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5. Discussion

Abstract

Advances in optical microscopy are continually narrowing the chasm in
our appreciation of biological organisation between the molecular and
cellular levels, but many practical problems are still limiting. Observation
is always limited by the rapid dynamics of ultrastructural modifications of
intracellular components, and often by cell motility: imaging of the
unicellular protist parasite of ornamental fish, Spironucleus vortens, has
proved challenging. Autofluorescence of nicotinamide nucleotides and
flavins in the 400-580 nm region of the visible spectrum, is the most
useful indicator of cellular redox state and hence vitality. Fluorophores
emitting in the red or near- infrared (i.e., phosphors) are less damaging
and more penetrative than many routinely employed fluors. Mountants
containing free radical scavengers minimise fluorophore photobleaching.
Two-photon excitation provides a small focal spot, increased penetration,
minimises photon scattering and enables extended observations. Use of
quantum dots clarifies the competition between endosomal uptake and
exosomal extrusion. Rapid motility (161um/s) of the organism makes high
resolution of ultrastructure difficult even at high scan speeds. Use of
voltage-sensitive dyes determining transmembrane potentials of plasma
membrane and hydrogenosomes (modified mitochondria) is also hindered
by intracellular motion and controlled anaesthesia perturbs membrane
organisation. Specificity of luminophore binding is always questionable;
e.g. cationic lipophilic species widely used to measure membrane
potentials also enter membrane-bounded neutral lipid droplet-filled
organelles. This appears to be the case in S. vortens, where Coherent Anti-
Stokes Raman Scattering (CARS) micro-spectroscopy unequivocally
images the latter and simultaneous provides spectral identification at

2840cm-L. Secondary Harmonic Generation highlights the highly ordered
structure of the flagella.
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Coherent Anti-Stokes Raman Scattering micro-spectroscopy;
Second Harmonic Generation

1.Fluorescence and Phosphorescence

1.1 Fluorescence

Rapid advances in understanding of microbial structure and function
rely on the development of novel fluorescence techniques and the
implementation of new fluorescent probes. Whereas conventional
optical methods are diffraction limited to 200nm spatial resolution
for photons in the visible spectrum and only marginally better by
UV-microscopy, new ‘super-resolution’ modifications permit a 20-
100 nm range of observation. Fluorescence imaging has greatly
extended understanding of cellular ultrastructure and dynamics,
and advances in applications to fundamental biophysical problems
and molecular biology proceed apace.

The absorption of light and its emission by molecules as
fluorescence or phosphorescence may be represented as an energy
diagram (Fig. 1). Absorption of photons occurs by transitions from
the singlet ground state S, to the first and second singlet electronic
states S; and S,. This 1s followed, in the case of a fluorescence-
emitting molecule, by fast (~1071 s) internal conversion (thermal
equilibration). This time interval is too short for significant
movement of nuclei (the Franck-Condon principle). Emission then
occurs from this fluorescent state by a return to the ground state.

In a phosphorescent molecule inter-system crossover into a
forbidden, and hence long-lived, triplet state precedes emission.
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Fig. 1. Jablonski diagram for transitions involved in fluorescence and
Phosphorescence. 1. Absorption of photons / energy. 2. Internal conversion. 3.
Non-radiative deactivation of S;. 4. Fluorescence emission. 5. Intersystem
crossing (S; =» T,). 6. Non-radiative deactivation of T;. 7. Phosphorescence
emission.

The basic principles of the absorption and emission of radiation are:



a. Only radiations that are absorbed by a radiating system are
effective in producing chemical change (the Grotthuss-Draper law).

b. Only photons that are absorbed may give rise to emitted
fluorescence.

c. The quantum efficiency is the ratio of quanta emitted as

fluorescence to the quanta absorbed.

d. The maximum electronic transition probability is into the

excited level corresponding to the maximum of the absorption

band.

e. Therefore the fluorescence excitation spectrum is almost

always identical to the absorption spectrum.

f. The fluorescence emission spectrum is independent of the

exciting wavelength.

g. The fluorescence emission spectrum can be a ‘mirror image’ of

the lowest energy absorption band.

h. The maximum of emission is at a longer wavelength than the

observed absorption maximum (Stokes’ Law).

1. Lifetimes of emitted luminescence for fluorescence are
typically measured as low values of <50ns and those for
phosphorescence range from psec to many msec.

The properties of compounds useful for imaging applications
include:

a. Ease of penetration of the cell wall, cytoplasmic and organelle
membranes (dependent on lipophilicity, size and charge).

b. Persistence (resistance to photobleaching, loss on washing of
cells, or active extrusion). DABCO (1, 4-diazobicyclo [2. 2. 2.]
octane) a quencher of singlet oxygen, protects against free-
radicals and acts as an ‘antifade’ agent. Otherwise ‘Vectashield’
mounting medium is commonly used.

c. Uniform distribution in the solvent, without aggregation, or
precipitation.

d. Well-defined and efficient characteristics of photon absorption
and emission (i.e., high values of absorption coefficients and
favourable quantum yields) within the ambient intracellular pH
and ionic composition of the cytosol and subsequent to binding
to membranes and organelles.



e. Minimal invasive effects on metabolic processes over short
exposure times.

f. Minimal toxicity as measured by vitality (e.g., intracellular or
whole cell motility) or viability (growth and reproduction).

1.2 Phosphorescence

Many phosphorescent luminophores offer superior properties to
those of fluorescent probes (Coogan et al., 2010, Lloyd et al., 2012):
these include:

Broad peaks of emission thoughout the visible and near IR.

. Long luminescence lifetimes tenths of usec to milliseconds.
Luminescence quantum yields in excess of 0.5.

. Large Stokes shifts: often exceeding 5,000cm™!.

Favourable chemical, photochemical, thermal and metabolic
stabilities.

RN

2.5pironucleus vortens: the organism

Spironucleus vortens is an aerotolerant microaerophilic protozoan
inhabitant of ornamental fish, most often symbiotically occurring in
the intestinal tract of healthy fish (Poynton & Morrison, 1990,
Poynton et al., 1995, 2004). Under stressful environmental
circumstances (Lloyd and Williams, 1993), e.g., elevated
temperatures, or low dissolved O, (Lloyd et al., 1993,Lloyd 2002;
Lloyd and Williams, 2015), this organism becomes parasitic,
causing a systemic infection leading to host pathophysiology,
morbidity and mortality. These symptoms are associated with skin
lesions and probably ‘hole-in-the-head’ disease in cichlids (Paull &
Matthews, 2001).

