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Abstract: Marine cyanobacterianotablythosefrom tropical regions,are a rich sourceof

bioactivesecondarynetabolitesTropicalmarinecyanobacteriaftengrowto highdensities
in the environment, allowing direct isolation of many secondary metabolites from

field-collectedmaterial. However,in temperatenvironmentgulturingis usuallyrequiredo

produceenoughbiomasdor investigationof their chemicalconstituentsin this work, we

cultureda selectionof novel anddiversecyanobacterigsolatedfrom the Portuguese&oast,
andtestedtheir organicextractsin a seriesof ecologicallyrelevantbioassaysThe majority

of theextractsshowedactivity in atleastoneof the bioassaysall of whichwererunin very

small scale. Phylogenetically related isolates exhibited different activity profiles,

highlighting the value of microdiversityfor bioprospectiorstudies.FurthermoreLC-MS

analysesof selectedactive extracts suggestedthe presenceof previously unidentified
seconday metabolitesOverall, the screeningstrategyemployedhere,in which previously
untappedcyanobacteriatliversity was combinedwith multiple bioassaysprovedto be a

successfuktrategyand allowed the selectionof severalstrainsfor further investigations
basedon their bioactivity profiles.
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1. Introduction

Marinecyanobacteriareknownto produceadiversearrayof secondarynetabolitesmanyof which
possessotent biological activities [1]. While novel structuresare frequently reportedfrom these
sources,a large number of cultured and unculturedtaxa have yet to be studied regardingtheir
constituentspur knowledgeof the chemicaldiversity presenin theseorganismgs still quitelimited.

Among marine cyanobacteriathe most prolific sourcesfor the discoveryof bioactive secondary
metaboliteshavebeentropical speciesjn particularMoorea (formerly Lyngbya[2]) speciesandother
membersof the order Oscillatoriales[1,3,4]. A commonargumentis that, analogouslyto what is
observedn the plant kingdom, tropical regions are of higher biodiversity, and thus the fierce comfumtition
space markedly drives secondarymetabolite evolution and chemotypediversification (e.g, [5]).
Neverthelesstheremay be otherfactorsaswell that explainthe higher numberof compoundseing
reportedrom tropicalcyanobacteridn particular,alargefractionof thereportedmarinecyanobacterial
secondarymetaboliteshave beendiscoveredby only a few researchgroups (e.g., R. Moore and
W. Gerwicklaboratories [1,3] who devoteda largesamplingeffort to tropicalmarineregions Also of
importancetropical benthiccyanobacteridendto grow to high densitiesn the environmentforming
extensive mats or tufts that are more easily collected by snorkeling or SCUBA diving. The
cyanobacteridbiomassn theseenvironmentasampless usuallysufficientto allow for directchemical
investigationsTemperatareaof the globe(andevenpolarregions)harbora considerablaliversity of
marine cyanobacteria[6,7], but very little is known regarding their secondary metabolism.
Cyanobacterian thesemarineenvironmentareseldomfoundin largematsor tufts (thefew exceptions
arelikely to befoundin flat beachesynderlow waveenergyconditions) thusthebodyof knowledgeon
theirsecondarynetaboliteshasbeenalmostexclusivelyderivedfrom biomassbtainedrom laboratory
cultures(e.g.,[8]). Onenotableexceptionhasbeenthe discoveryof the cyclic peptidenodularinfrom
Nodularia spumigenabloom material from the brackishBaltic Sea[9]. It is thus plausiblethat the
perceivedelativerichnessn naturalproductsy marinetropical cyanobacterigs somewhabverestimated.

