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Abstract

The Chemical Ecology of Geosmin

Liana Zaroubi

Known as the smell of earth after rain, geosmin is an odorous terpene detectable by humans
at picomolar concentrations. Geosmin production is heavily conservedctinobacteria,
myxobacteria, cyanobacterisgmefungi and red beetBta vulgarisL.), sugyesting it strongly
contributes to the fitness of these organisRrekaryotes produce geosnthrough the terpene
cyclase Ageosmin synthaseoO converting germacrt
(methylerythritol phosphate mevalonate or leucirgependent)However, theuniversality and
ecological roleof geosmin is poorly understoodtheorized that geosmin is an aposematic signal
used to indicate the unpalatability of toyprnoducing microbes, discouraging predation by
eukaryotes. Consistent thi this hypothesid have found that geosmimeduces predation of
Streptomyces coelicolandMyxococcus xanthusy the bacteriophago@aenorhabditis elegans.
Predation was restored by the removal of both terpene biosynthetic pathways or deleti@h of the
elegansASE sensory neuron and resulted in the death of the nematodes. Geosmin itsettwas n
toxic. This is the first warning chemical to be identified inteaa or fungi, and suggests molecular
signalling affects microbial predatprey interactions in a manner similar to the vetildied
visual markers displayed by poisonous animal ptayline with geosmin being a warning
chemical,l also determinedrom a bioinformaticsanalysis that geosmin synthase was acquired
from a distant paghrough horizontal gene transfer wilttinobacteriaas the ancestral genetic
reservoir.In addition, my work also suggests thaeveralgenes not directly involved in the
biosynthesis of geosmin nevertheless support its activity. The investigation of these genes may
enhance our understanding of the biosynthesis regdlation of geosmin andterpenes in
prokaryotes.
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1.l ntroducti on

a. Discovery,characterization, and detection of geosmin.

I. Discovery and producers of geosmin

Geosmin is a volatile sesquiterpgreduced by a diversity of micrarganisms including
actinobacteria, myxobacteria, cyanobacteria, fupgin€ipally Penicillium) and red beetBgta
vulgaris L.)¥'3. Ubiquitous in terestrial and many aquatic environments, geosmin is responsible
for the distinctive smell of earth after the rain Detected by humans at picomolar
concentrations’, the odour of geosmin was first described in th€ détury by Berthelot and
André, then purified from actinomycetes in 1965 by Gerber and Lechévaliepsmin has two
enantiomers (+) and)tgeosmin (Figure 1), the latter of which is naturally producedcandbe
detected by humans at concentrations as low as’5 ppt

(" )

OH OH OH

Geosmin (-)-Geosmin (+)-Geosmin
\_ _J

Figure 1: Structur e of geosmin and its enantiomers;)}geosmin and (+)geosmin.

il. Physical and chemical properties of geosmin

Geosmin has a boiling point of 270°C, a vaporspuee of 1.2 mmHg at 25°C and an
enthalpy of vaporization of 59.0 + 6.0 kJ/fhaCompard to watey which has a boiling point of
100°C, a vapor pressure of 23.8 mm at 25°C and an entbblmporization of 40.65 kJ/myl
geosmin is around 95 times less volatile in terms of vapessure and 40 times less volatile in
terms of enthalpy of vaporizatioft.alsohas a low miscibility in water with a solubility of 157
mg/L at 25°C and lgP of 3.3° (Table 1).

Table 1: Comparison of the physical and chemical properties of geosmin and watér

Properties Geosmir? Water®
Boiling point (°C) 270 100
Vapor pressure (mm Hg, 25°C) 1.2 23.8
Enthalpy of vaporization (kJ/mol, 25°C) 59.0+£6.0 40.65
Solubility in water (mg/L, 25°C) 157 -
LogP 3.3 -0.5




b. The biosynthesis of geosmin

Geosminis a sesquiterpene, and like all other terpenes it is biosynthesized using two
fundamental terpene building blocksopentenypyrophosphate (IPP) ardimethylallyl
pyrophosphate (DMAPP) These precursors are produced via three different pathways
depending on the producing organism: itievdonate (MVA) pathway, thenethylerythritol
phosphate pathway (MEP, nonevalonate pathway) or the leucidependent pathway. All
three pathways permit the formationfafnesylpyrophosphate (FPPyhich will then undergo a
specific cyclization step to for geosmith.

i.  IPP production via thé/VA pathway

The MVA pathway is predominantly used Inyyxobaderia andStreptomycespp to
produce geosmin Some fungi RenicilliumandAspregillusspp) dso use the MVA pathway to
produce geosminProduction of geosmin via the MVA pathway starts with the nucleophilic
addition of 2 acetylCoA molecules to form acetoacetybA via the enzyme thiolase (Figuré®)
The 29 carbon of another acetfloA adds to the'8carbon of acetoacet@oA using the enzyme
3-hydroxy-3-methytglutarylcoenzyme A (HMGCo0A) synthase to forniMG-CoA. The latter
undergesa reduction to form mevalonate via HMGA reductase. Mevalonate will then be
sequentially phosphorylated by mevaloratkinase and phosphomevalonate kinase to form
mevalonateb-pyrophosphate, which will then undergo a decarboxylation and hydroxide
elimination to form isopentenyl pyrophosphate (FP) head to tail linkage of two IPP units will
form geranyl pyrophosphate (GPP) and subsequeltiteon of a third IPP will formFPP, the
precursor of geosmth The mechanism of the specific cyclization step forming geosmin will be
discussed later.

Formation of IPP through the MVA pathway
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Figure 2: MVA pathway for the formation of IPP and DMAPP from acetyl-CoA.



ii.  IPP production via the MEP pathway

The MEP pathway was discoeel in the 1990s, and provides an alternative route to IPP
in bacteria, algae and higher pldats

The first step casists of the condensation of pyruvate witlglpceraldehyde3-phosphate
to produce ideoxy-d-xylulose5-phosphate (DXP) and daon dioxide. The next step is a
reductive isomerization by the enzyme DXP reddstonerase to form MEP. The latter undergoes
two phosphorylation steps, initially bgytidine triphosphate @TP) (at position 4) then ATP (at
position 2), forming 2C-methylkd-erythrito}2,4-cyclodiphosphate (MEcPP) through the enzyme
IspF. The final steps are made by IspG and IspH permitting firsiuatien to 4hydroxy-3-ethy}
but-2-enyl pyrophosphate (HMBPP) followed by a dehydration to form #P@igure 3),
precursors to FPP for the formation of geosmin.

The MEP pathway is used Bgreptomyceand cyanobacteria to produce terpenoids. Some
strains of these microrganisms can produce IPP through more than one pathway: most
Streptomycegproduce IPP through the BP pathway during the exponential growth phase, and
through the MVA pathway during treationary growth phase

Formation of IPP through the MEP pathway
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Figure 3: MEP pathway for the formation of IPP and DMAPP from pyruvate and G3P.



li.  MVA production via the leucirg@ependent pathway

Mevalonate can be produced via the leudependent pathway in myxobacteria, then
used in the productionf geosmin. This discovery was made by Dickchat et al. in 2005 using
radiolabelled {H1q]-leucine fed tavl. xanthus:.

In the leucine dependent pathy, leucine first undergoes transamination and oxidative
decarboxylation to fornsovalerylCoA (IV-CoA). Further oxidation of IMCoA at the C2C3
positions formglimethylacrylytCoA (DMA-CoA), which undergoes carboxylation to form 3
methylglutaconyCoA (MG-CoA) followed by hydration to form HM& oA (Figure 4). The
latter is an important intermediate seen in the MVA pathwdnch will undego a reduction to
form MVA. As in Figure 2, the MVA undergoes two phosphorylation steps, a decarboxylation
step, and dehydration step to produce IPP and DMAPP. These universal terpene precursors can
then permit the formation of FP®hich will then allowthe biosynthesis of geosmin

Formation of MVA through the Leucine-dependent pathway
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Figure 4: IPP biosynthesis through a leucinelependent pathway.

iv.  Production of geosmin from FPP

The MVA, MEP and leucinglependent pathways all permit the production of IPP and
DMAPP, the essential and universal building blocks for terpene biosyntAesibown in Figure
5, DMAPP and IPP merge through a head to tail condensation reactiopyvatihosphate PR)
as a leaving group, resulting in the formation of GPP through the enzyme GPP $yriulkion
of another IPP molecule by FPP synthase leads to the formation of the sesquiterpene &eP. (Fig
5)iL14



Formation of FPP from IPP and DMAPP
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Figure 5: Mechanism of the formation of FPP from IPP and DMAPP.

The mechanism of the cyclization of FPP to geoswas previously hypothesized to be
catalyzed by multiple enzymes conducting several redox reactions. However, in 2006, Jiang, J. et
al. reported that this cyclization step is specifically conductea Byngle enzyme, a terpene
synthase, without the inteation of any cdactors®. This enzyme was later namgdosmin
synthase (GS¥.

The formation of geosmin from FPP by GS is made in two fundamental steps: a proton
catalyzed cyclization of FPP to generate germacradienol, followed by @ratstype
fragmentation with acet@extrusion and hydration to produce geostiRigure 6 shows this
proposed mechanism. The first step is an intramolecular cyclization forming a bond between
carbon 1 and 10, releasing OPPI as witepgroup and generating a carbocation intermediate.
Step 2 is the formation of afBembered ring at the carbocation position. Step 3 consists of the
attack of a water molecule to relieve the ring strain, forming germacradienol. The next step
follows theretro-Prinstype fragmentation, releasing thgopanol as acetone and forming the
bicyclic moiety of geosmin. Step 4 consists of ally@ride shift revealing a stable carbonation
intermediate at the most substituted carbon. The last step is the adfaibgdroxyl group at
the carbocation position resulting #)-geosmir®.



Mechanism of (-)-Geosmin Synthesis from FPP
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Figure 6: Mechanism of the formation of geosmin with germacradienol as intermediate.

c. The ecological role of geosmin remains to be fully elucidated.

I. Geosmiroffers an unknown fitness advaneag

Geosmin was discovered astiucturallycharacterized during ¢h20" century, and its
biosynthesis has been well studisidce1912151¢ However, while we know that geosmin is
produced by multiple microrganisms from all major terrestrial and aquatic environments, to this
dayits ecological role is not weunderstood'’.

The biosynthesis of secondary metabolites for bacteria and fungi is an expensive process
(in terms of metabolite building blocks and energy) imposing a strong selective pressure against
their productiof®® The ubiquity of geosmiin its producing species, arnt$ presencecross
several unrelated phyla suggest that this small molecule is an essential natural product with a
specific ecological role.

ii.  The gene encoding for geosmin biosynthespriead via

horizontal gene transfer.

A study by MartinRSanchez, L. et al. showed that amongS¥@&ptomycestrains, GSs
genetic sequences were present in all strains excepSopadctunKLBMP 5084), showing that
geosminproduction is evolutionary conserved (Figuré®7Whole genomdased phylogenetic
analysis of Streptomycesspp. was generated to verify whether GSewolved with the
Streptomycespp This analys categorized th&treptomycespp.into three different clades,
colour-coded as blue, red and green (Figure'7A)
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Figure 7: Whole genome and GS phylogenetic analysis of S8reptomycespp. (Modified
from Martin -Sanchez, L. eal)?®.

(A) Phylogenomic analysis &treptomycespp. withtheblue, redand green showintheir three
different cladesnd theblack dots representing the presence of GS genes

(B) Phylogenetic analysis of Gf£nesshowing thé& distinctive clades in the inner circlend
the outercircle colours correspond to the cladiesn figure 7A%°,

Phylogenetic analysis of the GSs from these species showed that GSs of different
evolutionary origin were interspersed within each of the streptomyces clades. For example, GSs
from mog of the species present in the green, blue and red clade form on€ockaulge) in the
phylogenetic tree of GS (Figure 7B). These results suggest the frequent transfer of GSs through
horizontalgenetransfer HGT) in Streptomycespp® and further emphasizes the pdtakfitness
advantage conferred by geosmin, as it is conserved through evolution. These GS genes may also
have been transferred &treptomycefom external species.

Wang, Z. et alconducted a phylogenetic analysis using the GS genesafittmobactera,
cyanobacteria and myxobacteria, clearly showing occurrence of HGT among the thré& phyla
Through their evolutioary analysis using various selection tests and a codon bias analgis, t
determined cyanobacteria to be the originator of the GS gene due to the strong purifying selection
and structural conservation of GS observed in teesing®. However, strong conseation does
not necessarily mean that cyanobacteria is the probable ancestral genetic reservoir of GS as the
older the genés the higherthe chance of potentiahutation ratesleadng to positive selection.
Nonetheless, GS is highlighted to be evolutionary important among different bacterial families.



d. Literature review on the potential function of geosmin

A review article by Patrick Fink aborateon the potential ecological functiof volatile
organiccompounds YOCs). These compounds are infochemicalkich are usually in the form
of terpene$ Terpenoids can have seroiemical roles as sheived chemicals, active at a very
low concentration for communication purpds&hey could alsbehave as allelogenshich are
more resistant to degradation and are synthesized on a regular basis for potential protection to the
producing organisfh Figure 8 shows potential ecological functions of VOCs: they could be
involved in allelopathy against competitors, attract or repel predators, be a pheromone against con
specific, or have antibiosjwoperties against paigen$.
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Figure 8: Schematic overview of potential ecological functions of VOCs (Fink, P.)

Geosmin has been studied previousdy elucdate its ecological role being a VOC
produced by a diversity of mictorgansms. There is evidence of it behaving as an antibiotic
againstSalmonella typhimuriuf, a potential side produof carotenoid synthesiand affecting
the behavior of eukaryotes suchfast flies?3, arthropod$’, mosquitog?, antg® and eelé.

I. Geosmin as an antibiotic againSalmonella typhimurium

A study by Diongj C. P. et al. showed that concentrations of geosmin exceeding 18.1 ppm
inhibited the growth oSalmonella typhimurima Gramnegative bactéum, specifically TA98
and TA100 strains. They conclude that these concentrations of geosmin do not reflecs the one
aguatic environments (two orders of magnitude higher), thus may not indicate the ecological role
of geosmin. Furthermore, they reporatitheminimal inhibitory concentration (MIC) of geosmin
increases to 36.2 ppm in the presence of microsomal eszjRae liver SH-.

However,S. typhimuriums not a soil or aguatic bacteria. It is found in the intestines of
animals and human without the presence of m@oproducersi162728 |t is unlikely then that
the ecological rolef geosmins to inhibit the growth ofs. typhimurium.



1 Geosmin as a side product of carotenoid synthesis

A study by Utkilen, H. C. et ashows that geosmin and carotenoid synthesis are linked.
They used two strains of cyanobacte@acillatoria brevisNIVA CYA 7 and Ocillatoria bornetti
NIVA CYA 33/1 as geosmin producéfsTheir first experiment was to measure the effect of light
on both geosmin and carotenoid produttidheir results showed similar trends with a decreased
production ofbothterpenes witlexposure tancreasing light intensity, showing thise pathway
for geosmin and carotenoid synthesis could be connected (Figufe BA9ir productiorbehave
similarly when exposed to different coloured lights (Figure 9B)ey conclude that this
parallelism in response between bttnpenessuggest that geosmin could be aprgduct of
pigment synthestd However, both carotenoids and geasnare biosynthesized through
isoprenoid pathway with IPP and DMAPP as precuts8f$:2%% This parallelism could be
observed for all terpenes as these environrheti@ngescould affect the isoprenoid pathway.
Furthermore, experimental evidence proves that geosmin is produced via a specific cyclization
step®, thus it is unlikely that geosmin could be agrpduct of carotenoid synthesis.