Other related species (Sterud, 1998, Sterud and Poynton, 1998) are
of worldwide distribution, and although also of great economic
importance still not completely defined taxonomically (Fard et al.,
2007; Denikina et al., 2016, 2018, 2019). S. barkhanus (Sterud et al.,
1997, 1998), is a non-pathogenic commensal, whereas S.



salmonicida is a highly infectious species (Jorgensen & Sterud,
2006, Roxstrom-Lindquist et al., 2014, Jgrgensen et al., 2011),
causing huge economic losses in wild and farmed food fish (trout
and salmon). The pathogenicity of this latter species appears to be
potentiated by O, as it has been shown that this inducer up-regulates
a host of enzymes enabling the spread of organisms from the gut to
peripheral (and more aerobic) tissues of the fish (Stairs et al., 2019).
Also infected are crustaceans and shellfish in cold, temperate and
tropical regions, as well as amphibians (S. elegans, Brugerolle et al.,
1980). Other hexamitids are often free-living (Biagini et al., 1997b),
or infect mammals, birds and reptiles (Brugerolle et al., 1980,
Williams et al., 2011).

Uncovering the sub-cellular structure, physiology and biochemistry
of S. vortens as a model organism will allow a better understanding
of complex intracellular organisation, and may help lead to
identification of potential therapeutic agents for prevention,
treatment and limitation of the spread of infection.

S. vortens has 6 anterior locomotory flagella, one and a half times
the body length, plus two longer posteria trailing ones, twice the
body length. Restriction of the forward propulsive motility (steered
mainly by the posteria flagella) can be reversibly achieved by
280mM chloral hydrate (2,2,2-trichloroethane-1,1-diol); recovery on
washing away this anaesthetic takes about 20min. Otherwise
aqueous methyl cellulose (10% w/v) or a thixotropic gel (Lloyd et
al., 2015) is useful to diminish swimming speeds.

S. vortens, and S. salmonicida have both been shown to have
hydrogenosomes (Millet et al., 2013; Jerlstrom-Hultqvist et al.,
2013). In this respect they resemble many other microaerophilic
protists inhabiting low Oz environments. Thus those free-living in
anaerobic sediments (Biagini et al.,1997 b), and also as symbiotic
partners (Yarlett et al., 1981; Ellis et al., 1991; Millet et al., 2010a;
Lantsman et al., 2008) or parasitic species of intestinal or
urinogenital tracts (Lindmark and Muller, 1973; Paul et al., 1990),
have hydrogenosomes. These mitochondrial-derived organelles
(Horner et al., 1996; Biagini et al., 1997a) are autofluorescent redox-
active organelles (Millet et al., 2013): they have flavin and iron-
sulphur-based electron transport chains (Chapman et al., 1986b,
Cammack et al. 2003). They are devoid of cytochromes and the
energy transducing mechanisms characteristic of their evolutionary



precursors. Instead they have unusual bacterial-like (Biagini et al.,
2003, Yarlett et al., 1994) enzymatic components (e.g. hydrogenase
and pyruvate ferredoxin reductase). In Giardia intestinalis,
mitosomes serve instead of hydrogenosomes, as even further
evolutionary diminished mitochondria derived organelles (Lloyd et
al., 2002; Tovar et al., 2003; ). These features, alongside their O
scavenging mechanisms, provide useful growth inhibitory targets
(e.g., by 5’nitroimidazoles, Williams et al., 2012a, and garlic-
derived compounds, Millet et al., 2010b, Williams et al., 2014;
Leitsch et al., 2018). Phagocytosis of quantum dots by S. vortens
provides a glimpse into the process of uptake and subcellular
organisation by the organism: however, it is important to
differentiate these endocytotic vesicles, some of which appear
similar in size to hydrogenosomes.

3. Live cell imaging

3.1 Autofluorescence

Reduced nicotinamide adenine dinucleotide (NADH) is the
‘bellwether’ of redox states of microorganisms as well as of the
cells of higher organisms they infect (Chance et al., 1966), and is
thus a key indicator of the vitality of health as well as a widely used
diagnostic of nutrient deprivation (‘starvation’), O, deprivation,
oxidative stress, vitality, or viability of microbial single organisms
or populations. Excitation of fluorescence of the reduced coenzyme
at 366 + 20 nm is optimal, and blue-green emission occurs at 450 +
30 nm. When combined with measurements of oxidized
flavoproteins (and including flavin adenine dinucleotide, i.e., FAD)
(Aex 460 £ Snm, Aem 520 £ 20nm), and then calibrating with known
standards, a redox index may be calculated using concentration
based redox ratios:

Fp/(Fp +NADH) and NADH/Fp+NADH



These ratios have burgeoning applications in human physiological
assessments, biomedical diagnoses and treatments (Li, et al., 2009,
Xu et al., 2013).

In S. vortens the hydrogenosomes are the most prominent sites of
autofluorescence due to oxidized flavin emission (Fig. 2). The
emission intensities of both the reduced nicotinamide and oxidized
flavin coenzymes oscillate with a period of about 50 min in washed
whole-cell suspensions stirred under a gas phase of air (C. F.
Williams and M. A. Aon, unpublished; Williams, 2013). The cytosol
also provides a widely distributed diffuse background with a broad

emission at between 470nm and 683nm (Fig. 2: Millet, 2010; Millet et
al., 2013).



Fig. 2.Comparison of the autofluorescence spectra (Acx 458nm) of bright
spherical inclusions in S. vortens (Regions Of Interest 1, 2, and 3) (and
background areas within the cytosol, (ROIs 4 and 5), and extracellular
medium (ROI 6). Ordinate: fluorescence emission intensity arbitrary units;
abscissa: wavelength 470-683nm. Lambda scans were performed at 10nm
intervals. Leica TCS SP2 AOBS Confocal Microscope, X100 objective, using



a 458nm Ar Ion laser line at 61% output intensity (Millet, 2010; Millet et al.,
2013).

3.2 Quantum dot endocytosis and exocytosis

Phagocytosis of streptavidin-coated 15nm diam. cadmium selenide
quantum dots (50ng/ml) by S. vortens provides images (Aex 405 +
S5nm, A.m585 + 20nm) of the processes of active uptake, aggregation
into larger clusters, and extrusion of particles by the organism (Fig.
3) (Millet, 2010).

Initial uptake occurs within 2 s of incubation and is restricted to the
region of flagellar pockets. Flow cytometry provided quantitative
confirmation of the kinetics of these processes. Not all intestinal
diplomonads have this capacity (Millet et al., 2011, Lloyd and
Williams. 2014); thus for instance Giardia intestinalis, a parasite of
the human upper intestine, can only perform pinocytosis for uptake
of soluble compounds, relying on the host to supply pre-digested
nutrients (Lloyd and Harris, 2002; Lloyd and Williams, 2014). In S.
vortens, distribution to numerous peripherally situated small
vacuoles then occurs, followed by concentration in larger vacuoles
before extrusion over a period of 20 min. Ingestion of larger
particles; e.g. fluorescent beads (~1pum diameter), or live rod-shaped
bacteria (0.2 x 3 um), did not occur. Transient labelling of larger
endocytotic vesicles by quantum dots enables differentiation from
the similarly-sized lipid droplets and hydrogenosomes.