Two distinct and sometimescomplementarystrategieshave facilitated the discoveryof marine
cyanobacteriahatural products.Isolation of metabolitesbasedon distinctive NMR signatures(or
NMR-guided isolation) has been a successfulstrategy in the discovery of relatively abundant
compoundsHowever bioassayguidedisolationis perhapghe mostsuccessfuapproacho identify the
active componentdgrom extractsof theseorganismssometimegpresentonly in minuteamounts.The
outcomeof this strategyis biasedoy thechoiceof the bioassaywhichinevitablyinfluencesheisolation
processand may overlook metaboliteswith interestingchemicalstructuresor bioactivitiesotherthan
thoseusedto guidetheisolationprocessin addition,a large proportionof the bioassayemployedin
discoveryprogramswith marine cyanobacteriare applicationrelated(for example,cancercell line
cytotoxicity assayspr antibacterialassayausing clinically-relevantstrains).While this approachhas
yielded and continuesto yield promisingresults(e.g.,largazole,seeHong and Luesch[10] andthe
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carmaphycinsseePereiraet al.[11]), theassaysareusuallynot directly connectedo the naturalroles
that cyanobacterialmetabolitesmay play, and thus, many bioactive metabolitesmay never be
investigatedor thisreasor{12].

With thesepremisesn mind, in the currentstudywe conducteda screeningnvestigationwith the
ultimate goal of selectingpromisingmarinestrainsof cyanobacteridor the isolationof new chemical
entities.We utilized thirteenstrainsof laboratoryisolatedand culturedmarinecyanobacteriabtained
from the intertidal zonesof rocky beachesn Portugal. The phylogeneticdiversity of someof these
strains has been recently studied [13], and they representan untappedand renewablesource of
interestingnew metabolites Thesewere evaluatedusing a bioassaystrategythat was designedo be
morerelevanto their putativeendogenougunction.In thisregard we hypothesizedhatanincreasedhit
numberwould be obtainedusing(a) alargernumberof biologicalassaysvhencomparedo traditional
approachewhichtypically useonly oneor two screeningssaysand(b) ecologicalrelatedbioassayas
opposedo applicationrelatedones.

Ourresultsconfirmedour hypothesighata large percentagef the crudeextractsandfractionsfrom
the strainswould exhibit activity in one or more of the ecologicallyrelevart bioassaysTheseassay
resultscan be usedto guide future isolation efforts of the active constituentsMS-baseddereplication
alongwith a commercialdatabas@f marinenaturalproductsindicatedthat activefractionscontained,
amongtheir more abundantconstituents(as estimatedby LC-MS profiling), previously unreported
massessupportingthe potentialof the presentapproachto discovernew cyanobacteriaimetabolites.
This potentialalsobecamesvidentfrom thebioassayguidedpurificationof activeconstituentsrom one
of the strains Romeriasp. LEGE 06013, which led to a glycolipid rich fraction that also contained
previously unreportedmasses.In addition, the diversity of cyanobacteriaherein tested allowed
comparingbioactivity patternswith phylogenetiaelatedness.

2. Results
2.1.Diversity

A selectionof thirteen strainsisolatedfrom rocky beachesn Portugalwas usedin the present
study(Tablel).

From our phylogenetianalysis (Figure 1), it becomes evident that the selected strains are sufficiently
distant in evolutionary terms to provide a heterogeneous set of cyanobacterial diversity. Exceptions are
the straingNodosilinea noduloshEGE 06152 and LEGE 06191, whictegphylogenetically very close
and the Pseudanabaenaceae cyanobacterium LEGE 06148pmludyngbyasp. LEGE 06133 which
belong to the same sudtuster. As expectableCalothrix sp. LEGE 07177 is placed within the
heterocystous filamentous clade. Theffientous notheterocystous forms are spread out along the tree,
in different clades and sutdades.Leptolyngbya saxicolaEGE 07132 forms a clade with other thin
filamentous cyanobacteria, two of them identifiedHedomicronemaspp., but this group is piad
distantly from the type speciétalomicronemasp. TFEP114] (data not shown). The sole unicellular
cyanobacterial strain used in this study is situated in a large clade comprising above all filamentous
nontheterocystous members of theP-group B(Rippkaet al.[15]) andPseudanabaenspp. from our
culture coll ecti on. Theptslynghydaidree a geepdr eessetna b Itihseh ei
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Manual of Systematic Bacteriology and is also known to include thelifieg unicellular
Synechococcusp. PCC 733516,17] Notwithstanding, the colonial cyanobacterium@loeocapsap.
LEGE 06192 (see Table S1 and Figure S1 for details) clustered in a subcla&ymathococcusp.
PCC 7335 and the filamentous Roeterocystou®seudanabaenef. curta LEGE 07169. Moreover, its
placement in the tree is very distant fr@toeocapsap. PCC 73106, which is a reference stfaif].