A carotenoids geosnin B carotenoids geosain
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Figure 9: Effect of light intensity and colour on geosmin and carotenoid@Utkilen et al.)?2
(A) The effect ofincreasindight intensiyy on geosmin and carotenoids productiorChy
bornetti

(B) The effect of white, red and green light on geosamid carotenoids production Ky brevis

lii.  Drosophilais repelled specifically by geosmin in moldy fruit

A study by Stensmyr, M. C. et al. itkified a functionally segregateatfactory sensory
neuron (OSN) specific for geosmin detectiorDirosophila méanogastef®. The latter uses yst
as a food source and needs to differentiate between toxic and safe mold growing on fruit. As
previously mentined, geosmin is produced by a diversity of microorganisms including
Penicillium spp.and Streptomyces coelicolowhich produce toxic mold orrdit (Figure 10A).
Geosmin is seen to act as a repellent ag@nssophilg thus indicating the presence of itwx
mold?. They first performed -maze assay (Figure 10B) to test the behavioral significance of
geosminon D. melanogasterOn one end they placed the odorant (geosminparide other end
a control(no odor) Geosmin elicited avoidance at a dilution off{Gigure 10B). Benzaldehyde
is used as a repellent control and required a ¥6ldOdose increase compared to geosmin.
Vinegar was used as an attractant cordtoh 10,000 fold dilutioff. Geosmin is also seen to



override attractioms adding ito vinegar triggers an aversive effect. This proves that geosmin is
a very powerful repellent causing innate avoidahce
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Figure 10;: Geosmin is a repellent tdrosophila melanogastefStensmyr, M. C. etal.)?.
(A) Geosmin structure arf@enicillium sp molds on rotten fruit.

(B) T-maze assay schematic and response index cuiyemélanogasteagainst geosmin,
benzaldehyde and balsamic vinegar.

(C) Identification of ab4B OSN required for geosmin régpele inD. melanogaster.

(D) Oviposition choice assay showing geosmi apecific repellent tB. melanogaster.
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Next, they used electrophysiology to identify the OSN activated by the presence of
geosmin from a total of 46 functionally distinct OSNsdles inrDrosophila ab4B OSN is found
to be necessary, sufficient and exiue for aversion by geosmin (Figure 18Cpix years later,
anotherstudy by Chin, S. G. et al. demonstrated that geosmin binds to a specéar in
Drosophila Or56a receptét. Furthermore, they conducted experiments to verify possible
ecological and evolutionary reason for geosmin repedien Drosophila First, they confirmed
that flies were not able to survive in the presence of érbaicillium expansuror Streptomyces
coelicolor, due to their capacity to produce natural products with insecticidal actidgyn
observed hatlies al® avoided laying eggs on plates containgigcoelicolor Interestingly, the
did not avoid a plate containingnautant strain of5. coelicolordeficient in geosmin production
(J3001). Abolition of geosmin production completely eliminated the repellecesaised flies to
lay their eggs in the harmful plate (Figure 18DIFinally, they verified that geosmin repellence is
conserved in the genuBrosophila Evolutionary and ecologically, flies rely on geosmin
repellence to protect themselves against toxitdmdiowever, this may be a secondary effect of
geosmin as it does not directly affect the fitness of geosmin prodticers

Ilv.  Geosmin as an attraant towards arthropods.

A study by Becher, P. G. et al. indicated that geosmin amdtBylisoborneol (2VIB), a
monoterpene with a similar ¢y odour, could aid the dispersal @treptomycespores via
arthropod8d specifically the springtaiFolsomia candid¥. Dispersal of spres is beneficial for
bacteria as it allows them twlonize new environments. Geosmin antfiB produced bys.
coelicolorattract the springtails, which then feed on the sfom@ed bacteria (Figure 11A). The
spores adhere to the hydrophobic surfacethef arthropods and are then released in new
environnents, while those that are consumed may survive the digestion process and be evacuated
in faecal pellets.

Figure 11: Folsomia candidaspringtails detect geosmin and feed 08. coelicolorspores
(Becher, P. G. et afy’.

(A) Feeding of springtails ont®.coelicolorspores.

(B) SEM image ofS. coelicolorspores adhering to springtails.
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Attraction of springtails towards geosmin andVIB was verified using trapping
experiments using-olsomia candidaand S. coelicolo. The springtail capture per trap was
significantly higher with the presence of VOCs producedShycoelicoloy showing attraction
towards bacteria. More extensive experiments showed that the attraction is emphasized with and
specific to the presence obth volatiles, geosmin andMIB . They also report that 70.8% of
the faecal pellets released by springtail gave viable spores thabg@yar platesiemonstrating
spores survive t heScaamngeacrontisrosdopyg®ES}) confirmmedtthe a c t .
adherence of bacterial spser® the body surface of springtails, specifically at the setae (Figure
11B)".

This study is the first to put forward an ecologicaéfmr geosminwhich is beneficial for
the geosmin producing specie. It shows a symbiosis betweeopmtls andtreptomycewhere
the arthropods benefit from a food source and the bacteria gains dispersal to new ttritories
However, his study does not address the universality of geosmin production and focuses on
species that produce both geosmin arAdIB. Furthermore, this ecologitaole is limited to
geosmin produced in the stationary phas&toéptomycesyhen geosmin is also madiuring
exponential phase in this micrdt 3*. Finally, this ecological role for geosmin is specific to soil
bacteria and potentially fungush asAspergillusand Penicilliuny but not for higher organisms
such as mushrooms or for aquatic organisms such as marine myxobacteria and cyanobacteria, as
currentsalreadypermit widespread dispersaf senescent cells

V. Geosmin as an attractant to vaus eukaryotes

A study by Melo, N et al. showed that geosmin attracts the yellow fever mosgaides
aegyptidue to the installation of favourable oviposition sites by geosmin producers (Figufé 12A)
The larvae and adult mosquitos detect geosmin through their antenna, thus through their olfactory
system*. This study does not clearly elucidate the advantage for mosquitos to lay their eggs in
geosmin rich environments, but it could be possible that they detect geosmutgmo (the
cyanobacteriunKamptonemaPCC6506) as potential preys as they could have obtained resistance
to the antieukaryotic compounds biosynthesized by the geosmin producing b#ciEhia study
however puts forward a cheap and reliable mean for mosquito control in developing countries by
using the peel of beetrogtshich contains geosmin to trap mosquifdes

Another study by Huang, H. et al. determined geosmin to be an attrac@oletwpsis
invicta (invasive arg) as geosmiproducers offer protection through production of -émtigal
compound®. Favored nesting sites showed presenaeiifiobacteriawhich inhibitsgrowth of
fungal pathogens such &eauveria sp Metarhizium sp and Aspergillus sp which are
detrimental taS. invicta(Figure 12B§>. Thean 6 s sur vi v al rates dramat.
presence ofactinobacteria thus showing a clear advantage for thgractancyto geosmin
producers (Figure 129 However, the advantage for geosmin producers was not elucidated in
this study.
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Figure 12: Geosmin attracts ants and mosquitcé-2>
(A) Graphical abstract of Melo, N. et al. showing that geosmin attmaatsjuitosAedes aegypti
to favourable oviposition sités

(B) KaplanMeier plot of survival rate 0®. invice when exposed to fungal pathogens over 10
days by Huang. et af.

(C) KaplarMeier plot of survival rate 0®. invictawhen exposed to fungphthogens with the
presence of thregctinobacteria stias over 10 days by Huang H. efal

A study conducted in 1993 showed that geosminnatar inland marker guiding glass eels
Anguilla Anguilla (L.) towards freshwatét. It is confirmed that eukaryotes are sensitive for
geosmin detectiarFolsomia candid¥, Drosophil&®, Solenopsis invictaAedes aegypti

Anguilla Anguilla(L.) al detect geosmin as either an attractant or repllent. However, the
importance of this universal interaction for the geosmin producers remains to be explained.

e. The life cycle of geosmirproducers and their ecology

Geosmin is prodeed at different growth stages: the lag phase, the exponential phase or the
stationary phase, depending on the producing organiStneptomyces myxobacteria,
cyanobacteria and fungi all have different challenged stressors during their life cycles and
could potentially require the use of geosmitulifferent points. By studying when each organism
produces geosmin we may be able to discern the ecological role of geosmposambkool used
to respond to particular stressor.
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I. Growth stage at which gamin production is activated.
1. Actinobacteria $treptomycespp. as representative genus)

The life cycle ofStreptomycespecies debuts with a germinating spore in the soil, which
branches and forms vegetating/celium. The vegetative supports the latevwgh of an aerial
hyphae, both by supplying nutrients and the production of secondary metdiiditstibiotics
Once mature, the aerial hyphae segments into a chain of spores (Figtire 13)

ATR
Dispersed
spore

SIGNAL\/j

\ / & - reseonse

> < Sensing of
environment

=~ Antibiotics —

Figure 13: Streptomycetife cycle from in the soil(Urem, M. etal.)®.

The duration of each part of ti&treptomycegrowth cycle depends on the presence of
specific nutrients, temperature, humidity andpinder favorable awlitions, with glucose as a
carbon source, the lag phase lasts approximately 0 to 1 day (Figure 14), the exponential phase
spans days-b (Figure 14, 4ll), the stationary phase days85(Figure 14, Hlll) and the death
phase occurs after day 8 (Figure®4
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Figure 14: Geosmin productionand growth stages ofStreptomyces sampsomiihen
fermentedwithSa c c har o my c o mpoataso dgxtoosel medjuen(taken from Du, H.
etal.)®.
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As previously mentionedStreptanycesspp. biosynthesize geosmin through the MEP
pathway during exponential phase and through the MVA pathwagglstationary phase. For
some strains such &treptomyces sampsaqniinder laboratory conditiongeosmin is only
produced during the exportéal phase with a peak concentration at day 5 of 600 Jiglts
concentration is reduced to 80 pg/L by day 9 (Figuré?143 it likely degrades upon acidtion
of the mediur®. It can be the hypothesized th&treptomyces sampsopiioduces geosmin via
the MEP pathway as geosmin is predominantly produced during the exponential phase.

Some streptomyces strains, suctsaaeriouvifer use both the MEP and MVA ratays
to produce IPP dependjron the growth stageading to thdnypothess that geosmin is produced
via both pathways fathis strairf®. OtherStreptomyces spproduce gesmin exclusively during
the stationary phase such ad W and D1W, isolated from fish ponds by Schrader, K. K. &t al
Overall geosmirproduction inStreptomycespp.is dependent on the activity of théEP and
MVA pathways and is not limited to a particular phase of bacterial growth

2. Myxobacteria

As previously mentioned, myxobacteria, particulaMyxococcus xanthusproduce
geosmin via the MVA pathway and the leusthependent pathway The life cycle of the
bacteriumM. xanthusfollows a predatory social behda our wher e @alclks 0f drom
swarm over and eatr@y bacteria(Figure 1543 Under nutrienpoor conditions myxobacteria
aggregate and form circulfuiting bodies that are resistaitdesiccation and staation. These
imyxosporeso can germinate when dis*®ersed in
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Figure 15: Myxobacteriad gegetative and developmental cyek(Mufioz-Dorado, J. et al)®.
(A) Swarm formation of myxobacteria to predate onto bacteria in nutrient rich conditions.
(B) Formation of fruiting bodies byyxobacteria in nutrieApoor conditions.
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Most secondary metabolites biosynthesized by myxobacteria, such as althiomycin and the
epothilones, are produced during the exponential phaleese compounds are thought to either
incapacitate prey, enhaing predatory behaviour, or ward off predatory eukaryotes like amoebae
and nematodé% To my knowledge the growth phadependent production of geosmin has not
been determined for myxobacteria but given the albegeiption it is likely that geosmin is also
produced during the exponential phase.

3. Cyanobacteria

At present we do not have atdéed model of the life cycle of cyanobacteria. It is
dependent on many factors (presence of nitrogen, phospkemyserature, etc.), and consists of
many different stagé% Figure 16 proposes a simplified model for cyanobacteriatyifde*.

NITROGEN FIXATION

heterocysts

Figure 16: Simplified schematic of cyanobacterial life cycle dependent on seasgtense, I.
etal.)*%

Cyanobactesd uses the MEP pathway to produce terpeniikdsgeosminas determined
by studies withAnabaena circinalisa geosmirproducing cyanobactef@®3 From figure 17, the
lag phase is from day-®, the exponential phase is from dag,2he stationary phase is from day
4-7 and the death phase is beyond @y Geosmin is produced from the lag phase to the end of
the exponential phase fér circinalis,suggetng that geosmin is most beneficial for young cells.
Geasmin concentrations greatly decrease at the onset of stationary phasé&jtiay 4
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Figure 17: Growth (filaments/mL) and geosmin production curve ofA. circinalis over 7

days(Rosen, B. H. etal.)*3. It is a bluegreen filamentous cyanobacterium where cell densities
are obtained as a measure of filaments/mL.

4. Fungi

The general life cycle of fungi starts with a spore that will germinate in the soil togarod
hyphae. The latter will feed and growthre soil to then emerge and produce a young mushroom.

The stalk and cap expands to produce a grown mushwoich will then release spores in the air
to restart the cycle (Figure 18)

Fruitbody

Spores
enlarged

Young ( ged)

mushroom

forms

Spores germinate if
moisture and food present

Mating between hyphae
from different spores

Figure 18: Simplified fungal life cycle from spore to mushroom(taken from Manaaki
Whenua)*.

Fungi are eukaryotes and produce sterols and terpenoids via the MVA patfiivay
growth curve ofPenicillium follows an S shaped curve as with the organisms mentioned
previously (sectionse.i.1-3). Some strains of fungi produce geosmin, in partic&anicillium
expansumAspergillussp. and larger mushroom producers suctCaginarius herculeusand
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Cystoderma amianthinurf®> However, the biosynthesis of geosmin in fungi has not been
extensively studied?. expansuns the most studied fungal geosmin producer.

A study by Mattheis, J. P. et al. collect@n headspace sample¢se geosmin produced by
P. expansurRR8930o0ver 4 days. G@/S analysis of these samples showed varying results with
higher geosmin productio (1.55 ng/L) between day 3 and 4 (Figure 19A),ridg the
exponential/stationary phaseRéniciliumgrowth4,

Anotherstudy onthe prodation of (-)-geosminby P. expansunby La Guerche$. et al.,
showed thatit is enhanced by the presence of another funBasytis cinerea A kinetic
experiment was made in order to verify the influence of tlBeecinereastrains, C7#,
UMRSV01M103 and SAS 56 on the quantity of geosmin producd®l iypansunover 10 days
(Figure 19B). The exposure &f. expansunto differentB. cinereastrains generates different
geosmin production curves, each of which start at thet @idbe exponential phase. Geosmin
concentrations increased throughout the expislgohase, peaking at 35 ng/L on day 7 for the
exposure ofP. expansunto C77-4 (Figure 19B). The authors hypothesize that some activator
metabolites produced . cinereacould trigger geosmin productith
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oL | 535 ——C77-4 (ng/l
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I_l 5F . 25

R 2 1P,
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S 104
o 2F 4 5
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! 2o Days after B. cinerea inoculation
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Figure 19: Geosmin quantitation and kinetics ofits production3444

(A) Geosmin guantitation using GKAS aralysis of headspace samplefofexpansurover 4
days v, controls;o, experiment 1@, experiment 2 (Mattheis, J. P. et dl.)

