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Preface

WP2 “Natural Consortia for Learning and Production” has as its main objectives to develop
and cultivate existing microbiomes from natural or artificial/industrial environments in highly
controlled and optimized bioreactors for production of extracellular polysaccharides (EPS),
polyhydroxyalkanoates (PHA) and phycobiliprotein pigments (PPP). More specifically, in
Task 2.1, the NOVA.id partner has collected seven environmental samples originating from
two different geographical areas, and encompassing distinct habitats, namely, forest soll,
river sediments and plant roots. Each environmental sample was subjected to a selective
pressure, aiming to select for PHA-accumulating microorganisms. The selected micig@biomes

their phenotypic and genotypic potential for the production of PHA and
partner has collected several environmental samples that have be

ental samples, a
t cyanobacteria
From the obtained
(ial"were characterized for

selective pressure process was applied, which allowed t

cyanobacteria microbiomes, their phenotypic and genot

the production of PHA, PPP and EPS. O
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1 Natural Heterotrophic Microbiomes
1.1 Environmental samples collection and site characterization

Seven sites from two main areas (Setubal and Aveiro) were chosen to collect the
environmental samples (Figure 1). These areas are exposed to different environmental and
climate conditions. Roots from the fern Dicksonia antartica and from lima bean (Phaseolus
lunatus), as well as forest soil from Mata Nacional do Bugaco, were collected in Aveiro
region. The remaining samples were collected at the region of Setubal, namely, in Caparica,
Porto Brandao and Corroios. Roots from the beach dunes plant Carpobrotus edulis and
forest soil from Mata Nacional dos Medos were collected from Caparica, while iments
were collected from the Tagus River mouth, in Porto Brandao, and from the ma@, in
Corroios. The soil (~500 g) and root (~250 g) samples were collected into cleaiyb hile
the sediments (~1 L) were collected into clean flasks. All the samples wefg d at 4 °C
and processed within 24 h after collection.

Y o

Tagus mouth, Porto Brandao

Figure 1: Geographic location of the sites for environmental samples collection for
heterotrophic microbiomes: in the Aveiro region, soil samples were collected from Mata
Nacional do Bugaco forest, as well as the roots of the fern Dicksonia antartica growing in the
forest and of the lima bean Phaseolus lunatus growing in a home vegetable garden; in the
Setubal region, samples were collected at Caparica and Corroios, namely, soil samples at
Mata Nacional dos Medos forest, roots from the beach dune plant Carpobrotus edulis, and
river sediments at the Tagus mouth, all at Caparica, and sediments from Tagus estuarine
marshland at Corroios.
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The collection site of the fern roots and the soil from Mata do Bugaco is an ancient forest
characterized by a prevailing microclimate with mild temperatures, frequent morning fog and
precipitation almost double the regional average, that harbours hundreds of different
species, including centenarian plants, as well as exotics ones originating from other
continents. The lima bean roots were collected from a home vegetable garden in the rural
part of Aveiro region.

The Caparica region is characterized by warm and temperate climate, in which there is low
rainfall during the wintertime. The dune plant Carpobrotus edulis is an invasive species that
grows extensively on several locations across the Portuguese Coast. Its roots were collected
from the sand dunes, at Praia da Saude beach, a dry and salt-containing habi ata
Nacional dos Medos, located in the upper platform of the Fossil Arriba of Costa d%

is an extensive area of pine forest, with centenary pines and a botanical regg

@

The Tagus Estuary is a transitional aquatic environment betweengheSlagus River and the
Atlantic Ocean. It separates Lisbon from the Setubal Peninsulaf |t e%argest wetland in
the country and one of the most important in Europe, n for fish, molluscs,
crustaceans and migratory birds. Porto Brand&o is a sm at'the left bank of the river,
by the river mouth, where the ocean and river water t is ‘Subjected to considerable
pollution due to the navigation of ships. The Corrdios hland is the best-preserved
wetland in the Tagus estuary, with a rich ornithologicaRand_aquatic fauna. It is an ecosystem
with the capacity to store and sequester hea etals, along with the roots of vegetation,
making them inactive.

richness and diversity of autochthonous species. The soil sample was cc¢
surroundings of a pine tree.

These distinct sites were chosen to prov% microbiomes samples of higher microbial
diversity given the different geograKlorigl d diverse ecosystems’ characteristics.

1.2 Samples’ processi CJysical-chemical characterization

e characterized for their physical-chemical characteristics,
total suspended solids (TSS), volatile suspended solids (VSS),

The seven coIIectedg
including pH, '
and nutrients.

(Figure 2-A), Wi oot%Samples were milled with a kitchen blender (Figure 2-B). Both
solid sampl mt) were mixed with milli-Q water (to a total volume of 160 mL) to obtain
sus ns Wi olids contents of approximately 30% (v/v). The sediments samples

The processed samples’ pH was measured with an Orion star series ThermoScientific meter,
while their conductivity was measured with a FiveEasy F20 conductometer.

The samples were centrifuged, and the solids-free supernatants were analysed for their
contents in volatile fatty acids (VFAs) and sugars by high performance liquid
chromatography (HPLC) using a Merck-Hitachi chromatographer equipped with an Aminex
HPX-87H pre-column and a column from BioRad (USA). Sulphuric acid 0.01 M was used as
the eluent at a flow rate of 0.6 mL/min and 50 °C operating temperature. VFAs were
detected with a UV detector at a wavelength of 210 nm (Albuquerque et al., 2011), using
acetate, propionate, butyrate, valerate and lactate (Merck, analytical grade) at
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concentrations in the range 25-1000 mg/L as standards. Sugars were detected with a
refractive index detector, using glucose, fructose, xylose and arabinose (Merck, analytical
grade) as standards, at concentrations of 25—1000 mg/L.

Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) was also conducted
to quantify several elements in the solids-free supernatant samples. The analysis was
performed in a Horiba Jobin-Yvon (Ultima, France), coupled with a 40.68 MHz RF generator
(Czerny-Turner monochromator) with 1.00 m (sequential) autosampler AS500. For this
analysis, the samples were acidified with one drop of nitric acid.

& |

e

Collected soil sample Sieving Sieved soil

Rivr mouth sediment
(B)

p \ =

Marshland sediment

| A

Collected m‘sam

Figure 2: Proce
(C) river sedi

dos M orest (Setubal). Bucaco Forest soil also presented a lower conductivity (17.02
uS/cm), which agrees with the samples lower content in mineral elements (71.35 ppm)
compared to Mata dos Medos soil sample (135.55 ppm) (Table 2). Low mineral elements’
contents were also found for the fern and lima been roots, all collected at Aveiro region,
which shows the collection site influences the samples’ composition.

The sediment samples collected at the Tagus River mouth (Porto Brandao) and from the
marshland (Corroios) presented the highest pH values 7.55 and 7.52, respectively (Table 1),
together with significantly higher mineral elements contents (9306.93 and 8468.82 ppm,
respectively) (Table 2). In both sediment samples, the most abundant elements were Na
(6377 and 6322 ppm), Mg (1525 and 1436 ppm), K (869 and 399 ppm) and Ca (529 and 303
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ppm). Sr (4.15 and 4.45 ppm) and B (2.36 and 1.84 ppm) were also detected for the two
sediment samples, being absent in all the remaining. Those elements are among the most
common minerals found in river sediments (Sakan et al., 2021).

Other elements, including Al, Fe, Mn, P, Si and Zn, were detected in some of the samples,
but their concentrations were very low (<1 ppm) (Table 2).

Traces of VFAs (lactate, acetic and isobutyric acid) and sugars (glucose, fructose, xylose
and arabinose) were detected in the solid-free supernatant of the some of the samples. Such
compounds result from the microorganisms’ activity, namely in the decomposition of organic
material, such as lignocellulosic compounds.

Table 1: Natural microbiomes samples: origin and collection date, an
conductivity values of the aqueous suspensions of the processed samples.