2.2. Bioactivity

The results of the screening for bioactivity are summarized in Table 2 and Figure 2. Crude extracts
obtained from the cyanobacterial biomass and their respective fractions were tested in a series o
bioassays, using aut@and heterotrophic, prokaryotic arelikaryotic marine organisms as targets
(Figure 2). These assays were selected taking into account the putative natural roles for the secondar
metabolites produced by the tested marine cyanobadtetjahat they could be produced to elicit a
respons€in this case inhibitory) on a competitor (for nutrients or space) or grazer. Fractions from the
majority (84.6%) of the tested strains showed activity in at least one bioassay, most of these only at
100 ¢ §Themdssay that employdtnnochloropsisp. LEGE Z004 as the target organism had the
most hits(46.2% of the tested strains inhibited the growth of the micrpalanversely, no inhibitory
activity towards Pseudomonas putiddN B3 L was observed, ! Ampng the 10
chromatographic fraains, the most polar ones (C) were the least active (corresponding to 15% of the
total number of hits). Interestingly, fractions with activity in #hehrobactersp. FF13bioassay were
not active in any of the other assays.

Table 1. Marine cyanobacterigtrainstestedin this studyfor explorationof their bioactive
compoundotentialandgeographicatlistributionof thebeache$érom wheretheseoriginated.

Taxon Strain Code Origin 2 Reference
Romeriasp. LEGE 06013  Foz do Arelho (D) [13] A _I/’"’
Pseudanabaensp. LEGE 06116 Martinhal (E) [13]
Leptolyngbyasp. LEGE 06133 Moledo (A) b 37
Pseudanabaenef. frigida LEGE 06144 Burgau (F) [13] C ,é
Pseudanabaenaceae LEGE 06148 Moledo (A) b ‘
cyanobacterium A
Nodosilinea nodulos&a LEGE 06152 Lavadores (B) [13] )
Nodosilinea nodulosa LEGE 06191 Burgau (F) b D_ .
cf. Gloeocapsasp. LEGE 06192 Burgau (F) b ,{/ ’
Leptolyngbya saxicola LEGE 07132 Luz (G) [13] K\L "
Leptolyngbyanycoidea LEGE 07157 Lavadores (B) [13]
Schizothrixaff. LEGE 07164 Moledo (A) [13]
septentrionalis _:.,3' A
Pseudanabaenef. curta LEGE 07169 Aguda (C) [13] E _—rll_/ 50_an1
Calothrix sp. LEGE 07177 Martinhal (E) [13] F G

2 all beach locations are in Portugal, capital letter under parentheses corresponds to location labels in the map of Portugal
shown;® this study* re-identified (see discussion); formerly assigneti¢ptolyngbyacf. halophila
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Figure 1. Phylogenetictree of cyanobacteriall6S rRNA genesequencedlustrating the
placemenbf selectedsolatesamongthe cyanobacteriatliversity. Topologywasobtained
by Bayesianinference(BI) (1 InL = 12,819.98. The nodal supportvaluesindicatednear
internalbranchesvere determinedoy Bl and ML methodsrespectivelybootstrapvalues
(for ML) below 60% and posteriorprobability values(for Bl) below 0.90 were omitted.
Thick lines indicate simultaneous) 0 . @b&eriorprobability and O 8 5 Béotstrapvalues
supportfor treebranchesReferencestrainsand/ortheir closerelativesaremarkedwith i T 0
or i Cespectivelywhile type speciegseetext for distinction)aremarkedwith i R dhe
treewasrootedusingChloroflexusaurantiacus}-10-fl (D38365)asanoutgroupwhichwas
removedor clarity.