(B) Kinetics of geosmin production B3. expansurwhen exposed tB. cinereaSAS 56, C774
and UMRSV01M103 strains (La Guerche, S. ef4l.)

ii. Common life cycle cti@nges of geosmin producers

1. Symbiosis needed for growth and survival

Streptomycetes originated approximately 400 million years ago, caigcmith the
development of green plants. They played a part in the formation of ancient soil due to their ability
to solubilise cell walls and other components of dead insects, plants and fungi leading to the
formation of cellulose and carbohydréfes
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Most of the antibiotics, anticancer and antifungalg$s known today originate from
Streptomyces sppleading to the belief that these microorganisms are potential predators and
tough competitcs. However, this is not always the case, as n&mgptomyces sppre preyed
upon by other microorganisfisThey also engage in mutualistic interactions with plants and other
organisms for better growth and survitfaBeveraStreptomyces sppre plants endophytes: they
promote plahgrowth and protection from pathogens through secondary metabolite production
while plants offers shelter andlicéose to the symbiotic bacteffa

Another example of a beneficial interaction is a symbiosis between beewolf solitary digger
wasps Philanthus spp.andCandidatus Streptomycesilanthi. The waspparalyzeshoneybees,
then feed its larvae by placing them in soil brood cells (Figure 20Wkside the soil resides
bacteria and fungiwhich can kill the newborn larvde For protection, the wasp releases
Streptomycebacteria from their antennal glands (Figure 20B) the brood cells containing the
larvae. Antibiotics produced by these microbes keep the larvae healthy exetiamge, the wasps
offer food and shelter to ti&treptomycespp?’.

Figure 20: Symbiosis of keewolf wasp andStreptomyces philanthbacteria (Kaltenpoth et

al., 2005}

(A) A beewolf wasp hunting a honeybee.

(B) Candidatusstreptomyces philantiebntained in the beewolf wasp antennal glands stained
with the Cy3labelled probe SPT177.

Some bacterial endosymbionts (supposedly actinomycetes) produce geosmin within the
ameebaVannella The amoeba offers the enobes food and shelter, but the fithess advantage
provided bygeosmin is unknow.

2. Quorum sensing is important for bacterial communities

Quorumsensing (QS)s a form of bacteria communicati@ssential for the maintenance
and protectiorof their community Intraspecific QS withthe use of specific compounds can be
used 6 communicate with only sarspecie cellS. QS defectors can then be eliminatads
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allowing toseparate a bacterial population frogds that disrupt normal community behavitxel
cheater celf. However, cheater cells can also have the required receptors for QS making it not
the best methibfor discriminatiofi®. QS can also be involved in interspecies communication and
extend relationships with other bacteria, eukaryotes and mediatpaibeten interaction’s

Terpenedike pinene, limonene, vanillin and cinnamaldehyu®/e been previously found
to inhibit or enhance QS and disrupt bacteriahoounitie$>2 Geosmin a a sesquiterpene may
be involved in QS beteen bacterial communities.

lii. Major stressors for geosmin producers

In the soil, micreorganisms are exposed to multiple stressors and develop secondary
metabolism to response to these threats. These stressors include changes in temperature, humidity,
pH, absenceof nutrients,predationand even stochastic events suchtasnss, earthquakes, and
forest fire§6:53%,

When temperature increase in the soil, such as in the spring or summer, bacteria and fungi
undergo early sporulation to become heat resiétartte rise in temperature can alscelerate
germination from dormant fungi and bacteria cdllsiring low temperatures, micitarganisms
protect themselves by inducing dormanaehjch is characterized as a hardy, fieplicative state
permitting resistance against unfavorable environnéntShe unfavorable environments
include dryness, drastic change in pH (most manganisms are neutrophils), presence of
bacteriostatic antibiotic or antifungals, or an infection by a patidgenThe slowgrowing
micro-organism could then tolerate these harsh condftiofi® exit dormancy, the detection of
favorable conditioa is needed. Some studies have shown that fragments of peptidoglycan
(muropeptides) triggers germination in dormBacillus subtilisspores®®’. Geosmin may be a
small molecule that could accelerate growth of mimrganisms as it is seen to be produced during
exponential phase.

The two main predators of geosmin producers are amoeba antodem@-igure 21)
which aremuchlarger and carasily engulf the*®>8 In responsegeosmin generatinmicro-
organisns produce amebicides and toxins tovéve their predabrs’® 62, The stress caused by these
predators is exacerbated upon precipitationgnasebaalone can be responsible for 60% of
bacterial deaf.
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The Soil Food Web
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Figure 21: The soil food web, organisms and theinteractions as preys/predatorg®.

1. Major predators of geosmin producers
a. Amoeba

Amoeba are unicellulaprotozoareukaryotesThey are 2675 times bigger than bacteria
and use phagocytosis to engulf their food (mostly bactéri@here are four steps during
phagocytosis: (1) entrapment of preysng the plasma membrane, (2) formation of a vacuole to
contain the food inside the cell, (3) fusion of lysosome with vacuold4rigisosome digestive
enzymes break down and digest the engulfed food (Figufé 22)

formation of
food vacuole

'&F’ within cell
o

< &r 'II:

entrapment of
food particle

food particle

fusion of
lysosomes with
food vacuole

digestion of
food particle

Figure 22: Schematic of phagocytosis employed moeba to engulf bacterial prey€’.

Protists activity have previously been sde be affected by VOGS However, this is
strongly dependent on the interacting bacteria and amoeba demonstrating an involvement of
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terpenes on predatprey relations. In mostases, amoeba appgty have evolved to recognize
terpenes as attractants guiding them to potential preys from a diStditeese terpenes can also
be bacterisspecific, permiing the amoeba to cha@sheir preys. In other cases, VOCs may even
repel protists, providing an ecological advantage to their prodicers

b. Nematodes

Nematodes like the weknown specie€aenorhabdis elegansare soil predatorsvhich
threaten the survival of geosmin producers (Figure 23). Adluétlegansare around -2 mm in
length, approximately 1000 times bigger than badeidematodes readily engulf bacteria due to
their significant size over their preys. However, bacterigehdeveloped secondary metabolite as
defence chemicals against nematode predidtidike amoeba, nematodes also have sensory
neuron receptors capable of recognizing VO@sich could indicate presence of food (isoamyl
alcohol) or danger (Butanoné®. It is possible that geosmarcts as a repellent these worms,
preventinghem from eating the geosmin producers.

Figure 23: Adult C. elegan®n white background (picture from Utrecht University).

Nematodes also permit dispersal of bacteria and fungi: live and dormant preys can stick to
the surfaces of. elegansand thenbe released to colonise new environmé&htIhere is also
evidence that some bacteria can survive in the digestive tract of nersatiodbereleased as fecal
pellet$8. Symbiosis betwee@. elegansand microbes @sent in the worm digestive traaiso
occus. The nematode provides food, shelter and potential dispersal of the bacteria, and the
microbes provides protection against pathogens, bettenune system responses and
developmenandsynthesis of vitamirf&. It is possibleghat geosmin is an attractive signal for the
developmenbf mutualidic interactions with nematodes.

Actinobacteria, myxobacteria, cyanobacteria and fungi all produce geasmng the
exponential and stationary phase, suggesting its importance during their feeding/hunting
behaviour, their growtrand theirtransition b senescené&®23437.89| first examined the effect of
geosmin on the lag phase B&cherichia colito determine if it permits an earlier exit from
domancy. Subsequently, | measured the effect of geosmin on the growth of various bacterial
strains to rule oudiny potential antibiotic activity. | investigated the role of geosmin on the feeding
behaviour oM. xanthusas a protease adjuvant and obsendffects on QS. Finally, | performed
predation assays usilgmoebaand C. elegansas well as bioinformaticanalyses on GS to
elucidate the ecological function and importance of geosmin. | propose that geosmin is a warning
chemical advertising the produat of toxic secondary metabolites.
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2 Results and discussion

a. Effect of geosmin on the lag phase @. coli cels

Upon rainfall, dormant cells stochastically germir&te This germination coincides with
an increase imerosolizedgeosmin due to it being released intbe air as rain droplets hit the
ground® While geosmin appeared unlikely to pentréhe hard outer coat of spores, we
hypothesized that it could serve as an early gragtal andset out to investigate its effect on
shortening the lag phasebf colicells.

To do thisk. coliMG1655 was incubated in liquid culture at 37°C and 28, rbefore
dilution to 0.5 McFarland standard (1.5 x*XDFU/mL), then subsequent dilutida 1.5 x 16°
CFU/mL in minimal media, with or withoyt:)-geosmin. The concentration @)-geosminused
was 0.1 ppm, the average concentration detected froAMi&@nalysis oM. xanthuscultures
(vide infrg). Cells were incubated for 4 hrs, to allowrth& reach exponential phase, and plated
onto agar. Following overnight incubatiamlonies were caued The results are shown in Table
2.

Table 2: Determination of the effect of(x)-geosmin on the lag phase @&. coli MG1655.

Conditions  *10°CFU/mL  Average (*16 CFU/mL) Standard Deviation (*10

CFU/mL)
E. coli+ 447
Methanot 870 689 218
752
E. coli+ 628
Geosmif 712 679 45
698

aMethanolvolume is10uL.
b Geosmin dissolved in methanol, @fam concentration

A higher number of quaified cells would equate to an earlier access to the exponential
phase which would translate to a sttening of the lag phase. However, the average CFU/mL
count for both assays was equivalent to well within standard devi&@o@4, student T test).
(x)-Geosmindoes not appear to reduce the lag phage 0bliMG1655.

b. Antibiotic properties of geosmin

As stated in sectiod.d.i, geosminwas determined to inhibit the growth of the Gram
negativebacteriumS. Typhimuriumat 18.1 ppm (18.1 ug/me) Gramnegative bacteria differ
from Grampositives with the presence of an outegmbrane and a thinner peptidoglycan layer,
making themmore resilient to small mecule toxing?. As S. Typhimuriumis not present in the
soil and is not likely to interact with geosmin produéérsdecided to expose geosmin to soil
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Grampositive lacteria and another Gramegat i ve bacterium to veri:f

properties.

To verify this hypothesis, | expodét)-geosmin to 3 different soil Grapositive bacteria
in order to determine its MIC (Table 3, Fig@®. The 3 soil Granpositive bacteria ar®l. luteus
DSM 20030B. subtilisDSM 10 andB. thailandensi€264.K. aerogeneATCC 13048 was also
exposedd (+)-geosmin for MIC determination as a Gramegative bacteria control. Methanol
(MeOH) was used as a control due to (thegeosmn standard being diluted in methanol.

Table 3: MIC of (£)-geosmin agains# bacterial strains.This includes3 Grampositive
bacteria . luteus, B. subtilis, B. thailandensand 1 Grarmegative bacteriak( aeorogenes

Bacteria Strain MIC (£) -Geosmin (ug/mL) MIC Methanol (uL) @
M. luteusDSM 20030 250 50
B. subtilisDSM 10 250 >50
B. thailandensi& 264 62.5 6.25
K. aerngenesATCC 13048 500 >50

2The (x)-geosminsample was dissolved in methanol at a concentration of 2 mg/mL.

500 250 125 62.5 31 16 7.8 3.9 1.9 0.9 (pg/mL)
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Figure 25: MIC determination of (£)-geosmin against 4 bacterial strainsThis includes3
Grampositive bacteriaN]. luteus, B. subtilis, B. thaihdensisand 1 Grarmegativebacteria K.
aeorogenes The pink and white circles reveal live and dead cells respectively. Column 11 is a
sterile control and column 12 is a growth control.

From Table 3 and Figure 25, the MIC(a&)-geosmin against the @mn-positiveM. luteus
is arourd 250 pg/mL, forB. subtilisit is 500 pg/mL and foB. thailandensishe MIC could not
be determined due to inhibition from thiethanoktontrol. These are relatively high concentrations
of (x)-geosmin, much higher than thestature value of 18.1 pgpl. Additionally, the MIC for
(x)-geosmin against a Granegative bacteriunk. aerogeness 500 pug/mL, which is as high as
the MIC value againd®. subtilis ()-Geosmin does not seem to have an antimicrobial function.
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c. Effect of geosmin on protein stabilzation

I. Geosmin production byl. xanthus

The hypothesis that geosmin could be a protein solubilizer was generated from the
observation of the growth and geosmin production curvelsl byanthusDK1622. The growth
curve was deterimed using Olgoo measuremes over 9 days of a culture of DK1622 in 1% CTT
incubated at 30°C and 225 rpm. From Figure 26, the lag phase of DK1622 is fromdthe0
exponential phase is from day64the stationary phase is from day,Ghe death phase beyond
day 9.Clumping kegan at day 7 causing unreliable data.
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Figure 26: Growth curve and geosmin production ofM. xanthus DK1622 in 1% CTT.
Geosminconcentrations were determined via-®S, with the aid of a calibration curve derived
fromsolutionso f aut hentic geosmin. A Cell segbegan to
measurements.

Table 4: GC-MS results of geosmin quantitation in the cytoplasm (tracellular) and media
(extracellular) of M. xanthusDK1622.

Extraction Location [Geosmin] (ppm)
Day 2.5 Day 4
Intracellulaf 0.015353 0.1151
Extracellulaf 0.043 -
FullP 0.07 0.4105

a1:4 extraction with EtOAC.
b1:1 extraction with EtOAC.

The geosmimproduction curve was generated using-MS analysis of extracted
bacterial cultues. This analysis was made with the help of Anic Imfeld, a PhD student in the
Gélinas lab at Concordia University, Montreal, QC. As shown in Figure 26, geosmin production
stats at the onset of the exponential phase at day 4. Furthdi&@analysis showetthat most
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geosmin is present in the media rather than inside the cytosol of DK1622 cells (Table 4). At day
2.5, 61.4% of the detected geosmin is present extracellulartye imédia. This could mean that

the ecological role of geosmin is outside of thiksscé could potentially solubilize or stabilize
extracellular proteins such as digestive enzymes, thus aiding in the feeding behiior of
xanthus

ii. Circular dichroism anaysis of the effect of geosmin loovine

serumalbumin.

Bovine serum abumin (BSA) is a hydrophobic protein mainly constituted of alpha
heliced®. Geosmin is a hydrophobic molecule with a single hydroxyl gradnch can ermit
hydrophilic interactions. Geosmin could potentially coat B&Ad solubilise it in aqueous
environments. To address this theory, | perfornogdular dichroism CD) experiment to
determine if geosmin stabilizes the secondary structure of BSA dudngdhdenaturation.

