteomics were also analysed

due to their known link with Mn and antioxidant activities.

Cell counts

Cell counts of Symbiodiniaceae within individual Aiptasia were performed “6. Subsamples of
homogenised Aiptasia were diluted to 1:10 with ASW and measured via fluorescence
microscopy (IN Cell 6500 HS; GE Health-care, Sydney Australia, ex. 642 nm), and cells were
quantified using IN Carta software (GE Life Science) (n = 6). Total cell counts were then

normalised to host protein content to give cells per pg of protein.



Statistical analysis

All statistical tests (One Way and Two Way Analysis of Variance (ANOVA), Tukey post-hoc,
Individual t tests, Pearsons, Shapiro-Wilk, Levene’s and Non-parametric Kruskal-Wallis test)
were conducted in R-Studio (Boston, MA). Principal Component Analysis (PCA) plots (Fig. 2a,
b) and PERMANOVAs were conducted using Metaboanalyst 5.0 (Canada) incorporating all
detected proteins using cube root data transformation and auto scaling. Finally, PANNZER2 "2
was used to annotate identified proteins with GO terms by sequence homology. Gene Ontology
(GO) term enrichment was then performed using the package topGO (v. 2.56.0, Alexa et al.
2024) in R (v. 12.0 (R Core Team 2021). GO terms of DAP’s (FDR < 0.1) between specific

treatments were tested for enrichment (p < 0.1) using Fisher’s exact test with a node size of 2.
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Figure 1. Changes in Aiptasia physiology under different levels of manganese (Mn)
enrichment and temperature stress. (a) Box plot showing symbiont densities for each
treatment (0.5, 4.8, 11.4 and 15.6 pg L™ at 26 and 32°C) (n = 6) at the end of the experiment.



Whiskers indicating the range of data, the box indicating the interquartile range and solid lines
indicating median values. (b) Representative photograph of Aiptasia maintained at 32°C in 0.5
ug L of Mn and (c) Representative photograph of Aiptasia maintained at 32°C in 15.6 ug L™ of
Mn at the end of experiment. (d) Box plots of average maximum quantum yield of PSII (Fv/Fm)
values for each treatment at the end of the experiment (n = 8). Whiskers indicating the range of
data, the box indicating the interquartile range and solid lines indicating median values. (e)
Average Fv/Fm values (x SE) for each treatment over the experimental period (n = 8). * Indicates
significance (p <0.05) between treatments (0.5 pg L™ at 26°C vs 32°C (a) ANOVA) and (0.5 g
Ltvs4.8,11.4 and 15.6 pg L at 32°C (d) Mann-Whitney U)

Figure 2. Changes in Aiptasia proteomes under different temperatures and manganese
(Mn) concentrations. Principal component analysis (PCA) plots for both (a) symbiont and (b)
host protein abundances across all treatments. Gradient indicates Mn concentration and colour
indicates treatment. (c) Heatmap of differentially abundant proteins (DAPs) (Limma FDR < 0.1,
Loge-Fold change > 0.25, < -0.25) across all treatments for both host and algal symbionts.

Figure 3. Showing differentially abundant proteins (DAP’s) and heat shock protein (HSP)
abundances between manganese and temperature treatments for Aiptasia symbionts. (a)
Changes in the proteome of the algal symbiont Breviolum minutum that were significantly
different between 0.5 and 15.6 pg Lt at 32°C (Limma FDR < 0.1, Logz- Fold change > 0.25, < -
0.25). Baseline (dotted line) denotes mean protein abundances for control (0.5 pug L at 26°) (n =
4). (b) Volcano plot of all detected proteins between 0.5 and 15.6 pg L™ 32°C treatments.
Significant proteins are coloured purple (Limma FDR <0.1, Logz- Fold change > 0.25, < -0.25).
(c) Fold changes for detected heat shock proteins relevant to control (0.5 pg L™ 26°C denoted by
dashed line) (n = 4).



Figure 4. Superoxide Dismutase abundances across both host and symbionts under different
manganese (0.5, 4.8, 11.4 and 15.6pg/ L) and thermal treatments (26 and 32°C) when compared
to control (0.5ug/ L™ at 26°C denoted by dashed line) (n = 4)

Figure 5. Model of Photosystem Il (PSI1) depicting hypothesised effects of manganese (Mn)
limitation (a) and availability (b) on the oxygen evolving complex (OEC) and downstream
processes. Mn-limited environment (al) and Mn-abundant environment (b1). Loss of Mn ions
from the Mn cluster due to thermal stress (a2) and replacement of Mn ions (b2). Resulting loss of
photosynthetic electron transfer and ultimate inhibition of energy production and downstream
cellular processes (a3) as opposed to maintenance of electron transport chain, energy production
and cellular functioning (b3). Decreased production of heat shock proteins (HSPs) and increased
reactive oxygen species (ROS) generation (a4) and increased production of HSPs and PSI|I
extrinsic proteins (b4). Impaired and damaged extrinsic proteins of the OEC are unable to be
repaired/folded (a5). Extrinsic proteins can be repaired as a result of increased HSP production
and decreased cellular ROS (b5). Increased cellular abundances of host derived Rab-7a proteins
leading to phagocytosis/exocytosis (a6). Symbiont can fend of host derived Rab-7a proteins as a
result of maintained cellular functioning and thus leading to the maintenance of cnidarian

symbiosis

Editorial summary:

Manganese supplementation at biologically relevant levels enhances cnidarian-dinoflagellate
symbiosis in Exaiptasia daiphana. mitigating photochemical damage, symbiont loss and
revealing mechanistic links in cnidarian thermal tolerance.
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