AJ133162 Anabaena sp. PCC 7108  [R][custer2]
DQ185241 Nodularia spumigena PCC 73104 (Rl [cluster 1]
AM230668 Tolypothrix sp. PCC 7415 [R
AM230669 Tolypothrix sp. PCC 7504 [R] [cluster 1)
AM230670 Calothrix sp. XP9A
AM230678 Calothrix sp. PCC 7507  [Rl[clusterz]
1.00 /83 HQ832908 Calothrix sp. LEGE 06122
_I—_HQ832933 Calothrix sp. LEGE 07177
1.00/75 HQ832938 Rivularia sp. LEGE 07159
— AM230677 Rivularia sp. PCC 7116 [
AM230699 Calothrix desertica PCC 7102 R
095/- — AM709637 Scytonema hofmanni PCC7110 R
AY157926 Leptolyngbya boryana PCC 6306 [R]
AY170472 Chamaesiphon subglobosus PCC 7430 [R]
AB039000 Gloeocapsa sp. PCC 73106 [RI
HQ832899 Phormidium sp. LEGE 07162
HQ832916 Leptolyngbya mycoidea LEGE 07157
AB039001 Synechocystis sp. PCC 6308 [
AJ000711 Dactylococcopsis salina PCC 8305 [R]
X78680 Gloeothece membranacea PCC 6501 (R
0.93/79 ABO074509 Oscillatoria sp. PCC 7112 [RI
—:AJUOtJ?M Lyngbya aestuarii PCC 7419 [
AJB39893 Leptolyngbya sp. 0BB24S04
AJ639894 Leptolyngbya sp. 0BB32S02
EF122600 Nodosilinea nodulosa UTEX 2910 @
HQ832915 Nodosilinea nodulosa LEGE 06152
Nodosilinea nodulosa LEGE 06191
AY768404 Leptolyngbya sp. PCC 7104 [R]
HM217044 Leptolyngbya sp. LEGE 07298

JN376076 Leptolyngbya sp. BL0902
0.93/58 I: Leptolyngbya saxicola LEGE 06133
Pseudanabaenaceae cyanobacterium LEGE 06148

-1 767 AB058224 LPP-group MBIC 10086
_EM446280 Lyngbya sp. AOSDM
HQ832930 Pseudanabaena sp. LEGE 06116

{AB257773 Halomicronema sp. Goniastrea-1

0.91/-

0.94 /99

0.97/-

GU220365 Halomicronema metazoicum ITAC 101
HQ832944 Leptolyngbya saxicola LEGE 07132
EF545640 Leptolyngbya sp. CR L27
0.94 164} AF132786 Leptolyngbya sp. PCC 7375 [R]
EF654085 Phormidium persicinum SAG 80.79

EF110975 Leptolyngbya sp. FLKBBD1
HM446281 Phormidium sp. A27DM
HQ832937 Pseudanabaena cf. frigida LEGE 06144

HQ832923 Pseudanabaena cf. curta LEGE 07169
FN811215 Uncultured cyanobacterium clone UMAB-cl-31
AY493585 Phormidium priestleyi ANT.LPR2.6
AY493620 Phormidium priestleyi ANT.LPR2.5
HQ832919 Pseudanabaena sp. LEGE 07190
HM217080 Leptolyngbya sp. LEGE 07075

HQ832948 Pseudanabaena cf. curta LEGE 07160

{cf. Gloeocapsa sp. LEGE 06192

095760 AB015062 Synechococcus sp. PCC 7335 B

DQ269094 Uncultured cyanobacterium clone DPC044
P 10832502 Schizothrix aff. septentrionalis LEGE 07164

r AY054298 Synechococcus sp. G2.1
1.00/77 HQ832898 Aphanothece cf. salina LEGE 06149
I— HQ832927 Romeria sp. LEGE 06013

AM709626 Cyanobium sp. PCC 7001 [R]
AF216942 Synechococcus PCC 6716 £
AB039017 Pseudanabaena sp. PCC 6903 A&
AF132790 Gloeobacter violaceus PCC 7421 R

0.94/-

0.99 / 64

0.90 /-

1.00/ 64

0.1 substituions / site
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Table 2.Bioactivity of crudeextractsandcorrespondinghromatographiéractionsfrom the

selectectyanobacteriastrainsin a seriesof ecologicallyrelevantassays.