Fig. 3. Sampling after presentation of quantum dots to S. vortens after (a) 2 s,
(b) 10 min and (c) 20 min of endocytosis/exocytosis. Each sample was fixed
in 3% (v/v) formaldehyde solution immediately on collection (Millet, 2010).
Individual and clusters (tiny, very bright) quantum dots can just be discerned
especially in (a).

3.3 Routinely employed fluorophores

Diplomonad genera are characterised by the presence of paired
nuclei, and in Spironucleus spp. these are close to the anterior pole
of the spherical to pyriform (10-20 pm x 5-10 pm) organisms. DAPI
(4’-6-diamino-2-phenylindole) (Fig. 4a), or Hoechst 33342 are the
fluorophores of choice for live cell imaging of nuclei, the latter
being less toxic.

Optical imaging of organelles in S. vortens has been problematic due
to issues with the rapid swimming motility of the organism, and
intracellular cytoplasmic organelle motion (cyclosis). Also several
types of sub-cellular components are of similar sizes to
hydrogenosomes (500 nm tol pm diameter) (Fig.4b-e).

Also the specificity of luminophore binding is often questionable;
thus many cationic lipophilic species (e.g., the carbocyanine probe,
Di0Ce(3); Lloyd et al., 1996, 2018), Mito Tracker Green, or
rhodamine 123(Millet, 2010), widely used to measure mitochondrial
transmembrane electrochemical potentials, also bind to the
lipoproteins of other cytoplasmic and vacuolar membranes (Millet,
2010, Millet et al. 2013). These fluorophores also enter membrane-
bound neutral lipid droplets and partition into their contents (Fig. 4f).
Tetramethyl-rhodamine ethyl (or methyl) esters are more specific for
hydrogenosomal uptake (Williams et al., 2013a). An alternative is
the tetrazolium salt CTC (5-cyano-2, 3-di-(p-tolyl) tetrazolium Cl)
with permeant properties (Sockert et al., 2018), and with a redox
potential appropriate for reduction to a red fluorescent formazan
product by flavin-mediated electron transport.



Lipid TOX

Fig. 4. Live cell fluorescence imaging of S. vortens using 2% (w/v) chloral
hydrate solution to restrict motility and intracellular motion, and a reactive
oxygen species scavenger (DABCO) to minimize photobleaching. (a) DAPI
(DNA, RNA, in paired nuclei); (b) CTC: tetrazolium reduction product

in hydrogenosomes (a fluorescent formazan); (c) Nomarski phase contrast
transmission image; (d) overlay of a, b and c; (e) TMRE: tetramethyl
rhodamine ethyl ester for A, hydrogenosomal transmembrane
electrochemical potential. (f). Lipid TOX™



3.4 Some newly designed and applied luminophores

Fluorescent propargyl-functionalised 1,8-naphthalimide conjugates
used as cellular imaging agents indicate that the uptake and
intracellular localization of these probes both in human osteoarthritic
cells and in S. vortens is dictated by the specific nature of the
naphthalimide structure (Langdon-Jones et al., 2014). Gold(I)
coordinated complexes of these systems retained the visible
fluorescence, via intramolecular charge-transfer, of the 1,8-
naphthilamide ligand and their potential for labeling HEK (human
embryonic kidney) cells and S. vortens using confocal microscopy
was demonstrated (Fig. 5). Favourably low toxicities, emission
maxima ca. 540nm, lifetimes up to ca.10ns, and with quantum yields
>50% further indicate their usefulness in this context (Langdon-
Jones et al., 2015).

Fig. 5. Images of large form of S. vortens incubated with Re-L> and TMRE
showing (clockwise from top left): green fluorescence from Re-L? (A =
488nm; Aem

= 515nm); red fluorescence from TMRE (A, = 543nm; Acn



= 600nm); overlaid images showing co-localisation; Nomarski phase
transmission image. (Langdon-Jones et al., 2014)

A series of related picolyl-functionalised fluorescent 1,8-
naphthalimide ligands (L) can be coordinated to Re(I) to

give fluorescent cationic complexes, with the 4-amino

derivatives again exhibiting intramolecular charge-transfer in the
visible spectrum. Both the entry into and intracellular localization in
fission yeast of selected

complexes were dependent upon the specifics of

the ligand structure (Langdon-Jones et al., 2017b).

The synthesis and luminescent properties of a series of related
cationic dihydroimidazolinium functionalised 1,8-

naphthalimides have also been investigated. These fluorophores can
be deprotonated to act as N-heterocyclic carbene donors for
coordination to Au(I). Both the cationic pro-ligands and the charge
neutral Au(I) complexes prove to be useful imaging agents (Fig. 6.,
Groves et al., 2019). These species can also be applied to FLIM
studies as their lifetimes are modified by the presence of coordinated
Au(I) thereby validating the integrity of the metal-ligand complex
when present in the cell. In Fig.7. (Groves et al., 2019), the
predominant fitted lifetime of 11 ns determined intracellularly is
much longer than that obtained spectroscopically (1.1ns), suggesting
that the Au(I) complex may dissociate under the ambient conditions
within the carcinoma cell.

In further developments, highly
conjugated azonafide inspired anthracene-1,9-dicarboximide
fluorophores have also been developed (Langdon-Jones et al.,
2017a). In a similar fashion, these fluorophores
were functionalised with a dipicolylamine chelate, providing a
coordination site for a metal ion (in this case Re(I)) and imparting a
cationic charge upon the probe. These compounds show anticancer
properties against a variety of cell lines (LOVO, A549, PC3,
MCF7), but are not as potent agents for chemotherapy as that
of azonafide, the lead compound of the series. Critically, the study
demonstrated the viability of the anthracene-1,9-dicarboximide
fluorophore in a cell imaging context with MCF7 and fission yeast.



These species fluoresce at ca. 500 nm with lifetimes up to 16 ns, as
well as showing concentration dependent emission behaviour likely
driven by aggregation.

Endoplasmic

i Golgi complex Lysosomes
reticulum

[HL3]PF,

[AuCI(L3)]

Fig.6. Cultured Human MCF-7 cells (breast adenocarcinoma) incubated with [HL>]PFs(top)
and [AuCI(L%)] (bottom). Representative superimposed images where yellow-orange
signifies co-localisation (from left to right) with endoplasmic reticulum, Golgi and
lysosomal specific fluorophores respectively. Note strong lysosomal co-localisation
(Groves et al., 2019).
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Fig. 7a. Top: Normalised emission spectra of selected complexes excited at
405 nm (recorded in aerated acetone). Bottom: Time resolved measurements
showing the comparative decay profiles for ligand [HL*]PFs (red) and
complex [AuCI(L?)] (blue) against the instrument response (green).

b. FLIM images of MCF-7 cells incubated with [HL3]PF (left), and
[AuCI(L?)] (right) using pulsed excitation at 440nm.
Fitted parameters (left): 7, =9.2 ns (77%), 72 = 3.4 ns (20%), 73 = 0.4ns (3%);

(right): 7; = 11.0ns (68%). T2 = 3.9 ns (25%), 13 = 0.5ns (7%)

(Groves et al., 2019).