As heat denatures BSA the molar ellipticity the protein increases, particularly at
temperatures higher than 80°C (Figure 272A3odiumdodecylsulfate (SDS) is a surfactant that
has a protective effect on proteins upon thermal denaturation and was used as a positiV& control
SDS coats and denatures proteins throtglhong aliphatic tail, exposing the hydrophobic and
buried amino acids in aqueous solution permitting solubilization and stabilization of the protein.
A study by Moriyama et al. showedatha concentration of 0.75 mM of SDS permits retention of
the helcity of BSA (Figure 27, B). This retention of the secondary structure of BSA shows a
protective effect, characteristic of a protein stabilizer
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Figure 27: CD curves ofthermal denaturation of BSA with and without SDS.

(A) CD curves of BSA at 25, 80 and 130°C. Thermal denaturation is observedrat 830°C.
(B) CD curves of BSA at 80°C with 0.75, 2.0 and 10 mM of SDSR@}ention of secondary
structure of BSA is observed with 0.75 mM of SDS (Moriyama etal.)
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CD analyses were made at three constant temperatures: 25, 50 and 80°C (Figure 28), with
1.26 &M BSA and (-pgedsmie or 0.6 mMBSD& Nhe atlbilizing effect of
SDS is seen at 80°C (Figure 28, C), butlmpt-)-geosmin at any temperature; the BSA control
curves and-)-geosmin experimental curves overlap (Figure 23)Geosmin does not seem to
stabilize BSA at 80°C.
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Figure 28: CD analyses of the effect of-)-geosmin on BSA at three consta temperatures.
[BSA] is 1.25 pM, [-)-geosmin] is 0.18 mM and [SDS] is 0.75 mM. The wavelength window is
from 200240 nm.

(A) At 25°C.

(B) At 50°C.

(C) At 80°C.

The next CD experiment was made at varying temperatures. The sample was heated from
25 t080°C, kept at 80°C for 30 min, then cooled fromZBIC at a rate of 1°C/min. As seen in
Figure 29, the curves of both BSA control and BSA Wijfgeosmin exprimental overlap,
suggesting that)-geosmin does not appreciably stabilize BSA during thedmia&turation to
80°C and cooling to 25°C. From the results from Figure 28 an@)2§eosmin does not seem to
stabilize proteins.
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Figure 29: CD analysis of the effect of-)-geosmin on BSA at varying temperature[BSA] is
1.25 pM, [-)-geosmin] is L8 mM and [SDS] is 0.75 mM. The wavelength used is 208.6 nm.
Heating was made at a rate of 1°C/min.

(A) CD analysis of the effect ¢f)-geosminon BSA upon heating from 280°C.
(B) CD analysis of the effect ¢f)-geosmin on BSAvith a 30min hold at @8C, followed by

cooling to

25°C.

d. Effect of geosmin on protease activity

To orthogonallyverify interactions between geosmin and hydrophobic proteins, | analyzed
the effect of geosmin on protease activity usirifyiaresceirthiocarbamoycasein (FTGcasein)
fluorescent marker. For this assay, proteases twhnxanthusDK1622 and trypsin wer¢he
proteases used. During the experiment, f€&€ein is cleaved, and the environment around the
fluorophore changes (Figure 306% An increase in fluorescent signal correlates to an increase in
protease activit{f">.
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Figure 30: Schemadic of cleavage of FTGCasein by a proteas®.

For this assay, | adde@)-geosmint o
delivering higher fluorescent signals. Methanol was used as a control for this assay. Figure 31A
B shows the results of the activity M. xanthusDK1622 proteases and trypsin respectfully,
without and wih the presence df)-geosmin and/or methanol. The results wih-geosmin
and/or methanol overlap revealing a slight decrease in the activity of trypsin (Figure 31). This
could be due to the methanol interfering with the fluorescein, gaitoyver sigal. From these
results,(x)-geosmin does not enhance the activity of proteases and is unlikely to be a digestive
enzyme adjuvant.
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(A) Determination of the effect ¢f)-geosmin on M. xanthuSK1622 protease aeity.

(B) Determination of the effectoff)-e o s mi n on trypsinds activity.

e. Effect of geosmin on quorum sensing.

A study by Ahmad et al. demonstrated that some VOCs could iniQisit.
Chromobacterium violaceuproduces a purple pigment, violacein, which is under control of a QS
system. Inhibition of violacein, of the purple pigmentation correlates tohanition of QS. This
inhi bition 1s also enant i ospmpnene ardilimoaenea(figuneg t h e
32)%%, (+)-Borneol enhances Q®@ (-)-borneol inhibits QS (Figure 32) As geosmin is a volatile
organic terpene like bornedlinvestigated its effects d@S.
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Figure 32: Violacein inhibition assay of the exposure of VOCs t€. violaceum(taken from
Ahmad etal.)*. The black bagraphs show the minimal QS inhibitory concentration, and the
grey bars show 0.5 x minimal QS inhibitory centration.
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I.  Violacein assay on 9%ell plates

QS inhibition was measured using aWéll plate usingC. violaceumand racemic (%)
geosmin. Methardawvas used as a control as it is the solvent used to dissolve the standard ()
geosmin. Vanillin andranscinnemaldehyde are used as strong QS inhibitor positive controls. (
)-limonene is used as a mild QS inhibitor positive contsplJ{pinene is useds a negative control
as it is a QS enhancer. Table 5 shows the violacein assay results as weM#S tesults of the
exposure of (geosmin, methanol, vanillin, trattnnemaldehyde;)-limonene and-j-U-pinene
againstC. violaceumThe results oft)-geosmin and methanol overlap, suggesting that geosmin
has no effect on QS @. violaceum

Table 5: Results of violacein assay and MIC test on 9%ell plates of (+}geosmin, methanol,
vanillin, trans-cinnemaldehyde, {)-limonene and ¢)-U-pinene again$ C. violaceum

Terpene Violacein Inhibition (pg/mL) MIC (pg/mL)
() Geosmin 125 250
MeOH 12.5[pL] 25[pL]
Vanillin 0.03125 0.25
Transcinnemaldehyde 0.015625 0.0625
(-)-(S)ylimonene 0.25 >0.5
(-)-Upinene >0.5 >0.5

ii.  Violacein assay using agar broth dilutions

The violacein assay was also perfornusthg agar broth dilutions. The results are shown
in Figure33. These results show no a@ effect from (£)geosmin at a concentration of 10
pg/mL. ()-S-limonene shows mild QS inhibition and tracisnamaldehyde shows full QS
inhibition as well as antirarobial activity at 0.5 pg/mL.

Control (x)-Geosmin (-)-S-Limonene  Trans-cinnamaldehyde
10 pg/mL 0.5 pg/mL 0.5 pg/mL

Figure 33: Violacein assay using agar broth dilutionsThe concentration of (¥peosmin used
was 10 pg/mL, the conceation of of €)-S-limonene and transinnamaldehyde used was 0.5
pg/mL.
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li.  The function of gesminas a quorum sensing inhibitcs

enantioselective

Instead of ging a solutiorissolved in methanplvhich hasknown effects on Q%, | used
pure(-)-geosminthe naturdy produced form of the VOtfor subsequent experimentsplaced
5 pL of a high concentration o0Img/mL of ¢)-geosmin on &. violaceunplate and observed
the result shown in Figuré4. The droplet shows a clear cens&lowing antimicrobial activity,
covered by a white outdayer proving cell survival with violacein inhibitiorsuggesting that)-
geosmin inhibits Q@Figure 34) Similar effecs were not seen with a drop of (gjeosmin on &.
violaceunplate.

Figure 34: Violacein assay using agar broth dilution and+)-geosmin.A 5 pL droplet of [)-
geosmif of 10 mg/mL was placed onto the plate containihgyiolaceum

f. Geosmin as a defense chemical against amoeba predation

As mentioned previously, amoeba may be responsible for up to 60% of bacterial predation
following rainfalf. To determine if the ecological function of geosmin is to guard against amoeba
predation bacteria viability assays were adapted from Xiao, Y.t @he predator used was the
amoebaNaegleria GruberiATCC 30223 and the prey w&s coliMG1655. Geosmin was added
in to determine its effect against amoeba predation.

i. Predatbnassay in liquid media

The protocol was adapted from the killing assay from Xiao, Y. &t abli (0.5 McFarland
standard) was incubated with amoeba cells for 2h at 37°C and 225 Rigure 35A). The media
used isamoebasaline (AS) which is minimal media adapted for amoeba. The amouit obli
cells that survived predation by amoetvashown in Table 6 (Figure 35B). A higher number of
guantified cells equates to a higher resistance against amoeba predation.

From Table 6, a higher number of cells is attributed to the assay contgrgepsmin
leading to the belief thdt)-geosmincould aidE. colicells against amoeba predation. However, a
student Ttest revealed a-palue ofP=.21. From this assays)-geosmin does not seem to aid in
the survival ofE. coliMG1655 against predation Y. gruberiATCC 30223.
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Table 6: Results of tre effect of(-)-geosminonE.coli6 s sur vi val against amc
in liquid media.

Conditions *10° Average (*10 CFU/mL)  Standard Deviation (*10
CFU/mL CFU/mL)
237
216
151
329
E. col? + Amoebd 216 253.6 79.87
219
422
214
278
228
206
287
E. col® + Amoebd 78
+ (-)-Geosmifi 193 433.2 405.3
1431
416
518
542

&E. colistrain used is MG1655
b Amoebastrain used is ATCC30223
¢ (-)-Geosmindissolved in nanopure waté.1 ppm concentration

Figure 35: Liquid assay of amoeba predation ork. coli cells.

(A) Picture of assay in 37°C incubator.

(B) Agar plates covered with surviviri§y coliCFU. The agar plate contains epothilone, an-anti
eukaryotic metabolite, permitting to selectivélif the amoeba cells, allowing the colicells to
grow and be quantified.
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ii.  Predation assay in solid media

Table 7: Results of the effect of geosminoB.coidé s sur vi val against amoe
solid media.
CFU/mL
Conditions Dilution
10° 10¢
88 10
E. colid + Amoeb& 154 11
186 19
129 24
E. coli2 + Amoeb& + 0.1ppm geosmif 78 17
103 18
91 9
E. coli® + Amoeb& + 1 ppm geosmif 172 27
131 20
107 9
E. coli2 + Amoeb& + 10 ppm geosmif 147 14
147 20

2E. colistrain ugd is MG1655
b Amoeba strain used . gruberiATCC30223
¢ (-)-Geosmindissolved imanopure water

After obtaining the results from the liquid test, | decided to switch to a solid assay using
AS agar plates. The liquid media might have prevented thelanoadls from effectively preying
on theE. colicells due the high motility of the latter in liquidedia. The results of this study are
shown in Table 7. A studentf€st revealed the lowestyalue atP=.15, for the exposure to 0.1
ppm of (-)-geosmin. lwever, this value is still higher than the standard of 0.05, depicting
insignificant results. Therns insufficient evidence from this solid assay to support the hypothesis
that(-)-geosmin could reduce predation by amoeba.

lii.  Swarming assay on solid media

Swarming assays, adapted from Xiao, Y. et al were made to evaluate the eff@ct of
geosmin on the igration of amoeba int&. colilawn®. A 10 pl aliquot ofE. coliMG1655 of an
ODeo=50 was added to minimal media AS plate. An aliquot of 5ul of amoeba cells of an
ODeo=0.7 was added adjacently to the prey drop (Figure 36A). The migratimmacisof the
amoeba cells into thE. colidrop is measured every 7 days for 21 days (Figure 3BiBgrent
concentrations of-)-geosmin are added to the coli lawns: 0.1, 1 and 10 ppm. There is a
significant P=.01145)decrease in migration distancktbe amoeba cells into tHe. coli lawn
with (-)-geosmin at a concentration of 0.1 ppm comparedh& negative control; at this
concentration(-)-geosmin appears to act like a repellent or deterrent (Figure 36B). At 1 ppm
however there is a significanhdrease P=.002768)compared to the negative contial the
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migration distance of the amoeba catio theE. colilawn, suggesting thgt)-geosmin instead
acts as an attractant (Figure 36B).

There is evidence showing th@)-geosmin may act as anratttant at 1 ppm, and a
repellent at 0.1 ppm towards the amobbgruberiATCC 30223.

—~ 67
B E ¢
E  5- i
Q
(2 | _ *
Amoeba 5§ 1 3 fj
s i i
= 2+ o
3 1 *
= i
0-¢ T T T
0 7 14 21
Day

E. coli+ Amoeba e E. coli+ Amoeba + 0.1 ppm geosmin
® E. coli+ Amoeba + 1 ppm geosmin @ E. coli+ Amoeba + 10 ppm geosmin

Figure 36: Swarming assay of Amoeba. gruberi ATCC 30223 intoE. coli MG1655 lawn.
(A) Picture of swarming of amoeba cells into Ehecolilawn. The pink doubkaeaded arrow
shows the migration distance of the amoeba cells int& tleeli lawn.

(B) Results of swarming assay of the effec{-9pfgeosmin on amoeba swarmingBncolilawn
(n=3). Statistically significant deviations compared to the negative c@atrobli+ Amoeba
are indicated by * (P < 0.05) or ** (P<0.01).

g. Geosminas anaposematic signal taC. elegans

The previous experiment with the amoéhagruberias a predator suggests that geosmin
acts as a repellent at 0.1 ppm and as an attractargpah 1This experiment however, lasted 21
days. Geosmin is unstable in acidic dasic mediP’° and could have differentially evaporated
from the agar plates, poterdljaimpacting predation byN. gruberi.A faster assayasrequired,
and so | switched to predation assays using the predatory ner@ateldgans

I. Chemotaxis experiment with elegans

A chemotaxis assay was made to evaluate the effect of concentratipgedsmin on N2
adult C. elegansThis experiment was conducted with the help of Karina Mastronardi, a PhD
student working in the Piekny lab at Concordia University, Mohtf@@. Itwas performed on a
minimal media plate containing)-geosmin (at different concentrations) at one end and nanopure
water on the other end as a control (Figure’3%) Each liquid contained levamisole, an
anaesthetic that suppressed nematode movement near either drop, allowing futifreatjoant
Fifty worms were starved, washed three times in minimaild@n media, and then placed at the
center of the plate. After onetr of incubation the chemotaxis index was calculated. This is equal
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to the difference of the number of worms at thpeziment ad control drops divided by the total
number of worms. The chemotaxis index can vary from +1, indicating perfect attractidn, to
indicating perfect repulsion.-RButanone was used as an attractant control and gave a chemotaxis
index of 0.58 towardsC. ekgang(Table 8%677:78

Geosmin + Levamisol

Control + Levamisol

Figure 37: Schematic of chemotaxis assay plate of the effect(ef-geosnin on adult C.
elegans Different concentrations df)-geosmin were placed to verify if the effect(ef

geosmin is concentration dependent over 1 hr. Levamwaslused to paralyse the worms upon
contact with either drop (n=50).

Table 8: Results of the(-)-geosmin chemotaxis assay with adu. elegansPositive
chemotaxis index implies attraction, negative chemotaxis index implies aversion or repellence.