Active Fractions in eachbioassay? (Lowest Concentration Observed) [ethality or Inhibition, %] °

Strain Artemia salina  Arthrobactersp. Pseudomonas Nannochloropsissp. Synechococcus nidulans
FF13 putida NB3L LEGE Z-004 LEGE 07171
LEGE06013 B (1 00™¢ - - A; B (1%o A (100Meg
[25.2+ 7.3] [A: 100 + 38.9] [54.9+ 4.2]
[B: 100+ 12.1]*
LEGE 06116 - - - - -
LEGE 06133 - A (100M¢ - -
[50.3+11.9]
LEGE 06144 - - - B (100he¢ B (100Meg
[88.7+ 14.3] [78.8+ 13.3]
LEGE 06148 - - - A (100 -
B (10 kg
[A: 66.4+ 18.4]
[B: 93.8+3.9]
LEGE 06152 - B (100¢ - - -
[70.5+ 24.5]
LEGE 06191 - - - - -
LEGE 06192 - - - - A (100Meg
[67.5+11.9]
LEGEO7132 B (1 00™h¢ - - - -
[45.9+11.1]
LEGE 07157 - - - B (100MYe -
[100+ 9.8 ]*
LEGE 07164 - - - B; C (1% -
[B: 36.5+9.1]
[C: 19.5+ 7.6]
LEGEO7169 B (1 00™¢ - - B: C (1% C (100Y9eg
[54.0+ 10.9] [B: 38.0+ 6.0] [92.7+1.3]
[C: 43.5+8.1]
LEGE 07177 - A (100" - - -

[70.9+ 24.9]

2fractions (A, B or C) with lethality values above 2086 $alinaassay) or growth inhibition values above 50% of negative

control (remaining assays); values under parentheses indicate the lowest test concentration for which sigrifidamt (

t-test) activity was observed, but not necessarily above 20% for lgtbaibove 50% for growth inhibition;

®values shown under square brackets correspond to n&Bn ¢ = 3) lethality for theA. salinaassay and growth inhibition

(to control) for the remaining assays at the lowest concentration in which signifiea@t05,t-test) activity was observed.

* average optical density in the corresponding microplate wells at the end of the experiment was inferior to that measured at

the beginning of the experiment, therefore 100% is presented as maximum inhibition value.
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Figure 2. Diagram illustrating the chemoecological screening results. Circles represent each
bioasay, as depicted in the legend. Numbers indicate the amount of tested strains that showed
activity in one (or more, if the number lies at an intersectiooddsays Niested straine= 13;

Nstrains with activiy= 11). Also depicted are general physiological characteristics of the target
organisms that were taken into account in the screening design.

. Nannochloropsis sp. LEGE Z-004 oles
Rk
. S. nidulans
A. salina
@ -~ putida NB3L

Arthrobacter sp. FF13

?“otoautotroph s

MyeBgy-werd

2.3. Dereplication

Fractions from selected strains (with codes LEGE 06013, 06133, 06144 and 06192), belonging to
different genera, were analyzed by-IMS to allow for dereplication of known compounds. For each
strain, masses in the range of BDBOO Da did not find correspdancain the MarinLit database were
observed. The migolar fractions fronRomeriasp. LEGE 06013 anBseudanabaenef. curta LEGE
06144 contained several of such masses (examples are shéigure S2). Rments and glycolipid
species were successfutlgreplicated in both strains.