3.5 Phosphorescent probes



There is special importance and interest in low-energy emission IR
probes as the depth of penetration into cells and tissues is increased
and photochemical damage diminished over that of shorter
wavelengths (Lloyd et al., 2012).

Late transition (often d°)-metal complexes, especially as their
polypyridyl complexes, have been extensively employed in
biological imaging: rhenium(I) (Amoroso et al., 2007, 2008a, Lo et
al, 2008a), ruthenium(II) (Lo et al., 2008b), and iridium(III) (Yu et
al., 2008) have been prominent in many applications.

A series of rhenium fac-tricarbonylbisimine complexes of
varying charges and lipophilicities were tested as suitable for use as
luminophores in yeasts and mammalian cells. Uptake and
photochemical stability were in general good, and short-term
toxicity was negligible so that ground-rules for acceptability as
useful phosphors were established.

Luminescent, water soluble gold nanoparticles functionalized with
SMLCT emitting rhenium complexes, retain emission to a greater
extent than many other preparations employing organic tethers, and
thereby showing promise for uses in bioimaging applications
(Hallett et al., 2009).

An exceptionally interesting development (Coogan et al., 2009)
related to this work resulted in the formation of a molecular cationic
‘vessel’, impermeant to the cytoplasmic membrane when empty, but
enabled to carry metal ions through the limiting cytoplasmic
membranes of MCF cells (Thorp-Greenwood et al., 2011). Co-
localisation with SYTO®RNASelect, a fluorescent marker for
nucleoli, demonstrated the transport of the complex with silver ions
within the ’Sleeping Trojan Horse’ into this specific compartment of
the nuclei. Potential for bimodal luminescence/radioimaging is
indicated.

Photoemissive lanthanide ions (e.g., complexes of
europium(III), terbium(IIl) and samarium (III) are visibly
luminescent (Eliseeva and Bunzli, 2010), whilst neodymium(III),
whilst erbium(III), and ytterbium(III) show near-IR
phosphorescence (Faulkner et al., 2005). One tuneable example of a
red-to-near IR emitting luminophore is a platinum trimethyl



bipyridyl thiolate (Steel et al., 2015), exhibiting an unusual inter-
ligand charge Transfer (ILCT) transition.
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Fig. 8. A simplified model for sensitized lanthanide luminescence, and energy-level
diagram for an emissive chromophore-appended lanthanide complex sensitized via a
ligand-centred triplet excited state (abs = absorbance, fluor = fluorescence, phos =
phosphorescence, ISC=intersystem crossing , ET= energy transfer (Amoroso & Pope,
2015).

Transition metal luminophores, with well established favourable
physical properties and chemical stability currently abound, but as
indicated (above), for practical uses as cellular imaging reagents,
must also be taken up into cells, show defined intracellular



localizations, be minimally perturbing to metabolism, and to long
term cell viability. Imaging agents based on the fac-
{Re(CO)s}bipyridine core have proven highly amenable to
controlled manipulation (Balasingham et al., 2011) especially when
linked through functionalized alkyl chains (Balasingham et al.,
2012).

Near-IR emitting lanthanide complexes serve as both water-soluble
metal-ion modulated luminescent probes and magnetic resonance
contrast agents (Fig.9; Andrews et al., 2011), and thus promise
useful as bi-modal applications in biology.
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Fig. 9. Steady state emission spectra for Eu-L° (10° M) in the presence of
(clockwise from top left) of Cu'', Zn", Hg", and Cd". Recorded in buffered
water, pH7.4 (Andrews et al., 2011).

DNA- rhenium dppz binding complexes can be appended through
the axial pyridine by a range of substituted pyridines. These
complexes can gain organelle specific localization (i.e., in
mitochondria or in nuclei) while retaining their intense
phosphorescence (Fernandez-Moreira et al., 2010a,b), e.g., in HeLLa
cells (Thorp-Greenwood et al., 2012, Coogan & Ferndndez-Moreira,



2014. Nucleoli can be similarly targeted (Thorp-Greenwood et al.,
2011).



(i) Lysosomal localisation pattern

Colocalisation experiment of
(EuL;.)Cl; (50pM, 4h) and the
commercial available
LysoTraker Dye in CHO cells.
(a) Europium luminescence, (b)
Dye fluorescence, (c) overlaid

image.

(ii) Mitochondrial localisation pattern

Colocalisation  experiment of
(EuLsp)Cl; (50pM, 4h) and the
commercial available Mito-Traker
Dye in CHO cells. (a) Europium
luminescence, (b) Dye
fluorescence, (c)overlaid image.

Colocalisation experiment of
(EuLg)Cl; (50pM, 4h) and the
commercial available Mito-
Traker and Lyso-Traker
Dyes in CHO cells. (a)
Europium luminescence, (b)
Dyes fluorescence, ()
overlaid image.

Colocalisation experiment
of (EuLy)Cl;  (50pM,
4h)(R1 =CO2Et, R2 =
CH2Ph) and the
commercial available
SYTO-RNA dye in CHO
cells. (a) Europium
luminescence, (b) Dyes
fluorescence, (c) overlaid
SYTO-RNA image.

Fig. 10. Fluorescence microscopy of several lanthanide probes colocalised
with corresponding commercially available probes to visualize specific sub-
cellular localisations, New & Parker, 2009; Coogan & Fernandez-Moreira,
2014.



A systematic study was carried out on the role of hydrophobicity of
amphiphilic thenium bipyridyl complexes bearing axial substituted
imidazole or thiazole ligands on their cellular uptake and the
subsequent viability of organisms. The fission yeast,
Schizosaccharomyces pombe, and S. vortens acted as model
organisms (Hallett et al., 2018). In both cell types access to the
nuclear compartments was promoted with increasing

lipophilicity, whereas increased chain lengths gave greater toxicities.
Complexes of the most lipophilic ligands could potentially be
adapted for use as radio-imaging agents(e.g., as **™Tc(I) analogues
while still being useful using confocal microscopy in cellular
imaging studies.

Zirconium and hafnium metallocene dihalides based on simple
polyphenyl cyclopentadienes with a large Stokes shifts and good
room temperature stability with emission from triplet states are also
promising cell imaging compounds (Pritchard et al., 2013).
Incubation with MCF-7 human adenocarcinoma gave images
showing incorporation into peripheral extra-nuclear organelles and
satisfactory maintenance of cellular integrity indicated low toxicity
Application of phosphorescence imaging to S. vortens has proved
useful in the selection of complexes of freely permeable derivatives
with toxicity characteristics with emission well separated from
routinely employed fluorescent probes, thereby enabling co-
localisation studies. The extended phosphorescent lifetimes (i.e., us
rather than ns for fluorescence) also provides for further
discrimination from or identity with intracellular localization of
fluorescent probes employed as established markers for known
organelles. An example of a luminescent Pt-Yb water soluble
cyclometalated conjugate when excited at 355nm shows maximal
emission at 997nm with a lifetime of 902ns, that was attributed to
the Yb(III) ion. The Pt(Il) complex part of the molecule showed a
corresponding lifetime of 50ns at 619nm (Stacey et al., 2015). This
Pt-Yb dimetallic species was successfully applied to cell imaging
using fission yeast.