[(-)(-iiz?r?qsl_r;m] Worms |rISI(C)-()):[Geosm|n Worms in Control Spot Chlir(;\é))t(gms
54000 14 10 0.08
5400 15 7 0.16

540 10 10 0
54 10 5 0.1
5.4 6 12 -0.12
0.54 4 14 -0.2
0.054 17 8 0.18
0.0054 11 7 0.08
0.00054 11 5 0.12
2-butanone 30 1 0.58

2 Fifty adultC. elegansvorms per trial. Singlicate experiments, unless otherwise noted.
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b Chenotaxis index calculated as

¢ Experiment ran in triplicates. Theverage chemotaxis index48.1, s = 0.11.

The results sbwn in Table 8, show different chemotaxis index results at varfsng
geosmin concentrations. At higher concentration§8400 pg/mL),(-)-geosmin acts as a mild
attractant, at lower concentration (0:54 pg/mL)(-)-geosmin act as a milepellent. Havever,
at very low concentrations (0.00694054 ug/mL),(-)-geosmin acts as an attractant again. The
most significant chemotaxis index result from the exposufe)-@feosmin toC. elegangs -0.2,
which shows mild repellence at a concemrabf0.54 ugmL (with an average chemotaxis index
of 0.11) The concentration of-)-geosminslightly influences thechemotacticbehavior ofC.
elegans Although this effect does not appear to be significeanthemotaxisthere was a change
in behavior observed undire microscopat all concentrationd he worms moved with an erratic
behavior in the presence @j-geosmin when compared to the control.

ii. Geosmin alters nematode behaviour

To determine if-)-geosmin inhibitedacterial predatorsve tested its toxicjt againstC.
elegans(-)-Geosmin had no effect on nematode viability over-ar2deriod (Figure 38/8, Al).
Addition of (-)-geosmin tcE. coli did not reduce the time required fGr elegango locate prey
colonies, or reduce feedj once such coloniesare located (Figure 38R, Al).

120+ 120
_ ® Bleach (2.625 mg/mL) ® Bleach (2,625 mg/mL)
§ 100 ! % Negative control g 100 i Negative control
i 80 1 Geosmin (0.54 ug/mL) % 80 % Geosmin (0.54 ug/mL)
3 60 Geosmin (5.4 ug/mL) %” 60 Geosmin (5.4 ug/mL)
G 40_‘ ® Geosmin (54 ug/mL) o ® Geosmin (54 ug/mL)
pus - 40
g 2 2-MIB (1.5 ug/mL) 4 2-MIB (1.5 ug/mL)
1 2-MIB (15 ug/mL) a0 2-MIB (15 ug/mL)
t——O0— —O@— @ 2-MIB (150 ug/imL) 0@ © © —@— @® 2-MIB (150 ug/mL)
0 2 4 24 0 2 4 24

Incubation time (hr) Incubation time (hr)

Figure 38: C. eleganssiability in the presence of(-)-geosmin,2-MIB and bleach.
Experiments were conducted in triplicates with 5 aGuikélegangper well (n=15).
(A) Viability assay ork. colisupplemented NGM ples.

(B) Viability assay on plain NGM witholE. colias food source.

However,(-)-geosminst r ongly altered the wormgoH6 beha
geosminlaced plates moved more erratically than those on control plates, repeatedly changing
direction and favouring more linear movemeAd(itional file 1011). To track this change in
behavwour we followed the movement of the worms in Imaris and noted significant changes in
their track linearity (Table 9). The behaviour of the worms themselves weasuned with
WormLab, which revealed perturbations in center point and head movement jagr{ddiole 9).

To determine how(-)-geosmin was causing these changes in nematode behaveur
compared the movement of a rangefelegansmutants in the psence or absence -
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geosmin. The behaviour of a mutant defective in chemot@xislegasNL2105, was unaffected

by (-)-g eos mi n, confirming that the terpeneds eff
machinery (Table 9Additional file 1213)’°. Ge o satvitywdssretained in worms deficient

in the sensing of volatile attractants and repellents (mutants lacking AWA and AWB neurons) but

lost in worms lacking the gustatory neuron ASE. The ldi#srbeen previously implicated in the

sensing of watesoluwble attractants and movement away from food as prey populations
decliné®8L

Table 9: Comparison of C. elegangnovement on(-)-geosmin (0.54 pg/mL) and nos(-)-

geosmin NGM plates using Imaris (Track line) and WormLab (Peristaltic speed,

periodicity). Significant effects by-)-geosmin are represented by a red Bbox 0.05) and non
significant effects by agreenbd®® 0. 05) . Experi ments were cond.
three worms per plate (n=9).

- Track Line Peristaltic Periodicity
C. elegans Sensory Deficiency o Speed
(%) (LM/s) (Hm)
N2 Wild type

BR5514 AFD, ASE and AWC

CE1248 AWA
CX2065 AWB and partial AWC
CX2205 Olfactory system
CX5893 AWC

NL2105 Chemosensation

PR674 ASE

P 00.05

ii. Geosmirdeters feeding on its proders.

As geosmin did not limit predation &. coli by C. elegansto test its effecin situ C.
elegansvere added to plates containing colonieSotoelicolor using both thevild type (WT)
S. coelicolorM145 and mutant strains lacking in the prodwuttof geosmin (J3003) and both
geosmin an@-MIB (321925283 WhenC. elegandN2 were added t&. coelicoloM145 or J3003
the majority of worms localized outside of the bacterial colonies over a 4 hr period (Figure 39A).
When added t&. coelicolorJ2192 worms were predominantly found witthe bacterial colony
at the 2 hr, 4 hr an24 hr mark (Figure 39A). Worms lacking the ASE neuforglegan$R674,
localized within the bacterial colony at all time points (Figure 39B). In all experiments, nematodes
consumed the bacteria, as notedily presence of red bacteria within the guthef nematodes
(Figure 39E). The addition of worms lead to rapid sporulatio®. @oelicolorand the production
of the toxic bacterial metabolite actinorhodin (Figure 8@Fjhe majority of worms within the
bacterial colony at the 24 hr mark were coated in white bacterial spo@sither exhibited
distress behaviouA@dditional file 14, or appeared dead. The movement of worms into and out of
the bacterial colony did disperse bacterial spores beyond the boundaries of the colony (Figure
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39F), but given the high toll on both bagal growth and worm viability the overallfett of
nematode predation was detrimental to both nematodes and bacteria.
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Figure 39: Predation of S. coelicolorand M. xanthusby C. elegansAll worm experiments
were run in triplicate, ten worms pgiudy (n=30). Statistically significant deviatiomerh
wildtype are indicated by * (P < 0.05) or ** (P<0.01). Representative images are shown.
(A) Addition of C. elegandN2 to colonies o8. coelicoloM145 (WT), J3003d¢ g e)amd
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J2192¢pge o A ¢gmi bAB

(B) Addition of C. elegan$®’R674 ¢he 1(p674),ASE ddicient) to colonies o5. coelicolor

M145 (WT), J3003dp g e)amd J2192¢hg e 0 A o mipdriddhts were run in triplicate, ten
worms per study (n=30).

(C) Addition of C. elegand\2 to colonies of. celicolor J2912 that were prieeated with(-)-
geosmin, 2-MIB, or distilled, deionized water. Experiments were run in triplicate, ten worms per
study (n=30).

(D) Addition of C. elegandN2 and PR674 tM. xanthusDK1622. Experiments run itmiplicate,
ten worms per study (n=30).

(E) Consumption 08. coeliolor by C. elegansBlue arrows indicate the bacterial colony, red
the presence of bacteria in the pharynx.

(F) Production of spores and actinorhodinycoelicolorin the absence (Igfor presence
(right) of C.elegans1 0 day cul tures, 25

(G) C. eleganorpse orM. xanthus.

To ensurghatthe nonterpene metabolite profile &. coelicolomutants J3003 and J2192
did not meaningfully differ fronthat ofthe wildtype we conducted a series of -@a@xperiments.
(-)-Geosmin an@-MIB were added alone or in combination to colonieS.afoelicolor]J2192, at
concentrations approximating their physiological val@e25 pg/mLand40 pg/mLrespectively
8385 (-)-Geosmin o2-MIB was sufficiemto significantly reduce the number of worms in bacterial
colonies at the 2 hr, 4 hr, and 24 hr mark (Figure 39C). The effect at @4tthi®th(-)-geosmin
and2-MIB added togetheshowed avery significant reduction of the worms in the bactaridine
with the coeoccurrence of geosmin and-MIB biosynthetic genes irectinobacteria and
cyanobacteri#®’.

To determine if the reduction in predation that we observedimésd to S. coelicolory
we repeated our assay with xanthu®DK1622. As with theStreptomyces;. elegandN2 avoided
M.xanthusdespi te the | atter 6s s wa rFiguren3§D).tnelegansie nt
PR674 showed no such aversion, resuléiggin in the death of both predator and bacterial prey
(Figure 39G).

h. Geosmin is a warning chemical.

In the animal kingdom, toxic prey advertise their unpalatability through the use of gvarnin
colour$®. These brightolours make the prey more conspicuous, but when combinedawgttive
stimuli they deter predation through learned resp8i8tgo date navarning colours or other
aposematic signals have been identifiegriokaryotes, though olfactory signals may be used to
reduce scavenging of nutrierich insects killed by entomopathogenic bactéria

The high prealence of geosmin synthase genes across a wide range of unpeletth
and fungi suggests that geosmin is key to the fithess of a wide range of microorganisms. Here we
propose that geosmin acts as a widespread warning chemical, used to advedigeitheftits
producers and deter predation. Consistent with rblis geosmin is produced throughout the
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lifecycle of M. xanthus and is actively excreted from the cell (Figure 26, Table 4). Production in
Streptomycespp. is more complex, as the geosrpiecursor isopentenyl pyrophosphate is
produced by both the MEP éamevalonate pathways in this geftuand the two pathways are
differentially regulated between strains and growth pRag&sCyanobacteria produce both
geosmin and-MIB during exponential growth and stationary phase, i@lease the terpenes as
they dié€*.

To act as an aposematic signal geosmin must be debsctedential microbial predators.
The bacteriophagous. elegansietected geosmin through the gustatory neuron, ASE, and adopted
a hesitant hunting pattern, with more frequent changes in direction (Takabl8,Al1 Additional
files 10-13). In the presereof S. coelicolorwhen worms were able to sense geosmin andreithe
geosmin or 2MIB was present this change in behaviour resulted in significantly fewer worms in
the bacterial colonies (Figure 39). Similar results were obtained when geosmiv|Br ®as
added to &. coelicolormutant deficient in the production of tleeterpenes, and when worms
were added to geosmproducingM. xanthusDK1622. Geosmin was not only nooxic to these
worms (Figure 38), but by alterig. e | degding Ixldagiour geosmprevented the worms
from coating their bodies in bacterial spo@ ingesting toxic bacterial metabolfte¥. As with
Drosophila andh. aegypt™®¥t hi s effect was mediated by the

The use of geosmias an aposematic signal explains both its reported effects on other
eukaryotes and its prevalence across a range of unrelated microbes. Geosmirbat&aopsis
invicta because the terpene reliably indicates the presen&tretomycespp, and the tac
metabolites produced by these bacteria protect ant colonies from fungal inféct®nmiarly,
geosmin discourages egg laying by Drosophila, whose young are susceptiloietialaxing®,
while also signalling the presence of edible cyanobacteria to the morerdsidant A.
aegypt?”®. In principle, acquisition of geosmin synthase by any tgxoducing microbe could
recapitulate tb aposematic phenotype, favouring lateral gene transfer between evolutionarily
unrelatel species and the evolution of Miillerian mimt<%2 Other aposematic signals exhibit
positive frequencylependent selectid?, and the evolution of Miillerian mimics in bacteria likely
favours the further lateral gene transfer of geosmin synthase. The ubiquity of geosmin in natural
environments ensures few predators are naive to the signal, whigethiabsgnore it likely
experience consistent fitness penalties from preying on toxic geosmin producers.

Geosmin did not prever@. elegandrom feeding ork. coli but heavily reduced grazing
on S. coelicoloror M. xanthus(Figure 39), suggesting thatexsion requires the terpene and a
negative stimul®® Microbial predators can discern between adjacent 4psoducing and non
toxic bacterid®, and the ability of geosmin to deter but not protect against predation may prevent
the emergence of Batesian mimiasich express only the terpene. While eleganseacted to
the presence of geosmin prior te tintroduction ofS. coelicoloror M. xanthugFigure 39), it is
unclear if the avoidance of toxproducing bacteria was learned or innate. Higher eukaryotes learn
to associate aposematic signals with unpalata®ifitf and while bacterial predators are
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significantly less complex, botl. elegansand amoeba can associate sensory cues with past
eventd?"110

I. Bioinformatics analysis on GS genes among prokaryotes.

I. Geosmin biosynthetic genes are well dispersed and interrelated

in prokaryotes.

To analyze the distribution of geosmaynthase, a compilation of GS pent and
nucleotide sequences were extracted from a list of fully assembled genomes stored in the National
Center for Biotechnology Information (NCBI) database (Additional file 1). In total we found 337
sequences with E ltses < 1x1G° relative to referene GS sequences fromyxococcus xanthus
DK1622,Streptomyces coelicol@3(2), andAnabaena ucrainic€HAB 1434. A representative
subsection of these sequences (64 actinobacteria, 23 myxobacteria, 19 cyanobacteria, 1
pseudmonad and 1 ktedonobacteria) wiren used to generate a phylogenetic tree (Figuke
This phylogenetic analysis showed two dominant clades. The first is composed of sequences from
myxobacteria, cyanobacteria, aktedonosporobacter rubrisosCAWSG2, while the second
clade is composk predominantly of actinobacterial GSs. The first clade branches into three
distinct subclades, separating the GS found in saprophytic myxobacteria from those of the
cyanobacteria and predatory myxobacteria. The lattemdhes into myxobacteria and
cyandbacteria (with 1 ktedonobacteria) as separate clusters. The branching pattern of the GS genes
showed strong alignment with distantly related species. For exafrpleangium gephyr®SM
2261, which contained two GS sequess, had one that aligned withellitangium boletusand
Cystobacter fuscugmyxobacterial) GSs and another that aligned wkbcardia terpenica
(actinobacterial) GS. GS genes were also observed Psgeudomonas agariciand
Ktedonosporobacter rubrisolhough geosmin has not been previouslyadcterized in these
groups. Overall, there was little correlation between the phylogeny of GS and that of its carriers,
strongly suggesting repeated HGT evéhts

While a number of authors have reported geosmin production in both fungi and*plants
334112 we did not identify any putative eukaryotic GS sequences during ouray@iexSTp
analysis or during antiSMASH analysis of putative eukaryotic produBeta vulgarisL.,
Penicillium expansum andspergillus tubingesis (Table A2). It is likely that these organisms
produce geosmin through an alternative biosynthetic pathwaglated to the terpene cyclase
found in prokaryotes.
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GS phylogenetic tree
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Figure 40: Phylogenetic trees of GS and 16S rRNA among 109 bacterial strains.

(A) GSgenes from actinobacteria, myxobacteria, cyanobacteria and other bacteria (Pseudomonas
and Ktedonobacteria) arepresented in green, red, blue and purple respectively. The presence of
CNBRP is represented by black circles of different sizes: small, meatdntargewhich

correspond respectively to 1 copy, 2 copies and more than 3 copies per genome. The tree was
generated using the MEGAR maximum likelihood method with MUSCLE with bootstrap

values with 500 replicons following the Tamii¥ai model. The innetircle rgpresents the major
clades formed by the phylogenetic tree.