Type of - Collection
sample Sample origin date pH
Mata do Bucaco 13/11/2021
(Aveiro)
Forest soil
Mata dos Medos
(Caparica, Setubal) 05/11/202 51.26
Tagus River Mouth
(Porto Brandao, Setubal) 19/10/2@21 7.55 45.31
Sediment
Tagus Estuarine Marshland
(Corroios, Setubal) 1/2021 7.52 36.63
Carpobrotus edulis
(Beach dune plant, Caparic 2021 6.89 85.69
Plant roots 13/11/2021 6.11 88.17
13/11/2021 7.07 51.17

ed in the solids-free supernatant of the processed natural
omic Emission Spectroscopy (ICP-AES).

est soil River sediments Plant roots
Mlateadg:s :—/Iaoguutﬁ Marshland | Dune plant Fern Lima Bean

0.18 0.14 0.26 0.06 0.56 0.25

0.05 2.36 1.84 0.02 N.D. N.D.
Ca 0.64 2.06 529 303 0.59 1.1 4.69
Fe 0.01 0.14 N.D. 0.01 0.13 0.05 0.14
K 57 68 869 399 84 53 65
Mg 0.5 1.5 1525 1436 3.1 0.8 2.8
Mn N.D. N.D. N.D. 0.03 0.04 0.06 0.01
Na 13 61 6377 6322 67 12 13
P N.D. 0.35 N.D. 0.58 1.45 0.03 1.08
Si 0.11 0.25 0.27 1.61 0.09 0.03 0.27
Sr N.D. N.D. 4.15 4.45 N.D. N.D. 0.05
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Zn 0.02 0.02 0.01 0.04 0.04 N.D. 0.04

Total 71.35 135.55 9306.93 8468.82 156.52 67.64 87.33

1.3 Samples’ microbiological characterization

The general microbial composition of the environmental samples microbiomes was
assessed by Fluorescence in Situ Hybridization (FISH), performed according to Amann
(1995). The samples were fixed with 4% paraformaldehyde or ethanol (Nielsen et al., 2009).
Aiming to characterize the bacteria present in each microbiome, several oligonucleotide
probes were applied Fluorescein isothiocyanate (FITC)-labelled EUBmix probe,for all
Bacteria (mixture of EUB338 (Amann et al., 1990), EUB338-Il and EUB338-IIl (D al.,
1999) and Cyanine 3 (Cy3)-labelled ALF969 for Alphaproteobacteria (Oehme , 2006),
BET42a for Betaproteobacteria and GAM42a for Gammaproteobacteria (M 992),
Delta495a for Deltaproteobacteria (Loy et al., 2002), BAC303 for Bact aceae and
Prevotellaceae families, CF319a for most Flavobacteria, som Oidefes and
Sphingobacteria (Manz et al., 1996); LGCO0354 for Firmicutes (Meter et al., 1999) and
HGC69a for Actinobacteria (Roller et al., 1994). The oligonucleg 3

detailed in probeBase (Greuter et al., 2016). The slides
epifluorescence microscope, and the images were anal IS8

Observed using an
ager D2 at 1000x.

Bacteroidetes, Actinobacteria and Cytophaga-flav@bactekia identified by the positive
fluorescent signal of the oligonucleotide probes (Figure o dominant bacteria group was

observed within each microbiome, but somegbtadant populations were identified which is
the case, for instance, of the Gammapr population, targeted by the Cy3 labelled

FISH results shown the presence of major bacteriavl& f Proteobacteria, Firmicutes,

GAM42a probe, in the microbiomes coll d the river mouth sediments (Figure 3-C)

and from Mata dos Medos sail , (Figur -B), both collected in Caparica region.
Betaproteobacteria, identified by Mdant positive signal of the BET42a probe, were
n

observed in the microbiome of t u nt roots Carpobrotus edulis (Figure 3-E).

ALF969 54
Almost non-existent post non-existent

GAMA42a HGC69a
Abundant Almost non-existent

(B)

ALF969 CF319 DELTA495a GAM42a
Present Present Almost non-existent Abundant
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| ....

BET42 CF319a GAM42a

Present Almost non-existent Present

(D)
BET42 GAMA42a
Abundant Present

(E)

DELTA495a
Present

GAMA42a
Present

(F)

ALFA969 BAC303 BET42 CF319a
Present Almost non-existent Present Present

(G)

10 pm
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GAMA42a DELTA495a
Present Almost non-existent

Figure 3: FISH images of the most abundant populations identified in environmental
microbiome samples (1000x): (A) Mata do Bugaco forest soil; B) Mata dos Me forest

soil; C) river mouth sediments; D) marshland sediments; E) beach dune plant ro ern
roots; G) Lima Bean roots. The images show bacteria hybridized with Cy3-la 69
(red), BAC303 (red), BET42 (red), CF319a (red); DELTA495 (red); GAM42 HGC69a
(red) and LGCO0355 (red). The scale bars for all panels are 10 ym. In th S absence of
bacteria in the different probes, the FISH images were not shown. 6

1.4 Heterotrophic Microbiomes Selection

1.4.1 Selection assays

Aiming to select for PHA-producing bacteria, a strateg ate feast-and-famine periods
was imposed to each of the environmental microbiofes’ ples. During the feast phase,
the culture was fed with a suitable carbon source to te cell growth, while during the

subsequent famine phase the bacteria ablemig synthesize PHA will thrive, using the
accumulated biopolymer as a source jof c@ and energy. By imposing consecutive
feast-and-famine cycles, a culture enriche@iin RlAfaccumulating organisms is selected from
the initial microbiome (Albuquerque et al. 20

The experiments (Figure 4) werggpefermed in 500 mL baffled shake flasks with a working
volume of 200 mL. The cultivafion m was composed of (per liter): anhydrous sodium
acetate, 128 g; NH,CI, 16 g; g; EDTA, 1 g; MgSQO,, 6 g; KH,PO,, 2.25 g; K,HPO,,
9.24 g; Mineral soluﬂnn, he mineral solution composition was as follows (per litre):
FeCl;-6H,0, 0.20 g; .32 g; CuS0O,-5H,0, 0.06 g: Kl, 0.06 g; MnCl,-4H,0, 0.26 g;
Na,MoO,-2H,0, 0. + TH,0, 0.26 g and CoCl,-6H,0, 0.32 g. The pH value was
claving. To each collected microbiome sample (160 mL),

B-oxida pathway (Venkateswar Reddy et al., 2015). The shake flasks were incubated at
200 rpm and 20 °C. The assays had the duration of 10 days and were performed with two
replicas (Figure 4).
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Forest soil River sediments
Mata do Bugaco Mata dos Medos Tagus mouth

Figure 4: Shake flask assays for heterotrophic mi iomes’ selection: Upper images:
initial microbiome; Lower images: microbiome selecteds after 10 days with alternate

feast-and-famine periods.

Samples (40 mL) were periodically (48-72 h) % d from each flask over the experiments,
and replaced by the same volume of fresii mégiup?, thus creating periods of alternate feast
and famine conditions. At each sampling™ime, the pH was measured and adjusted to
7.0£0.2 by the addition of 5 M Na or 5 M HCI. The culture broth samples were used for
determination of the total suspe ids (TSS) and the volatile suspended solids (VSS),
according to the Standard Methods®&(APHA, 1995). Briefly, 2-5 mL broth samples were
filtered under vacuum wit dried and weighed filters (Glass fibre filter, 0.45 pm,
VWR). Then, the filtegs w at 105 °C until constant weight to determine the TSS. The
samples were then ' at 550 °C for approximately 2 hours. The VSS was
determined a ce between the TSS and the ash weight obtained after
incineration.

tained by centrifuging the broth samples (8000xg, 15 min, 4 °C) was
ification of acetate (by HPLC as described in section 1.2) and EPS

(seCliongd™#8). The resulting pellet was washed twice with deionized water, lyophilized and
use quantification by gas chromatography (GC). The GC analysis was performed
accordi Cruz et al. (2016). Briefly, lyophilized samples (1 to 10 mg) were hydrolysed in

2 mL of methanol acidic (20%, v/v) sulphuric acid (SIGMA-ALDRICH) in methanol (Fisher
Chemical) and 2 mL of benzoic acid in chloroform (1 g/L) (SIGMA-ALDRICH), on an oil bath
at 100 °C, for 4 h. Then, 1 mL of deionized water was added. After phase separation, the
organic phase, with the resulting methyl esters, was transferred to vials and analyzed by GC
(430-GC, Bruker) with a Restek column of 60m, 0.53 mmID, 1 uM df, Crossbond, Stabilwax.
The injection volume was 2.0 yL, with a running time of 32 min, a constant pressure of 14.50
psi and helium as carrier gas. The heating ramp was: 0 to 3 min, a rate of 20 *C/min, until
100 °C; 3 to 21 min, a rate of 3 "C/min, until 155 °C; and 21 to 32 min, a rate of 20 “C/min,
untii 220 °‘C. Hydroxybutyrate (HB) and hydroxyvalerate (HV) concentrations were
determined through the use of two calibration curves, one for HB and other for HV, using


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/broths
https://www.sciencedirect.com/topics/engineering/deionized-water
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standards (0.1-10 g/L) of a commercial co-polymer P(HB-HV) (88%-12%) (Sigma), and
corrected using heptadecane as internal standard (concentration of approximately 0.5 g/L).