The highly sensitive quenching of phosphorescence by di-oxygen
has been extensively exploited as a method for measurement of O,
concentrations within tissues, body fluids and cells, but this
approach is hampered by sensitivity of emission to ambient



conditions of pH, ionic composition and local hydrophobicity. To
minimize these perturbing effects, nanoparticles of diameter 45nm,
containing polyacrylamide-embedded [Ru(dpp(SOsNa)3)]Cl, , were
electroporated into model yeasts, or into cultured mammalian cells
(Coogan et al., 2010). Reversible quenching of SMLCT
phosphorescence as measured at 650nm was observed during
anaerobic-aerobic transitions.

Fig. 11. Two-photon excited laser scanning microscope images of
nanoparticle encapsulated Ru-coordinate complex electroporated into
Spironucleus vortens. The scale bar = 10um (Lloyd et al., 2014).

Controlled conditions of electroporation of nanoparticles (340 V,
900 uF, 200 ohms in a 2mm path length) into cells gives reasonable
preservation of ultrastructure and function, thus the motility of
S.vortens, and also the NAD(P)H content of both yeast and
cardiomyocytes, all survive the procedures of the technique
(Williams et al., 2012b, Lloyd et al., 2014). Two-photon excitation
at 900nm was used to image organisms and cells in this study



whereby phosphorescence lifetimes were correlated with
intracellular O; concentrations.

Further examples of novel luminophores are provided below in Figs.
12-14): Jones and Pope (2009; Jones et al., 2011, 2012); Felton et al.,
2008.

visible light

intensity (a.u.)

1250 1450 1650

wavelength / nm

850 1050

Fig. 12. Steady state emission spectra for Ln-L2 (red, Yb; blue, Nd; light

green, Er) measured in D,O using A.x = 450nm. Spectra offset for clarity,
Jones and Pope (2009).
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Fig. 13. Comparative luminescence decay profiles of [2-M] ™" where M = K7,
Zn**, Fe**, Ca®*, Li*. Inset: wavelength dependent lifetime decays of [2M] ™*
in an ionic mixture. Data fits and residuals are omitted for clarity. Felton et al.,

(2008).
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Fig. 14. Near-IR emission spectrum of [Ir-L3-Yb](PF6) recorded in DO (Aex =
410nm). Inset corresponding lifetime decay at 980nm in D,O ( Jones et al.,
2012).



4. Imaging of fixed organisms

4.1 Ca** binding sites

Major roles for calcium in cellular structural integrity as well as in
metabolic and signaling functions make bound Ca**ions useful
markers for optical microscopical investigations (Gerencser &
Adam-Visi, 2001, Gerencser et al., 2005, 2012, 2017).

Calcium ions and channels are necessary for a wide variety of basic
transport functions associated with intracellular and extracellular
compartmentation (Evans, 2006, Campbell, 2017). Thus, as well as
their vital roles in mitochondrial, endoplasmic reticulum, endosomal,
Golgi and ectosomal functions, they also participate in the control
cell division cycle progression cytokinesis, and differentiation
(Senatore et al., 2016) as well as motility (Doerner et al., 2015).
They also act within mitochondria (Carafoli & Krebs, 2016), and
hydrogenosomes, (Humphreys et al., 1994, 1998), and a plethora of
specialized organelles for life in highly specialized, variable, and
sometimes stressful environments. Examples of the latter are
manifest in gravitaxis (Hader & Hemmersbach, 2017), mineral
nucleation (Omelon et al., 2013, Liu et al. 2018) and
acidocalcisomes (Docampo et al., 2013). The ubiquity of bound
calcium in S. vortens and its persistence after formalin or ethanol
fixation in cellular structures have prompted our extensive use of X-
Rhod, 5F, AM, a fluorogen first employed by Gerencser & Adam-
Visi (2001) as an outstandingly revealing agent of the morphology
of this protist.

4.1.1 Fluorescence measurements of S. vortens
suspensions after preincubation with X-Rhod, SF, AM

In Figurel5 (A) Fluorescence emission spectrum typical of S.
vortens pre-incubated with 5 uM X-Rhod, SF, AM for 1 h at 30°C.
(B) Additions of 1 mM EDTA, K4 (Ca?*) = 0.4nM gave typical
intensity decreases that accompany fluorescence emission transients



in these suspensions. Three successive additions of 74 uM Adalat
(Bayer, BAY al040, Nifedipine), a dihydropyridine L-type calcium
channel (also a non-specific voltage-gated-dependent calcium
channel inhibitor, McDonald et al., 1994) gave further decreases in
fluorescence. Restoration of emission occurred on addition of 2
successive additions of 1 mM CaCl, followed by a gradual increase,
indicating that incomplete intracellular hydrolysis of the acetyl
methoxy-fluorophore derivative during pre-incubation. The
organisms were still fully motile at the end of this experiment and 1
day later.

X-rhod 5F in S. vortens.
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Fig. 15. (A)The fluorescence emission spectrum of S. vortens suspensions
after preincubation with X-Rhod, 5F, AM are shown. (B) Effects of EDTA,
Ca’* channel inhibitor, and Ca** additions.

4.1.2 Confocal microscopy of Ca** binding sites in S. vortens

The presence of hydroxyl-apatite (calcium hydroxy phosphate)
granules in mitochondria has been noted for more than 60 years, and
two classes of mitochondria identified in a wide variety of
organisms characterized by their different calcium-binding
properties (Carafoli & Lehninger, 1971) The first group includes
those from many vertebrate tissues, with a specific extremely high-
affinity carrier for, and a rapid respiratory response to Ca** and
accompanying rapid cation uptake and proton ejection, whereas the
second group exhibit low affinity for Ca?*, and respiratory responses
and ion transport are slow or effectively absent. Mitochondria from
yeast most resemble the second category (Carafoli et al., 1970).
These and subsequent investigations also concluded that yeast
mitochondria lack a specific Ca®* carrier and that the physiological
significance of transport at high (1-10 uM) concentrations is
uncertain (Lloyd, 1974).

In trichomonads, the hydrogenosomes (Chapman et al., 1986a;
Humphreys et al., 1994, 1998) as in those in Neocalimastix frontalis,
a rumen fungus (Biagini et al., 1997¢) and Metopus contortus, a
sediment dwelling freshwater ciliate (Biagini et al., 1997d) have
accumulated stored Ca?* as distinct granules.