(B) Comparison of 16S rRNA and GS phylogenetic using the colour coding of the clades defined
in Figure40A. The two trees do not correlate to each other as the branching pattern and clade
distribuion do not align with each other, which is proof of HGT of GS gene among various
prokaryotes.

ii.  Geosmin producers occupy terrestrial, freshwater, and marine

ecological niches.

Geosmin is produced by a large number of terrestrial and freshwaterisng, btis
thought be nearly absent in marine organi§manalysis of our dataset revealed that GS is present
in at least 7 marine Actinobacteria, 4 marine cyanobacteria, and 4 marine myxobacteria
(Additional files 24). These numbers shid be cosidered an underestimate, as many- GS
containing strains do not list their environment of origiine marine organisms that we identified
were dispersed throughout the phylogenetic tree, with their GSs clustering with GSs from
terrestrial and aaatic orgamms. While the geographically dispersed marine actinobacterial genus
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Salinospora 13116 |acked GS, GS was found in the ubiquitous picocyanobacterial
genusSynechococcusthe myxobacteriaEnhygromya salina and the actinobacterial genus
Actinomadurasuggesting geosmin is broadly prevalent in marine environénité (Additional

files 2-4).

ii.  Thephylogeny of GS is distinct of its host genome

To determine if GS is laterally transferred, we generated a 183 pRiylogenetic tree
with the strains used in FigudDA (Figure 40B). While as in Figure40A these sequences
subdivided intoseveralclades, the branching pattern differed markedly from tfathe GS
phylogenetic tree. In particular, the GSRfeudomormagariciNCPPB 2472, a Gramegative
strain, clusters with an actinobacterial G&eptosporangiursp. caverna, forming one clade in
Figure 40A and clusters with myxobacterial 16S rRNA Higure 40B. Ktedonosporobacter
rubrisoli strain SCAWSG2, Nostoc pinctiformePCC 73102 an@ylindrospermum stagnalRCC
7417 all form one clade in Figud®B, but their respective GS genes are separated in FgAre
Furthermore, the GS genesAuhycolatopsistrains do not branch together contrary to their 16S
rRNA seqiences. This is also observed for the KitasatospSoxangium cellulosunand
Minicystis reeaDSM 24000 and many more strains. Alongside the previously discussed GS
variant inArchangium gephyr®SM2261, this strongly suggests the transfer of GS genesbet
prokaryotes.

Iv. An uncharacterized cyclic nucleotitdénding protein gene is

associatedvith terpene biosynthesis

In both myxobacteria and cyanobacteria the geosmin operon contains genes for two
uncharacterizedyclic nucleotidebinding proteins CNBP)s, but these genes are not part of the
GS operon in actinobacteri&®'?2Through a preliminary BLASTp analysis, we identified
homologues to thil. xanthusCNBPs MXAN_6248 and MXA_6249 in botlS. coelicoloA3(2)
andS. avermitilispver 950 kb from GSA more extensive BLASTp analysis revealed that 82.57%
of all strains in the GS phylogenetic tree have at least one CNBP homologue doguré/hen
not adjacent to GS, the CNBPmgs are frequently found adjacent to an uncharacterised polyprenyl
syntretae (39.35%, Table @), hypothetical proteins (31.40%, Tabl@)1lan uncharacterized
transcriptional regulator (18.28%, Tabl® br other terpene synthases such-asthylisoborneb
synthase (13.55% , Tabl®)land camphene synthase (1.94%, Tale All myxobacterial and
cyanobacterial strains in our dataset contained two CNBP genes directly adjacent to GS.
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Table 10: Summary of the determination and analysis of genes adjacent @NBP in 293
actinobacterial genomesOf the 293 genomes, 277 were analyzbd,remaining 16 lacked
genome annotations in NCBI, presenting a total of 465 CNPBS

Adjacent Genes to CNBP

Adjacent

% Adjacent Gene in Total

% Adjacent Gene in

Gene Counts CNBP Count Annotated CNBP
Polyprenyl synthetase 183 38.05 39.35
2-MIB synthase 63 13.10 13.55
Geosmin synthase 15 3.12 3.23
Cyclase 43 8.94 9.25
Germacradienol synthase 9 1.87 1.94
Cysteine desulfurase 29 6.03 6.24
Hypothetical protein 146 30.35 31.40
Transcriptional regulator 85 17.67 18.28
Methyltransferase 11 2.29 2.37
N-AcetylmuramoyiL -alanine amidase 52 10.81 11.18
1—AminocycIoprop'anéL—carboxyIate 15 3.12 393

deaminase

Rrf2 family transcriptional regulator 12 2.49 2.58
Camphene synthase 9 1.87 1.94
VOC family protein 7 1.46 1.51
(2E,6E}Farnesyl diphosphate syntha 10 2.08 2.15
Terpene synthase 17 3.53 3.66
1-Deoxy-D-xylulose5-phosphate 8 166 1792

synthase

At present, the function of these CNBPs is not known,they are closely rated to
members of the Ckpnr family of transcriptional regulatoté-'?2 To claify this relationship we
constructed a phylogenetic tree containing MhexanthusDK1622 CNBPs MXAN_6248 and
MXAN_6249 and representatives from each of the majorRPnpsubfamiies (Figure41) 2%
MXAN_6248 and MXAN_6249 clustered with the NnrR subfamily of €rp transcriptional
regulators, proteins involved in nitric oxide homeosta&isHowever, only 3685% of theM.
xanthus sequences aligned with prototypical NnrR genes (T&#. MXAN_ 6248 and
MXAN_6249 were also 10@00 amino acids longer than these NnrR profemsch were
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distributed throughout the alignment. Overdtle tterpeneassociated CNBPs appear to form a
distinct subfamily of Crg=nr transcriptional regulators.

Tree scale: 1 —————

/\fa,-@

=3
[

CNBP (MXAN_6249)

Figure 41: Phylogenetic tree of CrpFnr subfamilies. The two CNBPs oM. xanthusDK1622
(MXAN_6248 and MXAN_6249) were analysed and seem to be closkied to the NnrR
subfamily. The tree was generated using ME&GfAaximum likelihood method.

v. Several genes eoccur with GS.

Intrigued by the presence of geosragsociated genes oials of the geosmin biosynthetic
gene cluster, we developed a geneocturrence algorithm to expand our investigation to all
orthologous genes in these organisms. Working from an orthologue cluster library drawn from
5614 prokaryotic and eukaryotic genom&§ the ceoccurrence b geosmin synthase and
2,110,338 orthologue clusters was determined (Additional file 6). Key findings are shown in Table
11. The highest correlation was with OC.1340183, a DUF574 fageihe, present in 108 of 114
geosmin synthaseontaining genomes (15@gomes overall, Pearson coefficient = 0.798). While
this gene is of unknown function, it is hypothesized to encode a SAM methyltransferase. A crystal
structure of a homologue frof. aermitilis MA-4680 is available in the Protein Data Bafk
and thegene for this protein is less than 12 kb from GS in this organisner @tiportant hits
include OC.316564, a polyprenyl synthetase family protein frequently associated with the CNBPs
in actinobacteria (Tablel) and OC.1631, a hybrid sensor histidine keleesponse regulator. The
CNBP orthologue clustewasfound in 113/114f the GScontaining genomes in this dataset, in
line with our initial BLAST analysis (360 genes overall, Pearson coefficient = 0.548pxlD-
xylulose5-phosphate synthase also sisoslight ceoccurrence with GS at a Pearson coefficient
value of 0.380This protein is a component of the MEP pathway, and produces an early building
block in the biosynthesis of terpensExcept for OC.1238530, none of these orthologues have
been previously associated with geosmin biosynthesis or function.
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Table 11: Co-occurrence determination of GS and potential associated genes in 5614
genomes using an orthologubased approachA Pearson coefficient is calculated to determine
correlation between GS gene and the listed orthologue clusters: a value of +1 indicyiletec
correlation and a value et indicates antcorrelation.

Orthologue #GS #0OC Shared  Pearson . .

Cluster Genomes genomes Genomes Coefficient Putative or Known Function

0C.1344056 114 114 114 1.00 Geosmin synthase

0C.1340183 114 159 108 0.798 Methyltransferase

0C.316564 114 154 96 0.718 Polyprenyl synthetase family protein
0C.158342 114 122 83 0.697 Phosphoribosylaminglycine ligase

0C.1321757 114 122 82 0.689 Phosphoribosylaminglycine ligase

0C.671790 114 95 67 0.637 Hypothetical protein / TIGR02452 family protein
0C.253916 114 110 72 0.636 Pyridine nucleotidaisulfide oxidoreductase
0C.1631 114 268 110 0.619 Hybrid sensor histidine kinase/response regulator
0C.288250 114 301 105 0.554 Hypothetical protein sulfatasemodifying factor 1
0C.1238530 114 360 113 0.545 Crp/Fnr family transcriptional regulator
0C.26486 114 216 86 0.536 Hypothetical protein / polyétide synthase
0C.588757 114 248 91 0.528 Methyltransferase

0C.664721 114 392 114 0.525 Molybdopterin synthase sulfur carrier subunit
0C.1338031 114 81 51 0.523 Hypothetical protein

0C.99118 114 501 96 0.380 1-deoxyD-xylulose5-phosphate synthase

vi. Basepair and evolutionary analysis of GS
. Geosmimsynthase isn6t associated with

Given that GS has undergone lateral gene trangfie §uprd, we used the IslandViewer
4 interface to examine the genome®lokanthudDK1622 Figured?), S. coelicolorA3(2) (Figure
A2A), K. albida DSM 43870 (FigureA2B), N. punctiformePCC 73102 (FigureA2C), C.
acidiphila DSM 44928 (FigureéA2D), C. crocatusCm c5 (FigureA2E), M. roseaDSM 24000
(FigureA2F), H. ochraceunDSM 14365 (FiguréA2G) andS. nassauensBSM 44728 (Figure
A2H) for evidence of genome plasticity. These genomes were selected due to their unique
branching in the GS and 16S rRNA phylogenetic trees (F¢Qrer as representative straihg. (
xanthusDK1622 andS. coelicolorA3(2)). The presence of integrases, transpasasaisual GC
content, flanking repeats, tDNA, rRNA and tRNA genes (as phage integration sites) and an
evaluation of codon usage are all features associated with genome islands that are detected by
IslandViewer 4123128 However, none of these genomes showed evidence of genome plasticity in
or around GS (Figuré2). This suggests that acquisn of GS by these organisms occurred in the
distant past, allowing for deletion of mobile genetic elements and harmonizatien®tthontent
with the rest of the genome.
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Figure 42: Analysis of RGP inM. xanthusDK1622. Full circular genome with RGP
indications (upper left), information window of selected region containing GS gene as terpene
synthase metddinding domaircontainng protein (upper right) and closg of linear DNA

region containing geosmin synthase as MXAN_RS30275 (lower center) midiateo CNBPs.
Recent indication of RGP are absent around GS gene indicating HGT that occurred in the distant
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sher 6s

GeosminSynthase is Conserved.

Exact Test

was

t hen
selection. This testompares the number of synonymous (dS) andsyoonymous substitutions

used

t o

(dNS) between geosmin producers to determine eithgitipe or purifying selection of G&°.

All cyanobacterial strains exhibited strong purifying selection (Additifife), suggesting GS

det e

is a key determinant of bacterial fithess in these organisms. Similarly, 99.25% of actinobacterial

and 89.90% of myxobacterial strains revealed a purifying selection as well,-watligs higher
than 0.05 (Additional file7-8). Furhermoe, 78.79% ofactinobacteria and 36.67% of

myxobacteria have-palues higher than 0.95, indicating strong purifying selection. However,

0.75% and 10.10% of actinobacterial and myxobacterial strains respectively, showiegp

lower than 0.05, indi¢dang positive selection of GS. These strains have more than one copy of the
GS gene contained in their genome, allowing mutation of one without compromising overall GS
function ¥, In line with its broad prevalence in these bacterial clades (Fidxg the overall
structure of GS is heavily conserved.
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The relative synonymous codon usage (RSCU) of GS among cyanobacteria, myxobacteria
andcyanolacteria was calculated to further understand the evolutionary relationship of the terpene
synthase among these families (FiguBg Fhe RSCU of cyanobacteria is mostly stable around a
value of 1, while that of actinobacteria fluctuates fro2.8 The RS@ of myxobacteria in our
dataset varies betweer2 and has similar values with both cyanobacteria and actinobacteria, in
contrast to previous analys&qFigure 8).

3.5
3.0 L)
[ ]
2.5 °
[ ]
3 207 e 8, . . .o .
@ 1.54 e o . e : e, © ! ° .
' ¢ % ®e® o o o o ®e ': °
° o0 * ® o o8 $ 0 0% 0e® ¢ © -
1.0 0F 00y 00, 0 000 o0 0 gf0e" ee o o *
oy 0% $0e°® H 08¢ W0 g0 , * L0
LY .. . ° , . ° o ® ® [ ] ®
0.5-|® . ° : $e % e e® g i.
L Y L
0.0 - .I. T T b T T T 1
0 10 20 30 40 50 60 70
Codon Number
® (Cyanobacteria ® Myxobacteria ® Actinobacteria

Figure 43: RSCU of GS gene among 23 cyanobacterial, 25 myxobacterial and 257
actinobacterial strains. The analysis was mage using ME&Ausing the compute codon usage
bias module offered in MEGK.

vii. Geosmin synthase is laterally transferred between unrelated

genomes

From the Fisherés Exact Test, the codon bi:
40A), significantly less diversity in cyanobacterial and myxobacterial GSs is observed compared
to actinobacterial GSs. The high diversity of RSCU of GS amoimpdetcteria, potentially caused
by an expected increase in mutation rates over time, suggests that they could be the originators of
geosmin. In the phylogenetic tree, myxobacterial GSs are divided into twolaglds and
Archangium gephyrdSM 2261 alignswith the actinobacteriaNocardia terpenicaNC YFY
NTOO1. However, actinobacterial GSs are divided into threeckues (FigurelOA) showing
more diversity among their GS genes. When we look at theccarrence of GS adjacent genes
(Table D-11), cyanobateria and myxobacteria have similar and conserved patterns of adjacent
genes around GS including 2 CNBPs genes. By conaestpbacteria do not frequently have
similar caoccurring genes or CNBPs adjacent to GS. The diversity of GS adjacent genes among
actinobacteria (Table@11), their large number of clades in the phylogenetic tree (Fi¢oh¢
and their presence across subfamily borders suggests that genaynirave originated from
Actinobacteria

48



3.Concl usi ons

Geosminis detected by the predatangmatodeC. eleganghrough the gustatory neuron
ASE. Geosmin is notoxic to this species, but nematodes strongly avoid geepronfucing
bacteria. When geosmin production was eliminated or the ASE neuron was di€aldkgjans
became coated in bacta@rispores and ingested toxic secondary metabolites. Concurrently,
bacterial fitness declined through nematode feeding and the conversion of vegetative cells to
senescent spores. Geosmin thus acts as an aposematic signdl hodestiably advertisinge
unpalatability of its producers and providing a mutual benefit to predator and prey. Geosmin is the
first warning chemical to be identified in bacteria, and it not only shapes bacterial pia@gtor
interactions but also gpars to mediate interactiobstween eukaryotes and bacteria across the
globe.