1.4.2 Production of polyhydroxyalkanoates

Figure 5 shows the substrate (acetate) concentration for each feast-and-famine cycle, as
well as the VSS and PHA content evolution, over the 10 days of the selection assays. The
highest VSS increase was observed for the forest soil samples (Mata do Bugaco, 17.36 g/L,
and Mata dos Medos, 18.46 g/L), and for the fern roots sample (17.66 g/L) (Table 3), for
which the highest yield of VSS on a substrate basis were noticed (0.24-0.41 gyss/Qac)-

It is noticeable that for all assays, except the lima bean microbiome sample (Fi -G),
acetate uptake increased during the consecutive cycles (Figure 5-A, B, C, D, nd F)
However, the specific substrate uptake rate first increased during the 152" then
decreased (Table 3) for most assays. This result correlated with the f e VSS
increased during the consecutive cycles.

During the 1t and 2™ cycles, acetate uptake was not complete, omhe 3 or 4™ cycles
substrate exhaustion was observed for most assays. Such subsfra etion did not occur
for the microbiomes selected from Mata dos Medos forgst gei (Figure 5-B) nor the
river mouth sediments sample (Figure 5-C). This shows east-and-famine alternate

conditions were not attained in all assays. Neverthe ) accumulation of intracellular
PHA granules was confirmed by visualization of fthe mMicrobial cells by fluorescence

microscopy (Olympus BX51) after Nile Blue staining (Rigyfe 6). The cells stained with Nile
Blue according to Silvestre et al. (2020). Bri cell suspension in deionized water was
mixed with Nile Blue A at a volume ratio @f 1: nd treated at 50 °C for 10 min.

The PHA content in the microbiome was rmined by GC analysis (Table 3). The highest
PHA content (46.7 mQpna/Quss) W bserved for the sediments’ sample collected at the
Tagus River marshland, which tained after 5 days of cultivation, in the 2™ cycle
(Figure 5-D). The decrease of the P ntent observed for the subsequent cycles can be
explained by the fact tha es were collected at the end of the cycles, when
substrate exhaustion, wag
phase), the PHA-storing, C&

e able to thrive by utilizing their intracellular reserves, thus,
d. The same trend, lower PHA content for the cycles in which

the PHA contept
substrate exhau atlained, was displayed for Mata do Bugaco forest soil microbiome
(Figure 5-A), afid fi larit roots microbiomes (Figure 5-E, F and G).

S
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Figure sults from the microbiomes’ selections assays: Initial acetate concentration

(g/L) (dark blue) and acetate concentration after each feast-and-famine cycle (light blue) (1%,
2" 3 and 4™ cycles correspond to days 3, 5, 7 and 10, respectively, of each assay); VSS
(g/L; yellow circles) and PHA (mgeua/Qyss; red circles). (A) Mata do Bugaco forest soil; B)
Mata dos Medos forest soil; C) river mouth sediments; D) marshland sediments; E) beach
dune plant roots; F) fern roots; G) lima bean roots.

Table 3: Main results obtained in the shake flask microbiome selection assays: TSS
(g/L), VSS (g/L), overall acetate uptake (g/L), yield of VSS on a substrate basis Yyggac
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(9vss/9ac), specific acetate uptake rate for each feast-and-famine cycle (ga/(Qvss.-d)); PHAax

(MQGpHa/yss)-
Specific Ac uptake rate PHA .
Microbiome (Tg ?LS) (\;‘7'3 A(c)‘l:‘:)zzlll(e (gt:jg:c) - (i':‘:/(gvss:;:)) - (MGrhalQuss)
(g/L) cycle cycle cycle cycle (2
Mata do Bugaco forest soil 29.62  17.36 49.46 0.35 0.080 0.260 0.219 0.337 9.2(7)
gﬂo?lta dos Medos forest 51.94 18.46 76.47 0.24 0.071 0.665 0441 0.421 18.6 (3)
Tagus Mouth sediments 12.04 6.13 75.58 0.08 0.326 1.588 1.385 1.0 18.9 (3)
Marshland sediments 39.05 12.19 62.30 0.20 0.228 0.620 0.616 0. 46.7 (5)
Dune plant roots 18.25 10.38 69.05 0.15 0.335 0.922 8.7 (7)
Fern roots 29.99 17.66 43.43 0.41 0.000 0.424 11.2 (3)
Lima bean roots 23.95 13.50 64.39 0.21 0.818 1.00 14.6 (5)

Mata do Bugaco Tagus mouth

Carpobrotus
edulis

Dicksonia
antartica

Mata dos Medos

Phaseolus
lunatus

Figure 6: PHA granules visualization: Microbiomes’ samples (collected after 10 days
selection) were stained with Nile blue and observed using epifluorescence microscope,
Olympus BX51, equipped with an Olympus XM10 camera (Cell-F software) under contrast
phase and fluorescent light with a magnification of 1000x.

1.4.3 Production of extracellular polysaccharides

The EPS secreted by each microbiome during the 10 days selection assays were recovered
from the supernatants by dialysis with a 12-14 kDa molecular weight exclusion membrane
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(ZelluTrans Carl Roth - Regenerated Cellulose Tubular Membrane, Germany), against
deionized water, at room temperature under constant agitation, with frequent water
exchange over a period of 72 hours. The samples were then lyophilized, and the EPS was
quantified by gravimetry. As shown in Figure 7, EPS production was noticed for all
microbiomes. The biopolymers are materials of low density, with a cotton-like appearance.
The EPS recovered from the microbiomes selected from the forest soil samples have a
brownish coloration, while those selected from the plant roots are lighter, characterized by a
pale beige color. The river sediments samples, on the other hand, are white.

Each tested microbiome vyielded different EPS production (Table 4). The microbiomes

EPS production (1.80 g/L), concomitant with the highest specific production
microbiomes (164.0 mgeps/Qyss)- Interestingly, a high specific production wa oticed for
the microbiome selected from the Tagus mouth sediments (134 mggp ) it
production (0.95 g/L).

Forest soil River _sediments

Mata do Bugaco

Tagus mouth

Carpobrotus
edulis

Dicksonia
antartica
Mata dos Medos Corroi arshland

Phaseolus
lunatus
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Table 4: EPS production and sugar monomer composition for the shake flask
microbiomes’ selection assays (Man, mannose; Glc, glucose; Gal, galactose; Ara,

arabinose; Fru, fructose; Fuc, fucose; GIcN, glucosamine; GIcA, glucuronic acid).

. . EPS. Specific .EPS Monosaccharides’ Other unidentified
Microbiome production production . N .
relative molar ratio constituents
(g/L) (MJeps/Gyss)
Mata do Bugaco forest soil 1.46 721 M2an.: Cilc _: G1al GIcN(?) + uronic acids
Mata dos Medos forest soil 2.59 100.0 Gle :, Gal :.Man GICA : Ara': Fru ufbnic acids
3:3:2:2:1:1
Tagus Mouth sediments 0.95 134.0 G6|C :_ Ggl :_M;:m A;a + 2 unknown
. . . °
Marshland sediments 0.77 59.9 Glc: Gal: Man : GIeN(?) + 2 unknown
3 : + uronic acids
?
Dune plant roots 1.80 164.4 GleN(?) +.2 un!(nown
+ uronic acids
Fern roots 1.13 52.4 GIcN(?) + uronic acids
. . . 5
Lima bean roots 0.82 58 Glc : Fuc : Gal ..Man GIcN(?) + .2 un!(nown
4 2 :1:1 + uronic acids
The EPS sugar monomer composi was determined by HPLC, following the biopolymers’

dissolved in 5 mL deionized wa hydrolyzed with TFA (0.1 mL, 99%) at 120 °C, for 2 h.

hydrolysis with trifluoroacetic Q . For that, EPS dried samples (~5 mg) were
ran
The hydrolysates were u identification and quantification of their constituent

monosaccharides with aboPac PA10 column (Thermo ScientificTM DionexTM,
Sunnyvale, CA, USA ipPed with an amperometric detector. Fucose, rhamnose,
arabinose, galactaSeing se, fructose, ribose, glucuronic acid and galacturonic acid

(Sigma-Aldrich) We 3 s standards (1 to 100 ppm). This analysis showed the

interesting biological properties to the polysaccharides (Roca et al., 2015), renders the EPS
produced by the selected microbiomes of interest for further investigation to increase their
production and to study their functional properties.
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1.5 16s rRNA Characterization of the Heterotrophic Microbiomes

Fourteen heterotrophic microbiomes samples were analysed, including the initial
environmental microbiomes (NovalDi, where i=1, 3, 5, 7, 9, 11, 13) and the corresponding
selected microbiomes (NovalDii, where i=2, 4, 6, 8, 10, 12, 14), namely:

- NovalD1 and NovalD2: Tagus river mouth sediments;
- NovalD3 and NovalD4: Mata dos Medos forest soil;

- NovalD5 and NovalD6: beach dune plant roots;

- NovalD7 and NovalD8: river marshland sediments;

- NovalD9 and NovalD10 - Mata do Bugaco forest soil;
- NovalD11 and NovalD12: fern roots;

- NovalD13 and NovalD14 - lima bean roots.