Calcium specific antibody-binding has indicated that annexins of S.
salmonicida are related to alpha-giardins (Weiland et al., 2005,
Wenman et al., 1993) but evolved with better-preserved type 11
calcium coordination sites (Einarrson et al., 2016). Two annexins
bind to phospholipids in a calcium-dependent fashion but with
individual specificities. Super-resolution and confocal microscopy



of epitope-tagged S. salmonicida annexins revealed localization to
distinct parts of the cytoskeleton and cell membrane. The
ultrastructural details of the localization of several annexins were
determined by proximity labeling and transmission electron
microscopy. Two annexins localized to a novel cytoskeletal
structure in the anterior of the cell. These results also showed that
the annexin gene family is expanded in diplomonads, and that these
group E annexins are associated mostly with cytoskeletal and
membrane structures in S. salmonis.

Fig. 16. Anaesthetised S. vortens after incubation in growth medium, after
1.5h preincubation with X-Rhod, 5F, AM, and still showing slight flagellar
movements. Calcium binding sites in numerous organelles and widely
distributed very small vacuoles.



Fig. 17. Surface-rendered 3D optical images of fixed and washed Spironucleus
vortens generated from a z-plane section stack (mean section thickness 0.4um),
after uptake and de-esterification of X-Rhod 5F, AM for 1.5 h; then plus ImM
CaCl, , followed by 1.0mM EDTA and fixation in 3% formaldehyde in PBS.
This shows a group of organisms each with 6 lateral and 2 posterior flagella
and the arrangement of the 16 flagella in a single organism about to divide, the
latter organism was used to generate the data seen in Figure. 18. Colour-
coding (green) reveals the surface structure, and organelles (red) having the
highest internal residual Ca®* concentrations i.e., the smaller hydrogenosomes,
and larger lipid droplets and more diffuse nuclear phospholipid-rich
membranes.



Fig. 18. Surface characteristics of the same group of organisms fixed and
fluorophore treated exactly as in Fig.17, but only coded for surface features.




Fig. 19. Treatments as in Fig. 17. A single section through a group of
organisms selected to show organisation of internal membranes and
organelles , hydrogenosomes, (H) lipid droplets (LD), nuclear membranes
(NM), and closely packed small vacuoles and diffuse cytoplasmic labeling .
Some released hydrogenosomes from damaged organisms are also present.
Scale bar = 10um.

4.2 Simultaneous CARS/SHG 1imaging

A single 5fs Ti sapphire broadband (660-970 nm) laser enables
the simultaneous acquisitions of Coherent Anti-Stokes Raman
Scattering (CARS), 2-photon fluorescence and second harmonic
generation (SHG) imaging, providing a novel and useful instrument
for combined studies of cellular ultrastructure and function (Fig.17,
Pope et al., 2013). The in-house house developed system is based
around a commercial Nikon Ti-U inverted microscope, also enabling
conventional brightfield, differential interference contrast (DIC) and
epifluorescence imaging of biological material. For an explanation
of the principles behind CARS and the different experimental
techniques see for example Pope et al., 2012.
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Fig.20. CARS and SHG images were acquired using the experimental setup
shown above: M, mirror; DM dichroic mirror; SP57 glass block; R reflecting
prism; A/2 half-wave plate; BE beam expander; PBS polarizing beam splitter;
F filter; The side-view of the optics between the two indicated arrows show
the beam height difference. Graph: typical spectra of the laser and splitting
into the pump, Stokes and TPE beams. (Pope, I. et al., (2013)

Saturated and unsaturated fatty droplets can be imaged and
distinguished using this technique via spectral analyses of
hyperspectral image stacks (DiNapoli et al., 2014a). This technology
has thus been extensively employed to study human adipose-derived
stem cells (DiNapoli et al., 2014b), especially the participation of
lipid droplets in adipogenesis (DiNapoli et al., 2016). The roles of
fatty acid and pyruvate at different stages in lipid storage and
utilization in mouse eggs have also been elucidated (Bradley et al.,
2016, 2019).

To investigate the chemical content of the S. vortens
simultaneous CARS and SHG imaging was undertake on
formaldehyde fixed S. vortens, mounted in water between a cover
slip and glass slide using a 120 micron thick image spacer (Grace
Biolabs). A single frequency (2830 cm™) CARS image of two S.
vortens 1s shown in Fig. 21(a). The dashed yellow line indicates the
point where a CARS line scan (over the spectral range 2100 cm™! to
4000 cm™) was taken, cutting through a prominent droplet in the
upper most S. vorten as well as cytosolic regions. The line scan
information is displayed in Fig. 21(b) as a 2D image with increasing
wavenumber from left to right of the image and spatial information
contained in the vertical direction. For reference, three regions of
interest are identified by coloured stars in the single frequency
CARS image (Fig. 21(a)) and the corresponding parts of the line
scan image (Fig.21 (b)). The boxes indicated on the line scan image
show the regions over which the data were averaged to generate the
spectra displayed in Fig. 21(c). Looking at Fig.21(c) left, we see
that the spectrum L1 (black) associated with the prominent droplet is
dominated by a strong lipid component whereas, spectrum L2 (red)
has a distinctly different shape associated with the cytosolic region
(cytosolic proteins). Spectrum W, corresponding to the region in



between the two S. vortens and shows the typical water spectrum, as
expected. The influence of the water spectrum can also be seen in
both spectra L1 and L2, this is due to the addition of water within
the focal volume of the objective. Fig.21(c) right, shows spectra L1
and L2 with the water component subtracted.
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Fig. 21. (a). S. vortens: a CARS image (20 x 20 um) taken at a vibrational
resonance = 2830 cm! (scale bar =2um): the yellow dashed line indicates the
region where a hyperspectral line cut was taken. Stars indicate points from
where spectra were taken. (b). The CARS line scan taken across the region of
the yellow dashed line, in (a). The line covers the vibrational range from 2100
cm! to 4000 cm!, thereby extending beyond the filter range (2500 cm™! to
3800 cm™), so that background levels can be determined. (c). The graph (left)
shows the spectra averaged over the regions identified by the boxes in (b); The
graph (right) shows the same data as in the graph to the to the left with the
water spectrum (W, with a peak centered around 3270 cm-1) subtracted. The
spectrum L1 has a familiar lipid profile with a maximum at around 2840cm!.

Fig.22. The montage above shows a series of z-slices (0.5 um apart) through
the S. vortens centred in the image. Each individual image is 29 x 21 um (289
x 210 pixels) and shows simultaneously acquired CARS at 2850 cm™! (red)
and SHG (blue). See Supplementary 4 for movies of the z-stack and 3D
reconstruction.

5. Discussion

The rapid motility of Spironucleus vortens is characteristic in the
identification of this organism (Williams et al., 2013b, Lloyd et al,
2015). The trophozoite reaches velocities of 161um/s or 13.3 body
lengths/s (mean of 16 measurements, data not shown). Both this



rapid motility (Supplementary 1) and the dynamic state of the
intracellular contents (Supplementary 2), makes live cell imaging
involving this organism challenging.