In agreement with the conclusion that geosmin iusiigersalwarning chemicalGS was
found to bebroadly distributed in terrestrial, freshwater and marine environments thamegent
HGT events, highlibgting its strong fitnesand evolutionanadvantageThrough the performed
bioinformaticsanalysis their large number déSclades in the phylogenetic tree along with their
diverse ceoccurring genes, Actinobacteria seems to be the ancestral genetimirestiGS.
However, GS BGCs &re absenin eukaryotes that produce geosiiit? suggestingonvergent
evolution of theodorous sesquiterpemégth an alernative genetic reservoitvhile GS was always
adjacent to two CNBPs in cyanobacteria and myxobacteria, in actinobactéiangdeéhatCNBPs
were majorly adjacent tanother terpene synthasehich indicates theiimportarce for terpene
biosynthesis. Fiinermore, we discovered a vast number of GBamurring genes additionally to
CNBPs whichinfer strongassociatiorto the finction of geosmin. The study of these genes could
be pivotal to our knowledge on tH@osynthesis, regulation and importanck terpenes in
prokaryotedike geosmin, the warning chemical.
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4. Mat erials and Met hods

a. Strains and cultivation

i. Bacteria

Klebsiella aerogeneATCC13048 andChromobacterium violaceuATCC 12472 were
acquired from the American Type Culture Collection (ATCE3cherichia coliMG1655 and
Burkholderiathailandensi€£264 were gifts of Eric Déziel, INR$lyxococcus xanthudK1622,
Micrococcus luteu®SM20030 andBacillus subtilisDSM10 were obtained from the Leibniz
Institute DSMZGerman Collection of Microorganisand Cell Cultures$treptomyces coelicolor
M145, J3003 and J2192 originated from the John Innes Centre,d\ohbNK, and were gifts from
Dr. Klas Flardh. Escherichia coliOP50 was obtained from the Caenorhabditis Genetics Center
(CGC), which is funded byNIH Office of Research Infrastructure Programs (P40 OD010440).

M. luteus B. subtilis B. thailandensisChromobacterium violaceur, aerogenesndE.
coli were grown in LuriaBertani (LB) media, at 38 (37°C for E. coliand RT forC. violaceum
rotaing at 225 rpm for liquid cultures. Bacterial isolates were streaked on 1.5% agar LB plates
and placed at 30°C for 24 hrs (37°C for 16 hrsHocoliand RT for 48 hrs fo€. violaceun prior
to experimentdWl. xanthudDK1622 was grown in 1% CTat 30°Cand 225 rpmBacterial isolates
were streaked on 1.5% agar CTT plates and placed at 30°Cdays3prior to experiments.
Streptomyces coelicold145, J3003 and J2192 were grown aB30n tryptic soy broth (TSB)
rotating at 225 rpm and isolates were streaked on 1.5% agar Tryptic Soy Agar (TSA). Growth
curves forM. xanthusDK1622 were generated/tperforming daily Olgoo measurements using a
Varian Cary 100 Bio UWis spectrophotometer

ii. Amoeba

Naegleria gruberiATCC 30223 was acquired from ATCH. gruberiATCC 30223 was
grown on an ATCC medium 997 (fresh watenoeba) containing an overnight culturekof
aerogene®ATCC 13048 at room temperature.

iii. Nematodes, Caenorhabditis elegans

TheC. elegandineagesvere maintained on nematode growth medium (NGM) plates with
E. coli OP50 at 20°C as per standard protbtolThe wild type N2 and mutant strains BR5514
(tax-2(p671);tax4(p678), CE1258 ¢éatl16(ep273), CX2065 (dr-1(n1936), CX2205 Edr-
3(n2150), CX5893 kyls140 I;ceh36(ky646), NL2105 @gpa3(pk35) 0d¥3(n1605) and PR674
(che1(p674) were obtained from the Caenorhabditis Genetics Center (@heh is unded by
NIH Office of Research Infrastructure Programs (P40 OD010440). Gravid nematodes were age
synchronizeé@nd cleaned from bacterial and fungal contaminants using a bleaching mixture (2.5%
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NaClO, 0.5 M NaOH) before each experiment, as previously idesti. All C. elegans
experimerg were conducted using a standard stereomicroscope.

b. Materials

Chemicals. (x)-Geosmin standard was obtained from Sightdrich, (-)-geosmin was
purchased from FUJIFILM WAKO chemicals. Bovine serum albumin, levamisole-(()R)
camphor and the 3.0 M methydmnesium bromide solution in diethyl ether (1898%ns
cinnamaldehyde (C80697), vanillic aldehyde (V1104)((B)imonene (218367) and)¢U-pinene
(P45702) were all purchased from SigAddrich. FTC-casein and trypsin proteins were both
obtained fron ThermoFisher Scientific. Methanol, ethanol, ethyl acetate, tetrahydrofuran (THF),
hexane and-Butanone were acquired from ACS Chemicals astd¥i Scientific.

Media. 1% CTT (1% casitone, 10 mM T+#4Cl [pH 7.6], 8 MM MgSQ, 1 mM KHPQy)
wasprepared from scratch. LB (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract) was prepared
from a premix, which was purchased from Bio Basic. TSB (17 g4ein peptone, 3 g/L soya
peptone, 5g/L NaCl, 2.5 g/L KIPO4, glucose 2.5 g/L [pH 7.3]) premix wasrguased from
SigmaAldrich.AS was prepared as per ATCC ENGMmMm 1323
(3 g NaCl, 2.5 g peptone 20 g agar, 1 mL of 5 mg/mL chkerelsin ethanol, 1 mL of 1M MgSQ
25 mL of 1M [pH 6.0] KPQin 1L H20O) was made from scratch. Wom® buffer (3 g/L KHPQ,,
6 g/L NaHPQ;, 5 g/L NaCl) was made from scratch. The TBS buffer used in the protease assays
was made from scratch (25 mM tris15.M NaCl [pH 7.2]). Thghosphatédufferedsaline (PBS)
used in the CD assays as also prepared smyatch (pH 7.0, ionic strength 0.014 M).

c. Growth phase monitoring experiment

E. coliMG1655 was washed 3 times with AS, diluted to 0.5 McFarland stafitiard 1¢
CFU/mL) before adding 100 pL of the mixture to a 125 mL Erlenmeyer flask. Either O.{tppm
geosmin standard diluted in methanol (100 pL of a 0.1 mg/mL geosmin standard) or 100 pL of
methanol were added. The mixture was diluted to 10 mL chdBplaced in a 37°C incubator at
225 rpm for 4 hrs. Each experiment was done in triplicate (ga3min experiments and 3
methanol controls). 100 pL of each flasks was diluted &010° with AS. 100 pL from each
diluted mixture was then spread on &8ar and placed in a 37°C incubator overnight. CFU counts
were made the next day.

d. Geosmin extraction and GGMS quantitation

A culture ofM. xanthu®DK1622 in stationary phase was dilutecan ORoo0f 0.125, then
diluted 1:100 in fresh 1% CTT. Samplesre left shaking at 30 °C and 225 rpwliquots were
drawn every 1224 hrs until day 9. OBomeasurements were made on a Varian Cary 100 Bio UV
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vis spectrophotometer. Samples over an GD@&0L.0 were diluted in fresh 1% CTT media to the
0.0100.99 ramge. After 7 days incubation clumping was observed and prior to measurements, cells
were dispersed via passage through a serological pipette. Geosmin extractions were made using a
1:1 ethyl acetate (EtOAc) extraction witM. xanthusDK1622 bacterial cultureEthyl acetate
samples were sonicated, then centrifuged for 1 min at 3000 g to collect clean supernatant before
injection for quanitification by gas chromatograpingss spectrometry (GMS). To quantify

media versus cytoplasmic geosmin the bacterial ®litas centrifuged at 3000 g for 2 min. The
supernatant was used to measure extracellular geosmin as detailed above, while the
intracellular/cytoplasmic geosmin concentration was measuredxpgsing the pellet oM.
xanthuscells to ethyl acetate, vortexj for 1 min, then sonicating and centrifuging down for 1

min at 3000 g. The GMS system (7890B GC coupled to a 5977B MS, Agilent Technologies)
was equipped with an autosampler and a splitisss inlet kept at 3Q0. Splitless injections (1-0

3.0 uL) were made on a 6 DB-EUPAH (0.25 mm ID x 25 pm film thickness; Agilent
Technologies) column with the oven kept isothermalP@0for 8 min, ramped to 30TC at 15°C

/min, and then held ahat temperature for 5 min. The inlet was kept at 300 °C throagHelium

flow rate was 1.2 mL/min, with a He septum purge flow of 5 mL/min. Sésxeel external
calibration curves between 0.01 and 1.00 mg/L were used for quantitation.

e. Geosmin MIC determination

Following CLSI guidelines for direct colony suspensiostite)t>*, bacterial cultures were
transferred to LB broth and adjusted to a final turbidityiesjent to a 0.5 McFarland standard
(1.5 X 1¢ CFU/mL). Bacteria were then mixed 1:1 with {ggosmin in 96éwell plates, then
incubated at 3@ for 20-24 hr. Methanol was used as a control. The MIC was defined as the
concentration sufficient to inhibit bacigrgrowth as evaluated by the naked eye. After initial tests
at concentrations similar to the level producedvbykanthusDK1622 failed o inhibit growth the
guantity was increased, until the methanol used to solubilize the high geosmin concentrations
began to impede growth.

f. CD analysis

CD analyses were made using a JasZ@5) Spectropolarimeter. The cuvette width was
0.2 cm. ThBSA con@ntration was 1.25 uM for all experimental and control assays. Fresh protein
samples were prepared before each erpant and kept on ice. The{geosmin concentration
was 0.18 mM for the experimental assay and the SDS concentration was 0.75 mM. Adissampl
were diluted in PBS1% Subtractions and smoothing were made using Ja&tb doftware usin
controls of each chemical in PBS exclusivéljevated temperature analysis was made at 25, 50
and 80°C. The wavehgth window measured was from 2280 nm. Five scans were made for
each measurement. Experiments were run in triplicate before data susiysj thelasco J15
instrument. Varying temperature analysis was made at a wavelength of 208.6 nm and a
heating/ooling rate of 1°C/min.
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g. Protease activity assay

APi erceE Fluorescent Protease Assay Kit wa.
kit contained FT@&casein, AosykL-Phenylalaninechloromethylketone (TPCK) treated trypsin
standard and @ris-bufferedsaline (TBS) buffer pack. As per the product sheets instructiGns
FTC-casein was diluted a 5 mg/mL stoadigion with ultrapure water. One 20 pL aliquot of the
stock solution was diluted 1:500 in TBS to a final volume of 10 mL and concentration of 0.01
mg/mL. A 20 pL aliquot otrypsinstock solution (TSS) of 50 mg/mL was diluted to 1 mg/mL in
TBS. To obtairthe extracellular proteasesMf xanthudDK1622 absent geosmin the supernatant
of a 18day culture was extracted with EtOAc and the organic layer discarded. A 50% protease
solution in TBS buffer s used and was kept in ice with Ft&ein and trypsin. Eh
fluorometric assay was measured using a Varian Cary Eclipse Fluorescence Spectrophotometer at
dexcitator= 4 9 4 nedRsor R Iindh. The experiments were made with and without the presence
of (x)-geosmin (1 mg/L) to evaluate the effect of-ggosnin on the activity of the proteases.
Methanol was used as a negative control.

h. Violacein assay

C. violaceumATCC 12472 was used to measure the presence of violacein as a QS marker
as reported by Alad, A. et al'. LB was used as broth and media in ther@8l plates and agar
broth dilution violacein assays respectively.

I.  Using 96well plates

For this assay, CLSI guidelines for direct colony suspension t€$timgre followed, with
adaptations for violacein and MIC detection. The positive controls used fa@&n&sults were
vanillin, transcinnemaldehgte and {)-limonene, the negative control used for QS enhancement
was €)-Upinene. Stocks of 0.1 mg/mL of eatpene were prepared except for-gepsminC.
violaceumATCC 12472 bacterial culture wasljusted to a turbidity equivalent to a 0.5 McFadlan
standard (1.5 X FCFU/mL) then diluted to 1.5 X 2@FU/mL and mixed 1:1 with (xy)eosmin
(2 mg/mL) for rowA, methanol for row B (50 pL), row C, D, E, F were respectively made from
2 pL of vanillin, transcinnemaldehyde;)-limonene and-§-U-pinenein in 998uL of the bacterial
culture, all in 96well plates. These plates were then incubated at 2for 24-48 hrs, until
visualization of purple colour. Inhibition of purple pigmentation with presence of bacterial growth
observed by the naked eye is @nde for antQS propertied. Inhibition of bacterial growth
shows the MI¢34,

ii.  Violacein agar broth dilutions

Following CLSI guidelines for broth microdilutiéif, 50 L of C. violaceumATCC 12472
adjusted to a final turbidity equivalent to a 0.5 McFarland standard (1.8GFLOmI) was added
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to 5 mL of nelted 37 °C LB agar media. The mixture was then placed on a 5 cm diameter petri
dish and cooled until solidification of the media. Six ofblates were made to evaluate the effect

of (£)-geosmin and-f-geosmin on QS b¢. violaceumeach containing respicely: 10 ppm of
(x)-geosmin, 25 pL of methanol, 2.5 pg/mL of vanillin, 2.5 pg/mL of trammemaldehyde, 2.5
pg/mL of (-)-limonene and 3. ug/mL of ¢)-Upinene. Violacein inhibition and MIC were detected
after 2448 hr from observation by the naked egedescribed above3413¢

I. Predation assays using amoeba cells

I.  Killing assay in liqud media

The liquid media killing assay was adapted from Xiao, Y. & @vernightE. cdi
MG1655 andamoebaN. gruberiATCC 30223 culturesvere diluted to 0.3cFarland standard
(1.5 X 1¢ CFU/mI). 100 |L of the bacterial and amoeba cultures were diluted to 10 mL with AS
in a 125 mL erlenmeyer flask, with or without the presesfd®1 ppmof (+)-geosmin for a total
of 3 experimental assays with {ggosmin and 3 control assays. The flasks were incubt8tC
and 225 rpm for 2 h, allowing amoeba cells to predatE.amli cells. 100 pL of each flask was
serial diluted 18 or 10° with AS. 100 pL of the diluted mixtures were spread on LB plates
containing either epothilo& or amphotericin B*®to kill amoeba cd$. The plates were wrapped
in aluminum foil and placed in a 37°C incubator overnight. CFU counts of sun&viogli cells
were made the next day.