DNA from the samples was isolated following QIAmt Power fecal Pr erfen),
adding bead beating and enzymatic lysis steps prior to extraction avei asfin DNA
purification toward misrepresentation of Gram-positive bacteria. A f 50ig of DNA was
44223 B protocol
(ILLUMINA). In the first amplification step, primers were designée idining: 1) a universal
linker sequence allowing amplicons for incorporation
Nextera XT Index kit (ILLUMINA); and 16S rRNA gen
2013). In the second and last assay, amplificatio
libraries were quantified by fluorimetry using Quanti
(Thermofisher). Libraries were pooled prior to sequencing on the MiSeq platform (lllumina),
250 cycles paired reads con- figuration. The gize"@nd quantity of the pool were assessed on

the Bioanalyzer 2100 (Agilent) and witihgthé€ ary Quantification Kit for lllumina (Kapa
Biosciences), respectively. PhiX Controli (v3) (lllumina) was combined with the

amplicon library (expected at 20%
Raw sequences, forward (R1) a’\@ (R2), were imported into QIIME2 platform (Boylen
rce

primers (Klindwoth et al.,
were included. 16S based

et al., 2019). Cutadapt v3.4 ( 2011) plugin was used to filter specific V3-V4 16S
region adapters. Raw sa analyzed using Qiime2 platform, removing low-quality
sequences with ‘filtefAnd tion. DADA2 software was used to denoise data and ASV
were created. ASVs witlle an five reads between all samples were removed to reduce
background no ‘ sequencing errors. The taxonomic assignment of the ASVs
was performe / erent methodologies and databases to obtain more precise
annotation. The assignation was made using BLASTN (Altschul et al., 1990) at the NCBI
16S ribesomal RNA database. The sequences which did not reach the 97% of homology

withfan database sequences were reassigned using the NBAYES algorithm
(Bo et el al., 2018) on SILVA v.138 16S database. ASV with less than 10 counts in all
sample e removed from the study. Data was normalized using rarefaction technique

from Phyloseq R package (Weiss S et al., 2017) in order to perform alpha diversity analysis.
Shannon, Simpson and Richness indexes were calculated using vegan R package
(Oksanen J et al., 2019), and ANOVA test was used to find significant differences in alpha
diversity between groups. The boxplots were by “vegan” and “stats,” using R (v.3.3.1). The
relative taxonomic abundances of the samples were displayed with histograms plotted by
“microbiomeSeq” and “ggplot2” libraries in R (v.3.3.1).

After quality and chimeric sequence filtering, 624.148 reads were obtained (44.582 + 5.988
per sample). The reads were grouped into 4715 bacterial amplicon sequence variants
(ASVs). A rarefraction curve was calculated (alpha-diversity index) for all samples at the
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ASV taxonomic level to evaluate the sequencing deep rightness. The samples reached the
plateau area (Figure 8), so an increase in the number of sequences must not impact the
number of ASVs detected.
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Figure 8: Rarefaction curves of acter;axdation at ASV taxonomic level.

The 4715 ASVs belonged to ifferent phyla, being the most abundant phyla
Proteobacteria (37.50 = 12.75), bacteria (34.08 + 15.47%), Firmicutes (10.57 +
8.48%), and Bacteroidetes (3,59 388%) (Figure 9). These results confirm those obtained
by FISH (section 1”3) t identified such bacterial groups. Comparing the initial
environmental microbi alD1, NovalD3, NovalD5, NovalD7, NovalD9, NovalD11
and NovalD13), to f The corresponding selected microbiomes (NovalD2, NovalD4,
NovalD6, Nova ID4O, NovalD12 and NovalD14, respectively), it is noticeable a
t

considerable r microbial diversity of the samples. Moreover, there is a clear
selection ofgActiri@bacteria, whose relative abundance increased significantly for all selected
a

es red to the environmental samples. The microbiomes originating from soil
and NovalD9), despite their different geographical location (Caparica and
resp€ctively), had similar initial microbial composition, including members of the
phyla acteria and Verrucomicrobia, for which no significant content was found in most
of the other environmental samples, except for the plant roots of the fern (NovalD11) and of
lima bean (NovalD13). Nevertheless, all these environmental samples evolved into similar
selected microbiomes’ composition, in which Proteobacteria, Actinobacteria and Firmicutes
prevailed, and Acidobacteria and Verrucomicrobia were excluded.
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Families with the highest relative abundance across all the samples were
Corynebacteriaceae (Phylum: Actinobacteria) (17.77 £ 17.67%), Moraxellaceae (Phylum:
Proteobacteria) (11.60 + 13.77%), and Micrococcaceae (Phylum: Actinobacteria) (7.67 %
9.47%) (Figure 10), whose relative abundance clearly increased from the original
environmental samples to the selected microbiomes after 10 days of cultivation under the
feast-and-famine alternate cycles.
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Figure 10: R
values of all

u nces of the 62 most abundant families and the LCBD
mples. The label “others” represent the unknowns. NovalD1 and
Nov Ta r mouth sediments, environmental and selected microbiomes; NovalD3
andt N : "Mata dos Medos forest soil, environmental and selected microbiomes;
Nov and NovalD6: beach dune plant roots, environmental and selected microbiome;
Noval nd NovalD8: river marshland sediments, environmental and selected
microbiomes; NovalD9 and NovalD10: Mata do Bugaco forest soil, environmental and
selected microbiomes; NovalD11 and NovalD12: fern roots, environmental and selected

microbiomes; NovalD13 and NovalD14: lima bean roots, environmental and selected
microbiomes.
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A total of 483 genera were detected, of which the most abundant were: Corynebacterium
(Phylum: Actinobacteria) (17.77 £17.67%), Psychrobacter (Phylum: Proteobacteria) (8.13 +

12.64%), and Glutamicibacter (Phylum: Actinomycetota) (3.74 + 6.82%) (Figure 11).
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of all the samples.

Tag er sediments, environmental and selected microbiomes; NovalD3 and
No

and Noval
and N 8:

river marshland sediments, environmental

a dos Medos forest soil, environmental and selected microbiomes; NovalD5
. beach dune plant roots, environmental and selected microbiome; NovalD7

and selected microbiomes;

NovalD9 and NovalD10: Mata do Bucgaco forest soil, environmental and selected
microbiomes; NovalD11 and NovalD12: fern roots, environmental and selected
microbiomes; NovalD13 and NovalD14: lima bean roots, environmental and selected
microbiomes.

The samples originating from Setubal area (NovalD1, NovalD3, NovalD5 and NovalD7) after
the 10 days selection assays (NovalD2, NovalD4, NovalD6 and NovalD8) displayed a
similar composition, with abundancy of members of the Corynebacterium, Psychrobacter
and Glutamicibacter genera. On the other hand, the samples originating from Aveiro region,
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although the initial environmental samples differed, also evolved towards predominancy of
members of the Corynebacterium and Glutacimibacter genera. The microbiomes selected
from root samples (NovalD6, NovalD12 and NovalD14) also revealed abundancy of
Acinetobacter sp..

The genera Corynebacterium is widely distributed in nature, namely, in water, soil and
plants, and it includes species with known ability to produce PHAs, such as, for example,
Corynebacterium glutamicum (Ma et al., 2018). Such species was found in the microbiomes
selected from the sediments of the Tagus River mouth (NovalD2 sample) and the Tagus
marshland (NovalD8 sample), as well as from the soil collected at Mata do Bugaco forest
(NovalD10 sample) (Figure 12). Psychrobacter sp., usually mainly found in sea w, deep
sea and Antarctic Sea ice, include species isolated reported as PHA-producers al.,
2019) possessing also EPS production ability (Aullybux et al.,, 2019
Glutamicibacter, which is ubiquitous in soil, water and air, was found in the @ from soil
(NovalD 4) and roots (NovalD 12 and 14). This genus Glutamigibatie 2viously
Arthrobacter genus) include mostly salt or heavy metal tolerant rhi i i
EPS secreting ability. The microbiomes selected from soil and ro les also revealed
the presence of Acinetobacter sp., which may be found most i ant samples and
include PHA or EPS producers (Yadav et al., 2012; Zheng e alomonas sp. (e.g.,
a do Bucaco forest soil
ported as PHA and/or EPS

Halomonas venusta) were found in the selected microbi
and from the fern roots. Those species have also
producers (Stanley et al., 2018; Joulak et al., 2021).