Lipid droplets although ubiquitously recognized in the cells of
eukaryotic organisms, are only relatively recently studied intensively
e.g., in yeast (Wolinski et al., 2009, 2011). CARS and SHG imaging
is providing new insights into the formation and utilization of their
contents as dynamic sources of energy for cellular growth and
development (Di Napoli et al., 2014a, b, ¢, Bradley et al., 2016,
2019).

For future studies the smaller vacuolar structures and their
contents, endosomes, Golgi membranes, endoplasmic reticulum,
lysosomes (‘acidic calcium stores’) and exosomes fluorescing with
the calcium binding indicator observed here and also evident in
electron micrographs of S. vortens, (Poynton & Sterud, 2002,
Poynton et al. 2005, Millet et al., 2011, Williams et al., 2013a)
require further work.

In this respect use of newly developing fluors and phosphors as
well as immunological detection (e.g., by the use of annexin
specific antibodies) are likely to be very informative. Supplementary
and more definitive resolution of organelle and membrane structure
and functions will require disruption, subcellular fractionation and
biochemical studies. Fluorescence imaging using the methods
previously shown to specifically reveal, identify and characterise
regions of elevated Ca*" in intracellular compartments (Gerasimenko
et al., 1998), and membranes in cultured mammalian cells
(Gerencser et al.,2012, 2017, Lloyd-Evans & Platt, 2011; Lloyd-
Evans 2016, Langdon-Jones et al., 2015, Pendin et al., 2015) will
also prove invaluable.

Aquaculture, of both freshwater and marine fish is a major
growth industry worldwide, and provides a crucial source of animal
protein production (Buchmann, 2013). Elimination of parasitic
infections from fish farms, a concerning cause of lost productivity
presents a continuing challenge requiring new measures, especially
since the ban on the use of nitroimidazole control agents e.g.,
metronidazole (Millet et al., 2010, 2013a). Understanding of the
unique features of the basic biochemistry and immunology of
diplomonad infectivity presents new opportunities for reduction of
morbidity and mortality of farmed fish.



In summary, this study reveals gross surface and internal
structural characteristics of S. vortens, not readily visualized in
situations where an electron microscope or molecular methods are
unavailable, but also essential for definitive identification of harmful
parasites and closely related species. Control of fish infections by
diplomonad parasites presents continuing problems in an expanding
industry, and implementation of new measures requires specific
diagnoses for control and management (Buchmann et al., 1995;
Williams, 2013, Williams et al., 2015).

The methods used here reveals that calcium binding sites are
generally distributed throughout this organism, but are most
prominently localized in hydrogenosomes, as observed previously
for a trichomonad, a rumen fungus and a sediment dwelling ciliate,
thereby retaining the property of calcium storage in mitochondria,
their evolutionary ancestors. Dynamic measurements of
physiological processes in S. vortens using calcium fluorophores
requires anaesthetized organisms as previously described (Langdon-
Jones et al., 2015). Super-resolution imaging will in future enable
new insights into structure-function relationships, not only in the
cells of higher organisms and eukaryotic microbes (Ranjbari et al.,
2019), but also in prokaryotes (Smitten et al., 2019).



Supplementary 1. A movie showing the rapid motility of
Spironucleus vortens collected at 30 fps using an inverted
fluorescence microscopy (XDY-2, ‘GX Microscopes with cooLED
Excitation Source’).

Supplementary 2. Spironucleus vortens lightly anaesthetised to
reveal slowed flagellar and intracellular organelle motility: paired
nuclei, blue (DAPI) and hydrogenosomes red (CTC) using a Leica
TCS SP2 AOBS confocal system.

Supplementary 3. Rotational aspects of Spironucleus vortens to
reveal external surface morphology and arrangement of flagella as
well as internal organelles as highlighted by binding of the Ca**

fluorophore. These images were obtained by using a Zeiss LSM 880 upright
confocal microscope (with Airyscan: a fast scanning super-resolution confocal
system with fluorescence correlation spectroscopy (FCS) and fluorescence
lifetime imaging (FLIM)).

Supplementary 4 (a) A movie through a z-stack of simultaneously
acquired CARS (at 2850 cm!) and SHG images. The CARS
highlights lipid droplets (red) within the S. vortens, while the SHG
picks out the ordered structure of the flagella (blue). (b) A movie

showing a 3D reconstruction of the z-stack in (a). The images were
acquired using a home build CARS microscope based around a commercial
Nikon Ti-U microscope Pope et al., 2013. Movies were generated using the
Fiji bundle of Imagel. Specifically the plugin 3D Viewer was used for the 3D
reconstruction.
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Figure captions

Fig. 1. Jablonski diagram for transitions involved in Fluorescence and
phosphorescence.

Fig. 2.Comparison of the autofluorescence spectra (Aex 458nm) of bright
spherical inclusions in S. vortens (Regions Of Interest 1, 2, and 3) (and
background areas within and outside the cytosol (ROIs 4, 5 and 6) (Millet,
2010, Millet et al. 2013).

Fig. 3. Sampling after presentation of quantum dots to S. vortens after (a) 2 s,
(b) 10 min and (c) 20 min of endocytosis. Each sample was fixed in 3% (v/v)
formaldehyde solution immediately on collection. (Millet, 2010).

Fig. 4. Live cell fluorescence imaging of S. vortens using 2% (w/v) chloral
hydrate solution to restrict motility and intracellular motion, and a reactive
oxygen species scavenger (DABCO) to minimize photobleaching. (a) DAPI
(DNA, RNA, in paired nuclei); (b) CTC: tetrazolium reduction product

in hydrogenosomes (a fluorescent formazan); (c) Nomarski phase contrast
transmission image; (d) overlay of a, b and c; (¢) TMRE: tetramethyl
rhodamine ethyl ester for A, hydrogenosomal transmembrane
electrochemical potential. (f). Lipid TOX™.



Fig. 5. Images of S. vortens incubated with Re-L> and TMRE showing
(clockwise from top left): green fluorescence from Re-L? (A.x = 488nm; A.n
= 515nm); red fluorescence from TMRE (A = 543nm; Acn

= 600nm); overlaid images showing co-localisation; Normarski phase
transmission image. (Langdon-Jones et al., 2014) .

Fig.6. Cultured Human MCF-7 cells (breast adenocarcinoma) incubated with
[HL3]PF¢(top) and [AuCI(L?)] (bottom). Representative superimposed images
where yellow-orange signifies co-localisation (from left to right) with
endoplasmic reticulum, Golgi and lysosomal specific fluorophores
respectively. Note strong lysosomal co-localisation (Groves et al., 2019).

Fig. 7a. Top: Normalised emission spectra of selected complexes excited at

405 nm (recorded in aerated acetone. Bottom Time resolved measurements

showing the comparative decay profiles for ligand [HL*]PFs (red) and

complex [AuCI(L?)] (blue) against the instrument response (green).

b. FLIM images of MCF-7 cells incubated with [HL*]PF; (left), and

[AuCI(L?)] (right) using pulsed excitation at 440nm.