ii. Killing assay on solid media

The killing assay on solid media was adapted from Xiao, Y *&tZ0 pL of amoeb\.
gruberi ATCC 30223 of Olgoo 0of 0.7-0.8 in AS broth was added to an AS plate and incubated at
25 °C for 2 hrs before careful addition of 5 pLE&fcoliMG1655 (ORoo, 10) directly on top of
the amoeba sarm. The same procedure was made with an addition of a concentration ofr0.1, 1 o
10 ppm of (£)geosmin to th&. coliculture. All experiments were made in sextuplets for all three
(x)-geosmin experiments and the negative control for a total of 24 Jpatgplates were placed
upright at room temperature for 2 days. After 24 hrs4ghtrs, 3 spots of each experiment were
scraped, washed with AS, and centrifuged for 2 min. The pellets were then resuspended in 1 mL
of AS and serially diluted and grown on Lfdates at 37°C, containing either epothilone or
amphotericin B to quantify suming E. coliprey cells.

lii.  Swarm assay on solid media

The swarm assay on solid media was adapted from Xiao, Y2e5@uLE. coliMG1655
(ODeoo, 10) containing 0.1, 1 or 10 ppm of geosmin were pipetted onto separate AS agar plates. A
control plate without any gsmin was also prepared and each assay was made in triplicates for a
total of 12plates. All plates were incubated overnight at 37°C. 10 pL of a washed culture of
amoebaN. gruberiATCC 30223 (Olgoo, 4) in AS was added adjacently to thecolilawn. Plats
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were dried by a flame for 30 min before incubation in a sealed Ziploc corgarumid paper
towel. Migration of the amoeba cells into tke coli lawn was measured once a week for four
weeks.

j. Chemotaxis assay witlC. elegans

Chemotaxis experiment wanade following Bargmann et'alOn an NGM plate 1 pL of
(-)-geosmin at the designated concentration was placed at benofre end of the plate, and on
the other symmetrical opposite end, 1 pL of cohtvas added (hanopure water). 1 pL of 1 M
levamisole was added to each drop before drying them adjacent to a flame3tiam20 Pure 2
butanone was used as a positive cdfftréd2 adultC. elegansvere washed 3 times in worm M9
buffer before addition at the centre of the plates (n=50). The plates were then incubated at room
temperature for 1 hr before chemotaxis index calculation.

k. Behavioural assay withC. elegans

NGM agar with and without 0.54 gL (-)-geosmin was poured into 24iplates. Three
adultC. elegansvere added to each well and were videped for 10 min using a system that uses
NIS Imaging BR version 3 software hooked up to a DSFilc camera on a NIKON SMZ1500

microscope. The trackine % (TL% = z p T)TIWAs

calculatedusing Imaris 9.5°, data processed with a custdmilt python script Additional file

15). Briefly, the script read the .xIs files produced by Imaris particle tracking analysis, split the
data into five tweminute segments, then extracted results for th& temgth andlisplacement of

each worm for track line percentage determination. Videos were analysed using WormLab
software 2020.1°to generate the peristaltic speed (um/s) anchtsel movema periodicity

(um) of the worms. Peristaltic speed is defined as peristaltic track length, the length of the track
made by the worm during its movement, divided over time. Head movement periodicity is the
wavelength of the sinusoidal wave dezhby traang the head of the worms as they crawl. Worms

that lodged in crevices and ceased moving were removed prior to analysis. Data was processed
using Microsoft Excel 2011. Experiments were conducted in triplicate.

|. Predation assay withC. elegans

40uL of S. melicolor (ODsoo= 0.4-0.6) orM. xanthugODeoo= 0.2-0.3) was added to the
center of a 5 cm diameter NGM plate. The liquid was allowed teaddythe plates were then
incubated at 30°C (7 days f8t coelicolorand 3 days foM. xanthu$. Ten adult hermghrodite
C. elegansvere then added at2mm away from the bacterial colony. Quantification of the worms
inside and outside of the bacteriasmmade at T= 0, 2, 4 and 24 hrs. Each experiment was
conducted in at least triplicate.
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m. Terpene addin assay.

Add-in experiments were made usiBg coelicolorJ2192, following the same procedure
as in the predation assays with the following modificatione @r prior to the addition €.
elegans40 pL of ()-geosmin (2.25 pg/mL),-}-2-MIB (40 pug/mL), or both was ad to the
bacterial colony and allowed to dry. Autoclaved nanopw® \as used as a negative control.
Triplicates of each added compound weegformed with the addition of 10 adult hermaphrodite
N2 C. elegangn=30). Quantification was performed as fe¥ predation assay.

n. C. elegandethality assay.

Solutions of {)-geosmin (0.54, 5.4, 54 ug/mL) andM@B (1.5, 15, 150 pug/mL) in LB
broth wee added to 24vell plates containing either NGM or NGM with coli OP50 as per H.
Xiong et at*%. LB broth was used asnegative control and a sodium hypochlorite solution (2.625
mg/mL) in LB broth was used as a positive control. pleges were incubated overnight at RT.
Age synchronized plates of adult N2 worms were then washed in worm M9 buffer, dried on NGM
plates, theradded to each well (n = 5)ack of response to touch stimuli was used to presume
death.The number of dea@. deganswas quantified at T = 0, 2, 4 and 24 hrs. Experiments were
run in triplicate.

0. Synthesis of 2MIB.

To a solution of 1R)-(+)-camphor (3.3 mmols) in anhydrous tetrahydrofuran (0.2 M) at 0
3 was added methylmagnesium bromide (4.95 mmols, 3 M). Taatioe was then heated to
reflux for 10 hrs, before being quenched with a saturated solution of ammonium chloride in water.
The TH- was removedh vacuoand the remaining solution was extracted three times with EtOAc.
The organic layers were then pooled axtracted with brine, then dried with sodium sulfate. The
organic solvent was then removiedrzacuoto give a white solid. (328.mg, 58.70 %)The crude
mixture was then purified by flash chromatography (12% EtOAc in hexanes) to give the title
compoundas a white solid (48.7 mg, 8.77 % yieltB.NMR (500 MHz,CDC4) & 2. 0J7 ( dt ,
= 3.72 Hz, 13.08 Hz), 1.70 (m, 2H), 1.39 ()41.24 (s, 3H), 1.10 (s, 3H), 0.87 (s, 3H), 0.85 (s,
3H).3CNMR (125MHz,CDG)) & 79.6, 51.9, 0,86.8021.4,8772, B9, 45. 4

p. Statistical analysis.

All statistical analyses were performed using studetst calculations withwto-tailed
distribution and unequal variance. Statistical significance f0.05 was noted as a red box in
Table 9and as* for P < 0.05 or ** for P < 0.001 in Figure39A-D. All replicates are distinct
samples (biological replicates). Data was visualwéldd GraphPad Prism 9.0.
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g. Bioinformatics analysis of GS

I.  Bacterial genome selection

The full set of genomes with full sequenggkich contained GS were retrieved from NCBI
using GenBank and the BLAST algorithmv{w.blast.ncbi.nlm.nih.gov/Blast.cowith an e value
cutoff of 10%°. A combination of BLASTn and BLASTp wetsed to identify the nucleotide and
amino acid sequences of GS. Full genomes, GS and 16S rRNA were downloaded as FASTA files.
Additional file 1 shows the bacterial strains used in this study along with their respective genome
and GS NCBI accession numbarsl GS and 16S sequences.

ii.  Phylogenetic analyses of 16S rRNA and GS

Phylogenetic analyses of 64&ctinobacteria, 23 myxobacteria, 19 cyanobacteria, 1
pseudomonad and 1 ktedonobacteria were performed on both GS and 16S rRNA. Base pair
sequences were alignesing default parameters through ME&Ausing MUSCLE. Phylogenetic
trees were constructed using the maximum likelihood analysis method through MEGA
shown bootstrap values using the bootstrap method with 500 replicons following the -Nenhura
model.Additional file 1 contains the FASTA files used for the alignments of GS and 16S rRNA.
The GS phylogenetic tree was then edited to indicate the presence and quantity of CNBPs in each
genome using Interactive Tree Of Life (iTOL) software version [itp{(/itol.embl.d¢ *42. Basic
figure construction was made using paint.net.

lii. Genomic analysis and general features

The sequences of the two CNBPsNilyxococcus xanthuBK1622 (MXAN_6248 and
MXAN_6249) were obtained from NCBI. Homologous sequences tf@se proteins in
myxobacteria,actinobacteria, and cyanobacteria were identified and retrieved from GenBank
using BLASTp. Strains with CNBPs protein genes were recorded and crossed referenced with the
list of strains carrying GS. The number of copiehef@NBP was also noted. A BLASTp E value
cutoff of 102°was usedlsolation sites of each strain were obtained from the Bio sample database
page of NCBI or noted from the original isolation paper. Environments were categorized as
marine, freshwater, ortiestrial/soil. Strains isolated from other organisms were classified as their
respectful endosymbionts.

iv. Analysis of GS coccurrence

The Orthologue Cluster database was downloaded fittws://www.genome.jp/oc¢?® A
python script was then used to scan this database for genomes that contained both GS and each
other orthologue cluster in the dataset (Additional file 5}o€Ccurrence was assessed through the
Pearson coelation coefficient'*® and the results written to a comma separated variable file
(Additional file 6). The average Pearson coefficient ttoe dataset was 0.00328 (s = 0.0370).
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Rstudio was then used to remove all entries with a Pearson coefficient less than 0.25. SPARQL
gueries Appendi® and a second python script (Additional file 5) were usetbnstruct a list of

all orthologue clustersofind in Myxococcus, Nosto@nd Kitasatosporaspp., and the GS eo
occurrence list was reduced to only the orthologous clusters that were found in all three subspecies
(Table11, Additional file 6). This was @he to remove the large number of orthologoustelrs

that had high Pearson coefficients with GS solely as a result of their ubiquity in one of the three
clades. Of the 114 G&ontaining organisms in the KEGG OC database, 96 are from the phylum
Actinobaceria.

v. Evolution selection and codon bias analysé GS

The relative synonymous codon usage (RSCU) of GS was generated for each bacterial
family (25 myxobacterial, 257 actinobacterial and 23 cyanobacterial GS sequences) using the
Compute Codon Usage Biawdule of MEGAX. Data was integrated using Mogoft Excel 2011
and visualized usinGraphPad Prism 9.0.

ACodonbased Fishero6s Exact Test o f Sel ectior
equipped in MEGAX to determine positive or purifying selection®E (25 myxobacterial, 257
actinobacterial and 3 cyanobacterial GS sequences). The number of-sgpanymous
substitutions (dN) and synonymous substitutio
Test reports a value & = 1 indicating purifyingselection where there are no significant change
in the amino acid sequence of the GS gene, thus conserving the overall GS protein structure. If
dNS>dS the Fisher 6s ER<al0b indicatingtpositie getectionswheae v al u
there are sigfiicant changes within amino acid sequence ofaBggene, thus changing the overall
protein structure.

IslandViewer 4 interface was used to examine the genomds>xanthusDK1622 andS.
coelicolor A3(2) for evidence of regions of genome plasticity
(http://www.pathogenomics.sfu.ca/islandviey&r,
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Supplementary Figures and Tables

A

OH

(-)-Geosmin (-)-2-Methylisoborneol

Figure Al: Effect of geosmin and 2MIB on C. elegandeeding.

(A) Structure of geosmin a@r2-MIB.

(B) Consumption oE. coliby C. eleganss theycrawl into the bacteridawn leaving tracks and

reducing the bacterial population.

(C) Consumption oE. colibyC.elegans n t he pr esence asftheyrmwls mi n (!
into the bacterial lawn leaving tracks and reducing the bacterial populaiobsarved in (B).

(D) Consumption oE. coliby C. elegansn the presence of®RIIB ( 1 5 0 cagthemd¢rgwl

into the baterial lawn leaving tracks and reducing the bacterial population; as observed in (B).
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Table Al: Effect of geosmin onC. elegansnovement.

Control Geosmin
Analysis C. elegans Mutant Deficiency Standard Standard P-value
Average _ _
Deviation Deviation

N2 Wild type 0.4495 0.2464  0.5547 0.3115 0.0498

BR5514  ADF, ASE, AWC 0.4371 0.3032 0.5704  0.3091 0.0407

CE1248 AWA 0.5447 0.3098 0.3973 0.2477 0.0098

Track Line CX2065 AWSB, partial AWC 0.5715 0.2969 0.7174  0.2617 0.0531
(%) CX2205 Olfactory system  0.5676 0.2667 0.5015 0.3330 0.2376
CX5893 AWC 0.3797 0.2383 0.5124 0.3134 0.0233

NL2105 Chemosensation 0.5417 0.3210 0.5919 0.3253 0.4034

PR674 ASE 0.5617 0.2997 0.6174  0.2746 0.3523

N2 Wild type 30.30027 8.036627 40.89631 5.74027 1.13E06

Peristaltic BR5514  ADF, ASE, AWC 28.60974 11.43549 28.62741 10.73547 0.8719
Speed (um/s) CE1248 AWA 38.47773 5.18592 30.76179 5.137974 1.55E05
[Absolute CX2065 AWSB, partial AWC 31.69875 3.094122 45.48192 6.194929 5.57E05
peristaltic CX2205 Olfactory system 41.43203 1.540853 35.47248 1.379966 0.00353
track CX5893 AWC 27.08556 9.214374 35.17561 5.317928 0.001547
length/time] NL2105 Chemosensation 24.34918 3.870071 26.03611 5.0001  0.2812
PR674 ASE 52.00835 3.823389 47.42004 6.401746 0.2098

N2 Wild type 19.096 4.489433 19.49362 0.499788 0.03744

BR5514  ADF, ASE, AWC 18.12805 1.356552 17.20374 2.388581 0.2657

CE1248 AWA 16.38904 0.431564 12.12216 1.405526 2.44E18

Periodicity CX2065 AWSB, partial AWC 16.08523 1.203601 18.68935 0.36482 1.94E05
(um) CX2205 Olfactory system 17.03812 0.239728 15.15458 0.604553 2.91E05
CX5893 AWC 19.58694 4.840422 22.032 0.885555 0.09487

NL2105 Chemosensation 16.4984 2.778458 15.42235 0.691968 0.6440

PR674 ASE 22.65395 2.821125 21.9781 0.986451 0.1370
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STREPTOMYCES COELICOLOR A3(2) CHROMOSOME,
COMPLETE GENOME.

X

P;:fg;e Gene Name Accnum Product
No SCO6072 NP_630181.1 hypothetical protein
No SCO06073 NP _630182.1 cyclase
No SCO6074 NP _630183.1 hypothetical protein
No SCO6075 NP 630184.1 hypothetical protein
No SCO6076 NP_630185.1 dipeptidase
. jscceop/z3 i JSCO06074 i SCO6076
Iscoeors | ]
6.6645M 6.665M 6.6655M 6.666M 6.6665M 6.667TM 6.6675M 6.668M 6.6685M 6.669M 6.6695M 6.67M
KuTzNERIA ALBIDA DSM 43870, COMPLETE GENOME.
9.5M i 500k
Presence Gene Name Accnum Product
of RGP

No KALB_RS03395 WP_042220182.1 Crp/Fnr regulator
No KALB_RS03400 WP_025354321.1 hypothetical protein

No KALB_RS03405 WP_025354322.1 hypothetical protein

No KALB_RS03410 WP_025354323.1  Crp/Fnr regulator

LKA Rso3d00 __JKALB RS03405 ____________________________________ IKALB Rso34t0 _________________JKALB RS03415 |
705k 705.5k 706k 706.5k 707k 707.5k 708k 708.5k 709 709.5k 710k

75



76


