The most abundant ASVs detected were: ASV2 [6] nebacterium glutamicum (4.78 +
7.75%), ASVS [6] Psychrobacter fulvigene .14 £ 8.05), ASV3 [6] Glutamicibacter
protophormiae (2.95 + 4.79%), and AS icibacter mysorens * 2 (2.93 + 6.55%)
(Figure 11).



D2.1: Collection, pre-screening and characterization of natural microbiomes

27 | Page

®  ASVS[E|Psychrobacter fulvigenes'2
B ~svrsicivanicivacter.mysorens'2
Bl 2sv11(sventha canadensis'

W ~svasiconynenacterium giutamicum
[8] Asvi7isjRnizobium fabae*10

®  ASV10[6]Psychrobacter. pulmonis
. ASV22[B]Acinetobacter johnsonii

o ASV3[BIGI

100+

1l
1}
I

®| Asv72[sjAcinetobacter.defiuni’2
[® AsvsasICarynebacterium.variabile
[ asvi7isjstaphyiococeus casei'2

[ AsviosiEMarinobacterium corall

|81 Asves(elPseudomonas.nitritolerans
[8] Asviozeioceaninaitans sediminis
. ASVEB[E]Corynebacterium freneyi'2
. ASVI00)

marisflavi

. ASV4[B]Corynebacterium.glutamicum
[®] AsvelsjHalomonas.venusta'2
B Asvstsiconmebaterium gluamicum

®  ASVBY[6]Clostridium.saudiense 2
® | ASVEG[4]Xanthobacteraceas
® ASV92[2]Actinobacteria

. ASVIB[BIC
®  ASvA3Bleotalcocous.aerolatus 2
o ASV4d[BJAcinetobacter johnsonii

Bl svasisiPsychrabacter.oasteuri

B rsvassiconnevacterium glutamicum
®  ASv27[g|Glutamicibacter soli

Bl AsvarisiRomboutsia.timonensis

. ASV20[8]Corynebacterium glutamicum
Bl ~svesisiPscuddiomarina sediminum

NDVNDE“ _‘-W_

Relative abundance (%)
B

254
acter.lekithochrous

sidonibacter.lekithoshrous*3

NOVA‘Dﬂ]“ _ - - _

NOVNDH<|

NOVMDE“ —.- - .

NOVMDS‘| _ _ I

NOVNDQ“

NDVNDZA{ _. l_ I

NDV/\\D1<|
NOV/\\D3‘|
NOVNDA<|
NOV/\\D7<|

NOVAID12

Samples

Figure 12: Relative abundances of t
of all the samples. The label “others”r
Tagus river mouth sediments, jronmen
NovalD4: Mata dos Medos fores environmental and selected microbiome

and NovalD6: beach dune pl roofs;¥environmental and selected microbiom

microbiomes; Nova fern roots, environmental

. S’ ichales

B Asvii7elPsychrosphacra aestuari-2
B #svssisHalomonas venusia'2

B rsvssiamicrotichales

. ASV124[6]Vibrio alginolyticus

W #sv103ieiCiosticium saudiense2

[Mammaliicoccus. sciuri

Agnuorivita.viscosa

hynebacterium.glutamicum
fiF=eudidicmarina.sediminum
SWIEZ[E]Candidimonas.bauzanensis
ASVBO[S]Terrimicrobium
/142[6]Possidonibacter. ekithochrous
108[6]Allidiomarina taiwanensis
EV115(6]Lysinibacillus.mangiteriumi ‘3
ASV144[6]Vibrio.gigantis
. ASV82[4]Xanthabacteraceae

nas hodoensis's [Jfll Asv127ilPogosiemon cablin's

B ssvi7ieiCeierbacter halophilus'2

the unknowns. NovalD1 and NovalD2:
and selected microbiomes; NovalD3 and

s; NovalD5
e; NovalD7
icrobiomes;

and selected

and NovalD8: river mars sediments, environmental and selected m
NovalD9 and NovalD1 0 Bucaco forest soil, environmental and selected
1 nd® NovalD12:
1

microbiomes;
microbiomes.

To analyze de

signifi lyfhigheriin time 0 group (TO) than time 10 group (T10) (Figure 13).

ovalD14: lima bean roots, environmental and selected

Nov
h ersity Richness, Shannon and Simpson metrics, the metrics were


https://docs.google.com/document/d/1QaX_7qQosgboxtShe74G-LPc0WhodbSj/edit#heading=h.gjdgxs

28 | Page D2.1: Collection, pre-screening and characterization of natural microbiomes

Richness Shannon Simpson
7-
!
900 - 64 T 1.054
L]
L]
! .
7] 1.00
<]
=
2 54 l Groups
>
8 600 1 $ To
5 F1 Ti0
w
o
o
0.
4- T
300 4 e
0.904
o
L]
®
(]
= 2 = 2
Groups
Figure 13: A grsity) of the bacterial microbiome of each group. Number of

samples analy.

group: Time 0:7 and Time 10:7. (*) indicate significant differences
betw rolps aceording to ANOVA tests (p < 0.05).



D2.1: Collection, pre-screening and characterization of natural microbiomes 29 | Page

2 Cyanobacteria Microbiomes
2.1 Environmental samples collection and site characterization

Environmental samples were collected from 4 different sites around Barcelona (Catalonia,
Spain). Figure 14 shows the geographic location of the 4 sampling sites. To increase the
genetic diversity of the collected samples, several sites with a variety of waters were
selected: constructed wetland (CW), river (R), urban pond (UP) and a canal (C).
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Figlre - ographic location of environmental samples for cyanobacteria
micr . Sites were selected along Catalonia geographic region (Spain). Red symbols
in the | ap represent the sampling sites. Pictures illustrate an image of the different sites

during sampling.

The site of the constructed wetland (CW) in Can Cabanyes receives treated water from the
wastewater treatment plant from the city of Granollers (secondary effluent). River (R)
samples were collected from the Besods river (Sant Adria del Besos). This an intermittent
Mediterranean river which receives high amounts of treated wastewater discharged from the
wastewater treatment plants in the metropolitan area of Barcelona. The urban pond (UP) is
located in Diagonal Mar Park inside Barcelona city. The UP is fed with groundwater water.
Canal (C) samples were taken from the Canal dels Canyars outlet, very near to the sea
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(Gava). This is a canal constructed in a natural deltaic creek to avoid flooding during storms
in the surrounding built area.

The collection of the environmental samples involved the sampling of water and sediments
for both microbiome development and site characterization. The results of the general
physico-chemical characterization of the four collection sites, including pH, electrical
conductivity, temperature, and nutrients, are shown in Table 5. N-NO; and P-PO,* were
measured by the colorimetric methodologies 4500-NO3 and 4500-P, respectively, described
in Standard Methods (APHA et al.,, 2012). Conductivity was measured using a
conductometer (Conductometer GLP 31, Crison, Spain), and pH and temperature were
measured by means of a pH probe (HI1001, HANNA instruments, Italy) and te ature
probe (ABRA, Canada), respectively. @

Table 5: Environmental samples general characterization.

Parameter Urban River Ca
Pond
pH 8.04 8.03
Electrical Conductivity (mS/cm) 1.7 1.7 .
Temperature (°C) 26 23 20
Nitrogen (mg/L) (N-NO;y) 0 3.8 0.02 0
Phosphorus (mg/L) (P-PO,*) 0 0.35 0 0
1st s " " 15th
Collection date June mber 15 l\écc;\;mber November
2021 2021

The higher electrical conductivity ig the canalygould be explained due to its proximity to the
sea. The river samples contained %ﬂtmgen and phosphorus because of the influence of
treated wastewater discharges e pond and the constructed wetland had waters
with low salinity in comparis@n to the canal, and with low nutrient concentrations in

comparison to the river.