Fitted parameters (left): 7, =9.2 ns (77%), 72 = 3.4 ns (20%), 73 = 0.4ns (3%);
(right): 7, = 11.0ns (68%). T2 = 3.9 ns (25%), t3 = 0.5ns (7%)

(Groves et al., 2019).

Fig. 8. A simplified model for sensitized lanthanide luminescence, and
energy-level diagram for am emissive chromophore-appended lanthanide
complex sensitized via a ligand-centred triplet excited state (abs = absorbance,
fluor = fluorescence, phos = phosphorescence, ISC=intersystem crossing ,
ET= energy transfer (Amoroso & Pope,

2015).

Fig. 9 Steady state emission spectra for Eu-L° (10> M) in the presence
o(clockwise from top left) of Cu", Zn", Hg", and Cd". Recorded in buffered
water pH7.4 (Andrews et al., 2011).

Fig. 10. Fig. 10. Fluorescence microscopy of several lanthanide probes
colocalised with corresponding commercially available probes to visualize
specific sub-cellular localisations, Coogan & Fernandez-Moreira, 2014.

Fig. 11. Two-photon excited laser scanning microscope images of
nanoparticle encapsulated Ru-coordinate complex electroporated into
Spironucleus vortens. The scale bar = 10um (Lloyd et al., 2014).

Fig. 12. Steady state emission spectra for Ln-L2 (black, Yb; grey, Nd; light
grey, Er) measured in D20 using A.x = 450nm. Spectra offset for clarity, Jones
and Pope (2009).



Fig. 13. Comparative luminescence decay profiles of [2-M] "* where M =K(),
Zn(n), Fe(m), Ca(yr), Li(y). Inset: wavelength dependent lifetime decays of [2M
"] in an ionic mixture. Data fits and residuals are omitted for clarity. Felton et
al., (2008).

Fig. 14. Near-IR emission spectrum of [Ir-L3-Yb](PF6) recorded in DO (Aex =
410nm). Inset corresponding lifetime decay at 980nm in D,O.

Fig. 15. The fluorescence emission spectrum of S. vortens suspensions after
preincubation with X-Rhod, SF, AM are shown, together with effects of
EDTA, Ca?* channel inhibitors and Ca** addition

Fig. 16. Anaesthetised S. vortens after incubation in growth medium, after
1.5h preincubation with X-Rhod, 5F, AM, still showing slight flagellar
movements, and calcium binding sites in numerous organelles and widely
distributed small vacuoles.

Fig. 17. Surface-rendered 3D optical images of a pair of fixed and washed
Spironucleus vortens generated from a z-plane section stack (mean section
thickness 0.4um), after uptake and de-esterification of X-Rhod 5F, AM for 1.5
h; then plus 1mM CaCl, , followed by 1.0mM EDTA and fixation in 3%
formaldehyde in PBS. This shows a group of organisms each with 6 lateral
and 2 posterior flagella and the arrangement of the 16 flagella in a single
organism about to divide, the latter organism was used to generate the data
seen in Figure. Colour-coding (green) reveals the surface structure, and
organelles (red) having the highest internal residual Ca®* concentrations i.e.,
the smaller hydrogenosomes, and larger lipid droplets and more diffuse
nuclear phospholipid-rich membranes.

Fig.18. An optical section Z-series captured upwards through a single
organism after treatment as in Figure 17. The 8 sections were selected to
display the insertion of the flagella into the ventral surface of the organism,

and the more dorsally situated hydrogenosomes. The image has been intensity

coded to highlight foci of intense fluorescent staining. Scale bar 10um.

Fig.19 . Asin Fig. 17. A single section through a group of organisms selected
to show the closely packed organisation of internal membranes and organelles,
hydrogenosomes, (H) lipid droplets (LD), nuclear membranes (NM), and



small vacuoles and diffuse cytoplasmic labeling of . Some released
hydrogenosomes from damaged organisms are also present. Scale bar = 10um.

Fig.20. CARS and SHG images were acquired using the experimental setup
shown above: M, mirror; DM dichroic mirror; SP57 glass block; R reflecting
prism; A/2 half-wave plate; BE beam expander; PBS polarizing beam splitter;
F filter; The side-view of the optics between the two indicated arrows show
the beam height difference. Graph: typical spectra of the laser pump, Stokes,
and TPF beams. (Pope, I. et al., (2013).

Fig. 21. (a). S. vortens: a CARS image (20 x 20 um) taken at a vibrational
resonance = 2830 cm™! (scale bar =2um): the yellow dashed line indicates the
region where a hyperspectral line cut was taken. Stars indicate points from
where spectra were taken. (b). The CARS line scan taken across the region of
the yellow dashed line, in (a). The line covers the vibrational range from 2100
cm! to 4000 cm™, thereby extending beyond the filter range (2500 cm™ to
3800 cm™), so that background levels can be determined. (c). The graph (left)
shows the spectra averaged over the regions identified by the boxes in (b); The
graph (right) shows the same data as in the graph to the left with the water
spectrum (W, with a peak centred around 3270 cm™') subtracted. The spectrum
L1 has a familiar lipid profile with a maximum at around 2840cm.

Fig.22. The montage above shows a series of z-slices (0.5 um apart) through
the S. vortens centred in the image. Each individual image is 29 x 21 um (289
x 210 pixels) and shows simultaneously acquired CARS at 2850 cm™ (red)
and SHG (blue). See Supplementary 4 for movies of the z-stack and 3D
reconstruction.

Supplementary 1. A movie showing the rapid motility of
Spironucleus vortens collected at 30 fps using light microscopy.

Supplementary 2. Spironucleus vortens lightly anaesthetised to
reveal slowed flagellar and intracellular organelle motility: paired
nuclei, blue (DAPI) and hydrogenosomes red (CTC). Images
scanned on a Leica SP2 AOBS confocal microscope.

Supplementary 3. Rotation of Spironucleus vortens to reveal
external surface morphology and arrangement of flagella as well as
internal organelles as highlighted by binding of the Ca?* fluorophore.



Images scanned on a Zeiss LSM880 Airyscan confocal microscope.
Surface rendering of organisms was using Bitplane Imaris software.

Supplementary 4 (a) A movie through a z-stack of simultaneously
acquired CARS (at 2850 cm™) and SHG images. The CARS
highlights lipid droplets (red) within the S. vortens, while the SHG
picks out the ordered structure of the flagella (blue). (b) A movie
showing a 3D reconstruction of the z-stack in (a). The images were
acquired using a home build CARS microscope based around a commercial
Nikon Ti-U microscope Pope et al., 2013. Movies were generated using the
Fiji bundle of ImageJ. Specifically the plugin 3D Viewer was used for the 3D
reconstruction.