2.4. BioassayGuided Purification of the ConstituentsRdmeriasp.LEGE 06013

The strainRomeriasp. LEGE 06013 was selected for further exploration of its active constituents,
as it showed activity in several bioassays aab the fastegjrowing strain among those tested.
Largescale culturing was carried out, and the resulting biomass was used to produce a crude extract
This extract was fractionated to yield nine fraction$IjAhat were tested in the bioassays for whic
the strain had shown the strongest activity in the chemoecological screemintpe assays with
Nannochloropsisp. LEGE 2004 andSynechococcus nidulah&GE 07171. The new fractions were
tested at concentrations within the same range as the ones generated from tkeatmaillltures,
however, the same bioactivity pattern was not observed. In both assays, no significant differences in tc
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the control tratment were observed in terms of cell densities. Still, in the case $f théulansassay,

it was possible to observe an abnormally large cell size (when compared to control) in cells exposed to
fraction H (not shown)*H NMR data Eigure S3) for this fraction indicated that its main constituents
were glycolipid species, based on the characteristic resonancedliid.Bi&.5 andl 5.4/ 5.2 regions.

The fraction was subject to reversglllase chromatography, yielding eight fractions that were again
testedfor activity towardsS. niduland. EGE 07171. The same abnormal shape pattern was observed in
cells exposed to fraction HEiQureS4) and also H5 (albeit to a much lesser extent}:NLE analyses

of the main constituents of these fractions showed thataleylgrcolipid species were present in the
fractions. Fraction H6, in particular, appears to contain three monogalactosyl diacylglycerol species
and one digalactosyl diacylglycerol (Figure 3), all of which reported in the literature as being produced
by cyanobacteria[18i 20]. Two compounds with masses for which no correspondence was found
among cyanobacteria in the database MarinLit were also detected in this fraction (Figure 3).

Figure 3. LC-MS analysisof fractionH6, obtainedrom Romeriasp. LEGE 06013.(A) UV
(254 nm) trace and total ion chromatogramgTICs) of the fraction (ionization was only
observedn thedepictedime frame);the peakdabeledwith anasteriskexhibitmassspectra
in both positiveandnegativeionization modessimilar to thosedepictedin panelE for the
peaklabeledwith an opensquare thusthe correspondingcompoundsshouldbe isomers.
(BT E) ESImassspectrgtop: positiveionizationmode bottom:negativeonizationmode)of
compoundsputatively identified as glycolipids (Bi D: monogalactosyldiacyiglycerols
[acyl groupsfor: B linolenoyl and palmitoyl; C linoleoyl and palmitoyl; D palmitoyl];
E: digalactosyldiacylglycerolwith acyl groupslinolenoyl and myristoyl). (F) ESI mass
spectrain positive (top) and negative(bottom) ionization modesfor a compoundwith a
monoisotopicmass of 1152 amu, with no correspondencen the MarinLit database
(cyanobacteria)G) ESIspectruni{positiveionizationmode)of acompouncbf monoisotopic
mass 900 amu that was also not found among the describedmarine cyanobacterial
metabolitesn theMarinLit databaseSymbolsin thetopleft cornerof eachpanelcorrespond
to chromatographipeakdabeledin panelA, anddeducedon assignmentareshown.
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Figure 3. Cont.

3. Discussion

In the present study, all but two of the tested cyanobacterial strains showed important activity in at
least one of the target bioassays, highlighting their high potential for discovery of new chemical entities.
Most fractions were active only atarelaiv y hi gh ¢ on c e'njtunliketytooacuriathed 0 ¢
natural medium. It should be noted, however, that the main components of these very complex fractions
are pigments and primary metabolites, as the cyanobacteria were cultured-optiteat gowth
conditions. The high hit rate observed in the screening may have been the result of using a multiple
bioassay strategy, in particular, with ecologically relevant assays. Waileochloropsisp. LEGE
Z-004 was the most susceptible target organisthémrganic constituents of the cyanobacteria, if the
screening had been conducted with this single assay, the number of potentially boaoperind
producing strains would have been underestimated by nearly half. On the other hand, if we had
employed aly the assays withannochloropsisp. and the Graositive Arthrobactersp. FF13, we
would have identified ~80% of the bioactive strains. Still, the other two assays that resulted in activity
(those withS. nidulansand Artemia salinaas target organissi each allowed the identification of one