¢

A total of 11 microbio es were collected from the four different sites. In detail, 4
samples were @@l the urban pond (labelled as UP 1-4), 2 from the canal (labelled
as C 1-2), 2 fr ongtructed wetland (labelled as CW 1-2), and 3 from the river
(labelled as R . ble'6 information on the sampling origin for each sample and site is
detaile

Table 6: ail of the collected samples for each site. (Wall and stone samples
corresp o epilithic organisms; Water to planktonic; Sediment to benthic).

Urban Pond UP 1 UP 2 UP3 UP 4
Sample origin Wall Wall Sediment Sediment
Canal c1 C2
Sample origin Sediment Water

Constructed Wetland Cw1 CwW 2
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Wall (outlet weir

of the wetland) Water

Sample origin

River R1 R2 R3

Stone (near a Non-submerged sediment

River stone
sewer overflow) (near sewer overflow)

Sample origin

2.2 Environmental samples microbiome characterization

After microbiome sample collection, a first morphological characterization of the
environmental samples was completed through microscopic observations under a
microscope (Motic, China) equipped with a camera (Fi2, Nikon, Japan) and a scence
microscope (Eclipse E200, Nikon, Japan) using the NIS-Element viewer® rerFigure
15 shows a general image of the most abundant microorganisms observed@ liag to the
different environmental sites and sample numbers.

e A5 General Microscope images of the natural environmental microbiomes
were obser¥ed under bright light microscopy at 200X and 400X. UP 1-4 correspond to
[ tal samples from Urban Pond. C 1-2 correspond to environmental samples from
the Canal. CW 1-2 correspond to environmental samples from the constructed wetland. R
1-3 correspond to environmental samples from the Besos River. To see the images in more
detail we suggest enlarging the photo on the computer screen. A very high diversity of
microscopic organisms can be seen.

The natural environmental microbiomes consisted of mixed populations of cyanobacteria,
eukaryotic microalgae (mostly green algae, diatoms) and other microorganisms such as
euglenoids. Different taxonomic books and taxonomic references (Komarek and Hauer,
2013; Palmer et al., 1962; Streble and Krauter, 2018) were used to classify by morphology
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the dominant species of green algae and cyanobacteria. Table 7 summarizes the most
abundant organisms classified by microscopy observations.

Table 7: Environmental microbiome composition from microscopic images.

Sample Organisms

upr1 Diatoms; Cyanobacteria: Synechocystis sp. and filamentous Cyanobacteria; @

Cosmarium sp.
UP2 Cyanobacteria: Synechocystis sp.; Green algae Cosmarium sp. Q

Cyanobacteria: Aphanothece sp.

UP4 Cyanobacteria
c1 Green algae: Chlorella sp., Monoraphidium sp., Chlam onasesp.
Cc2 Filamentous and punctiform colonial Cyanobacte

cw1 Cyanobacteria: cf. Gloeobacter sp.

Cw 2 Cyanobacteria: cf. Gloeobacter s
R1 Filamentous cyanobacteria; Green algae: Stigeoclonium sp.
R2 Cyanobacteria: Synechocysti
R3 Cyanobacteria: SynechecystisSsp.; Diatoms: Cyclotella sp., Nitzschia sp.; Euglenoids:
Euglena sp.
*

Since the obje
production of

2.1 was to develop cyanobacteria-rich microbiomes for the
JlarSpolysaccharides (EPS), polyhydroxyalkanoates (PHA) and
PP), we followed a selection strategy mostly based in
phosp imitation (see Section 2.2.1). From our previous investigations, we

o
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<
Q
o
=3

o
=
o
—
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phorus concentrations are low (< 0.2 mg P/L) together with the application of
N:P ratios Between 7-22 (gram basis) (Arias et al., 2020). Note that we were particular
concerned about the control of green algae because they are fast growers due to the higher
affinity for these nutrients. On the other hand, it should be noted that the target bioproducts
of the present project were not measured from raw environmental samples because of the
low amount of biomass collected. Therefore, we analysed the bioproducts after growing the
microbiomes in phosphorus limitation conditions (See section 2.2.1).

2.2.1 Cyanobacteria microbiome selection

Figure 16 describes the different cultivation phases applied to each microbiome sample
since collection. The general purpose of the experimental set-up was to (i) select
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cyanobacteria microorganisms (in particular among green algae) and (ii) obtain microbiome
cultures with sufficient biomass concentration (i.e., approximately 1 g-L™' VSS).

June July Augqust September October November | December January Feb
1]2[3]a]5]6]7]|8] 9 10]11/12[13[14]15[16[17]18]19]20[21] 22| 23[24 2526 |27 [ 28] 20]30[ 31]32] 33[ 34 35]36[33
Site|Sample| Scaling phas Selection phase Growth phase
1 X
2
UP 3
4
Selecti
1
R 2
3
1
¢ 2
1
cw 2

BG-11
B(E-11 0.5 mgP-L-1
A

f 1 f
|:|10 mL |:|50 mL DZSO mL l:|1 L .50 mL DZSO mL .1 L

Figure 16: Graphical representation of the ex@t I setup for cyanobacteria
microbiome selection. Colours represent the differe edia and culture volumes. Light

colours represent BG-11 media, while dark col@¥g, indicate media with P limitation (a lower
P concentration was applied instead pf . s @ BG-11). Numbers under the months
correspond to the weeks. Cross marks r poved samples.

Samples from the urban pond were collected in early June 2021. To start the
cultures, 50 mL of samples wefe cenirifuged, and the biomass was cultured in 10 mL test

tubes with BG-11 medium % ). Subsequently, the cultures were scaled up from 10

mL to 250 mL (Figuge 1 essentially increase microbiome biomass. In general, we

used visual observati as changes in colour of the culture and microscope
observations edure. The scale-up ratio was of 1:5 to achieve proper

cyanobacterial g en, 2005).

Samples fr ri (R 1-3) were collected in early September and samples from the
an nstructed wetland (CW 1-2) in early November. Due to the experience

pre ou i from the urban pond samples, microbiomes were exposed directly to the

selection phase by phosphorus limitation to get rid of green algae competition.

All samples were submitted to the selection phase consisting of a phosphorus nutrient
limitation in BG-11 media (with low P content). Nutrient limitation was applied along with
volume scale-up. In all samples, the selection procedure was effective to achieve
microbiomes rich in cyanobacteria.

Following this period, the microbiomes were submitted to a growth phase in 1 L cultures:
starting in mid-November in UP and R samples, and in mid-January from C and CW
samples. Initially, microbiomes in the growth phase were cultured in BG-11 without any
nutrient limitation. However, green algae overcompeted cyanobacteria in samples UP 2 UP 3
and C 1, which had to be discarded. As a result, and as a preventive measure, we decided
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to maintain all the cultures with low phosphorus concentrations (0.5 mg-L™). In this growth
phase, strict control of the physicochemical parameters was performed to increase
microbiome biomass. Figure 18 show the temporal evolution of VSS during the month of
January (i.e., growth phase) in samples UP 3,4 and R 1-2 and 3. Samples C 2, CW 1 and 2
started the growth phase in mid-January and data was not available at the time of writing this
deliverable.

Figure 17: Images of microbiome scale-up phase in BG-11 media. a) 10 mL test tubes,
b) 50 mL Erlenmeyer flasks and c) 250 mL Erlenmeyer flasks.

To keep the 1 L cultures continuously growing, approximately a third part of the volume (300
mL) was replaced every week by a new BG-11. These cultures were continuously agitated
using magnetic stirrers. They were kept under 2.1 kix illumination under 15 h light: 9 h dark
cycles at 30 £ 2 °C. The pH was measured daily and kept at an optimum level (between 7.5
and 9) by daily injection of CO,. Nitrogen (N-NO3) and phosphorus (P-PO4) were measured
weekly and adjusted to a P of 0.5 mg-L'"and N to 247 mg-L"". Note that N-NO3 is the only
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source of N in BG-11. N-NO3 and P-PO4 were measured by the colorimetric methodologies
4500-NO3 and 4500-P, respectively, as described in the Standard Methods (APHA et al.,
2012). Volatile suspended solids (VSS) were measured once per week following gravimetric
method 2540-D described in Standard Methods (APHA et al., 2012). The microbiome was
monitored using bright light microscopy and fluorescence microscopy.

To keep the 1 L cultures continuously growing, approximately a third part of the volume (300
mL) was replaced every week by a new BG-11. These cultures were continuously agitated
using magnetic stirrers. They were kept under 2.1 kix illumination under 15 h light: 9 h dark
cycles at 30 £ 2 °C. The pH was measured daily and kept at an optimum level (between 7.5
and 9) by daily injection of CO,. Nitrogen (N-NO3) and phosphorus (P-PO4) were ured
weekly and adjusted to a P of 0.5 mg-L"and N to 247 mg-L"". Note that N-NOB%nIy
source of N in BG-11. N-NO3 and P-PO4 were measured by the colorimetricgaigth
4500-NO3 and 4500-P, respectively, as described in the Standard Metho¢
2012). Volatile suspended solids (VSS) were measured once per wee 2
method 2540-D described in Standard Methods (APHA et al., 2012 he Taicrabibme was
monitored using bright light microscopy and fluorescence microsc

2
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Fig - Vblatile suspended solids (VSS) weekly follow-up for growth phase during

January fogsamples UP 3, UP 4, and R 1-3.

2.3 Cyanobacteria microbiome characterization

Once cyanobacteria microbiomes were selected from the initial natural environmental
samples, and the cultures were developed, we took samples from each culture in order to
conduct i) microbiome characterization and ii) bioproduct characterization. Figure 19 shows
microscope bright field images and fluorescence microscope images of the cyanobacteria
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microbiomes which were characterized. The fluorescence microscope images reveal the
magnificent predominance of cyanobacteria.
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Figure 19: Microscope imagés of,the grown cyanobacteria microbiomes observed
under bright light and flugreScenge microscopy at 400X. UP 1 and 4 correspond to
samples from urban pond -2 correspond to samples from the constructed wetland. C 2
correspond to the sam canal R 1-3 correspond to samples from the river.

Filamentous cye nd green algae are observed in UP 3 and UP 4 samples. In
river samples: enlous cyanobacteria and Synechocystis sp., R 2 filamentous
cyanobacteria . Gloeobacter sp and R 3 filamentous and punctiform colonial
cyan te In €anal sample C 2 filamentous and punctiform colonial cyanobacteria. In
congtruc amples CW 1 filamentous and punctiform colonial cyanobacteria and CW 2
fila us and punctiform colonial cyanobacteria and cf. Gloeobacter sp.

2.4 Cyanobacteria bioproduct characterization

The analysis of the bioproducts was conducted from the scaled-up samples described
previously. More specifically, samples for bioproducts were taken out during the growth
phase at the end of January (Figure 16).
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2.4.1 Polyhydroxyalkanoates (PHA)

PHB extraction and analysis were adapted from the methodology described by Lanham et
al. (2013). Briefly, 1 mL of MeOH acidified with H,SO, (20% v/v) and 1 mL of CHCI;
containing benzoic acid as internal standard was added to 2-3 mg of lyophilized biomass
located in assay tubes. Tubes were then incubated in a dry-heat thermo-block (Selecta,
Spain) for 5 h at 100 °C. After that, they were rapidly cooled on ice for 30 min, and 0.5 mL of
deionized water were added to each tube. After, they were vortexed for 1 min to separate the
different solvents by density. CHCI; was removed with a Pasteur pipette and placed into a
vial with molecular sieves to remove the water that could remain in the sample. PHB was
determined by means of gas chromatography (GC) (7820A, Agilent Technologie ). It
was quantified by measuring the PHB monomers hydroxybutyrate (HB) and hydr@ate
(HV), using the co-polymer of PHB-PHV as a standard for HB and HV. A a rve
with six points was prepared and processed in the same way as the sampl esults of
PHA are shown in Table 8 expressed as a percentage of dry weight.

Table 8: PHA concentration of the different cyanobacteria r S.
Sample UP3 UP 4 R1 R 2 CWwW 1 Cw 2
PHA (Y% gcw) 1.2 1.9 0.4 0.2 1.2 1.7 1.7

samples without any clear trend related to
the higher content were R 3 and UP 4,

As expected, the amount of PHA was low in
the sampling site and PHA content. Sample
whereas those with lower content w d R 2. Interestingly, the microscopic
observation of samples with major, PHA co l.e., R 3 and UP 4) showed a major content
of filamentous and punctiform colori@l cyanobacteria.

2.4.2 Phycobiliprotein pigm

For the extraction of phyc the procedures reported by Arashiro et al., (2020) and
Zaviel et al. (2018) Were ined and adapted to the conditions of this study. Freeze-dried

xtract phycobiliproteins. Biomass was distributed in 1.5 mL
te buffer (pH 7, 0.1 M) was added to each sample. Firstly, a

tubes, and 1
preliminary fre

4 , OD_615nm and OD_652nm, which are the wavelengths that correspond to
the maximum absorption of phycoerythrin (PE), phycocyanin (PC), and allophycocyanin
(APC), respectively. Phosphate buffer was used as a blank. The concentrations of were
quantified according to Bennett and Bogorad (1973):

- PC (mg/L) = [OD_615nm- (0.474*0OD_652nm)}/5.43
- APC (mg/L) = [OD_652nm- (0.208*OD_615nm)]/5.09
- PE (mg/L) = [OD_562nm- (2.41*PC) — (0.849*APC) ]/9.62
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All the analyses were performed in triplicates and under dark conditions to avoid pigment
degradation. The results of the of PPP are shown in Figure 20.
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Fig : Phycobiliproteins results of the different cyanobacteria microbiomes. a)
Image ycobiliproteins after extraction. b) Phycobiliprotein content results. Values

represent the average and standard deviation (error bars) of 3 replicates.

The amount of PPP was in general low except for samples R 1 and R 2, which at the same
time were those with the lower PHA content. Interestingly, these samples were much rich in
filamentous cyanobacteria, Synechocystis sp. and cf. Gloeobacter sp. On the other hand,
sample UP 3, in which filamentous cyanobacteria and green algae were observed,
presented the low PPP content. Although samples R 1 and R 2 exhibit the higher PPP
content (mg/gDW), note that the color of sample R 1 is orange and the R 2 is greener
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(Figure 20a), this could be explained by the different composition of PC, APC and PE in this
samples.

The amount of PC and APC was similar in all samples, while the content in PE was lower.
Previous experience of the UPC partner in the production of PPP in Synechocystis sp. and
Synechococus sp. monocultures showed a very different pigment proportion; being PC the
higher produced pigment and APC and PE the lower ones.

2.4.3 Carotenoids

For the extraction of carotenoids, the procedures reported by Zavfel et al. (2015
adapted for this study. Freeze-dried biomass (~ 3 mg) was used to extract carotemoids.
Biomass was then distributed in 1.5 mL tubes, and 1 mL of methanol (4°C) wg ed'per

sample. Firstly, mixtures were homogenized by vortexing (2000 rpm, 4 sec) 2x-Genie™
2, Scientific Industries SI™) and covered with aluminum foil. Samples we ed at 4
°C for 20 min, and then centrifuged (15000 xg, 4°C) for 7 min. If the pglle dined green,

d “Carotenoid
) at OD_470nm,
concentrations of
llowing equations:

concentrations were measured in a plate reader (Synergy™
OD_665nm and OD_720nm. Methanol was used as a bl
carotenoids and chlorophyll a (Chla) were quantified ac '

- Chla [ug/ml] = 12.9447 (A_665 — A_720) (Ritchig?20
- Carotenoids [ug/ml] =[1,000 (A_470-A 720)% 2.8

1994).

All the analyses were performed in ftriplicate «@ nder dark conditions to avoid pigment
degradation. Results are shown in Figurej21.

la [ug/ml])] / 221 (Wellburn,

¢

<&
\30\
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Figdre 21;.Ca noids analysis of the different cyanobacteria microbiomes. a) Image
of oifls after extraction. b) Carotenoids content analysis. Values represents the
averag standard deviation (error bars) of 3 replicates.

In connection with the PPP results, the samples which had higher amount of carotenoids
were R 1 and R 2. Also, the samples with lower content of carotenoids were those with lower
PPP (UP 3 and CW 1).

2.4.4 Extracellular Polysaccharides (EPS)

For the EPS compositional analysis, a sample of 15 ml of culture broth was centrifuged
(4,400 rpm for 10 min). 4% NaCl and two volumes of 96% cold ethanol were added to the
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cell-free supernatant, followed by centrifugation (7,000 rpm, 12 min) in order to facilitate EPS
precipitation. The pellet was diluted in 5mL deionized water and freeze dried.

Freeze-dried samples (~5 mg) were dissolved in deionized water (5 mL) and hydrolyzed with
0.1 mL 99% trifluoroacetic acid (TFA) at 120 °C for 4 h. The hydrolysate was used for the
identification and quantification of the constituent sugar monomers and uronic acids by anion
exchange chromatography, using a Metrosep Carb 2 - 250/4.0 column (Metrohm, AG),
equipped with a pulsed amperometric detector. The eluents used were (A) 1 mM sodium
hydroxide and 1 mM sodium acetate and (B) 300 mM sodium hydroxide and 500 mM sodium
acetate. The analysis was performed at 30 °C, at a flow rate of 0.6 mL/min. Results of the
total EPS content for each microbiome and EPS composition is shown in Table 9.

Sugarmonomer 5,2 b4 R4 R2 R3

(mg/L)
Fucose 0.41 027 261 082 1.23
Galactose 0.27 1.1 3.17 0.64
Arabinose 0.31 0.75 031 044 : 0.35 0.31 0.63
Glucose 0.02 1.94 4.00 1.32@} 9.91 0.38 1.82

Mannose 0.37 .78 0.67 2.39 2.62 0.53 0.71
047 0.00 0.03 0.00 0.00 0.00
0.14 000 059 045 0.02 0.08
0.31 002 0.15 0.58 0.06 0.18

Rhamnose 0.48 0.77 1.74 0.77 1.82 3.53 0.57 2.86
Xylose 0.16 0.63 2 1.60 1.26 0.23 0.98

Fructose

Galacturonic acid

Glucuronic acid

Total A 1517 5.30 1710 23.63 3.47 9.93
The higher conce EPS was achieved in samples C 2, R 3 and R 1. Interestingly,
the microscopi wfation of this samples revealed a composition of filamentous and
puncti lonialhcyanobacteria as major abundant microorganisms. On the other hand,

st produced monomer, followed by galactose and rhamnose.
2.4.5 Micrgbiome bioproduct productivity

Figure 22 is intended to sum up the developed cyanobacteria microbiomes with their
productivity for PHA, PPP carotenoids, and EPS bioproducts. Samples R 1 and R 2
exhibited the highest PPP and carotenoid expression and were at the same time the ones
with lowest PHA percentages. On the other hand, samples R 3 and UP 4 contain the highest
PHA percentages and lowest PPP and carotenoids expression, however sample R 3
produced an interesting concentration of EPS. Otherwise, C 2 microbiome produced the
higher concentration of EPS with a moderate (> 50%) production of PHA, PPP and
carotenoids.
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Figure 22: Productivity production percentage® of different bioproducts by
cyanobacteria microbiomes. Productivity was obt y normalizing each bioproduct

concentration by its maximum. Bars show thggtelative percentage productivities for each
bioproduct. Samples UP 1, UP 2 and C 1 wer, @ ded during nutrient selection phase.

2.5 16s rRNA Microbiome characterization

Microbiome characterization b@ of 16s rRNA was performed following two different

strategies to gain a deep e on the impact of the nutritional pressor over the

microbial community®Th eftwo sets of samples were analysed: (i) raw environmental

a iiy selected cyanobacteria microbiomes for UP 1-4 and R 1-3

il ented in Section 2.2.1 we collected samples from environmental

microbiomes co & iety of microorganisms. Then, we forced our samples under

selective pres gbtain the cyanobacteria enriched microbiomes consisting of mixed

populations%ef c bacteria and other organisms such as heterotrophic bacteria. Hence,

i ting from nutrient selection were the candidates for bioproduct and
aracterization.

After q and chimeric sequence filtering 443.627 reads were obtained (55.543 +6.740
per sample). The reads were grouped into 1543 bacterial amplicon sequence variant
(ASVs). We calculated a rarefaction curve (alpha-diversity index) for all the samples at the
ASV taxonomic level to evaluate the sequencing deep rightness. The samples reached the
plateau area (Figure 23), so an increase in the number of sequences must not impact the
number of ASVs detected.
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Figure 23: Rarefaction curves of{%‘i&ulation at ASV taxonomic level.
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As can be observed in Figure 28, ber of ASV detected in the natural environmental
samples was much higher. of samples with selected microbiomes, reflecting a

much lower diversity due lective pressure.
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The 1543 ASVs belonged to 12 different phyla, being the most abundant Cyanobacteria
(25.91 + 10.15%), Bacteroidetes (27.78 + 10.60%), and Proteobacteria (27.22 + 6.51%)
(Figure 24). As can be observed, the selective pressure allowed to maintain high
abundances of cyanobacteria which are the target organisms for the purpose of the project.

e

CW1 UP 1 R2 R3

Cpa

Figure 24: Relative abundancés of ghe"phyla and the LCBD values of all the samples.
The label others represent owns.
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Families with the highest relative abundance across all the samples were Flavobacteriaceae
(Phylum: Bacteroidetes) (17.67 + 13.24%), Cyanobiaceae (Phylum: Cyanobacteria) (4.50 +
6.27%), and Rhodanobacteraceae (Phylum: Proteobacteria) (6.24 £ 7.80%) (Fgure 24). We
observed a relative abundance increment of Cyanobiaceae family in several samples of
selected microbiome group respect the environmental ones (Figure 25).
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At genera were detected, 23 of them belonging to Cyanobacteria phylum (Table
10).

Table 10: List of genera belonged to Cyanobacteria phylum

Genera belonging to Cyanobacteria phylum

Pseudanabaena_PCC 7403 Albertania
Prochlorococcus_MIT9313 Oculatella
Prochlorococcus Foliisarcina
Nodosilinea Cyanobacterium
Cyanobacterium_PCC 10605 Gastranaerophilales

Sphaerospermopsis_BCCUSP55 Calochaete
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Cyanobium Pegethrix

Nostoc Synechococcus
Atlanticothrix Caenarcaniphilales
Microcystis_PCC 7914 Sericytochromatia
Pleurocapsa Tildeniella
Altericista

The most abundant genera were: Flavobacterium (Phylum: Bacteroidetes) (17.25 13.70%),
Prochlorococcus_MIT9313 (Phylum: Cyanobacteria) (4.24 + 6.41%), Aquimonas (Phylum:
Proteobacteria) (3.74 + 6.82%), and Pseudanabaena PCC 7403 (Phylum: Cyanobacteria)

(3.57 + 9.12%) (Figure 26).
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Qnd ces of the 62 most abundant genera and the LCBD values
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The most abundant ASVs detected were: ASV1[5]Flavobacterium (16.01 = 13,65%),
ASV8[5]Pseudanabaena_PCC 7403 (3.42 + 8.94%), ASV12[2]Alphaproteobacter;j 21 +
3.72%), ASV14[6]Aquimonas voraii (3.02 t 6.20%) nd
ASV13[5]Prochlorococcus_MIT9313 (2.91 + 5.53%) (Figure 27). At his taxople we
' robiome

observed highest abundance of: ASV1[5]Flavobacterium in the selec
samples group than in the natural environmental sample group.
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Figure 277 Relative abundances of the 62 most abundant ASVs and the LCBD values
of all the samples. The label others represent the rest of the ASVs.
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significantly higher in natural environmental group compared to selected micr:

To analyse de alpha diversity Richness, Shannon and Simpson metrics, the m@sre
i

(Figure 28).

Richriess Shannon Simy
I 1.05+
750 I
i 1.004
$ \
=
£ 5004 ’i‘
§ .
I ‘ 0,854
2
o
:
a 0,80+ -
-
L]
»
L}
== I oz i
Iﬁ ..E IE IE Iﬁ ..E
% £ § z § B
(5] o
E
z Z =
L& 2 2

Groups

Groups

PAM BT LRTA
B

E ST (RARTE

up



D2.1: Collection, pre-screening and characterization of natural microbiomes 49 | Page

Figure 28: ASVs diversity of the microbiome of each group. Number of samples
analysed per group: natural environmental samples:2 and selected microbiome:2. (*)
indicate significant differences between groups according to ANOVA tests (p < 0.05).

As expected, the raw environmental samples had much higher diversity than the selected
microbiomes.
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3 Conclusions

Microbiomes originating from a variety of sites were collected. After a preliminary
characterization of the environmental samples, selection assays were conducted to enrich
the microbiomes in PHA, EPS and/or PPP.

NOVA.id has imposed the environmental samples to feast-and-famine alternate cycles for
the selection of PHA-storing microorganism. All microbiomes evolved into communities
containing PHA-accumulating organisms, with the samples originating from the river
marshland and the forest soils yielding higher PHA content. Since the same metabolic
pressure was imposed to the all the original microbiomes, the selection of gmigrobial
communities with different abilities to produce PHA was a consequence of th r@bial
composition of the initial microbiome. Despite the applied conditions not beif ific for
selecting EPS producers, all strains secreted EPS of distinct composition,
production attained by the forest soil selected microbiomes, and the on
root.

UPC has conducted a selection based on P limitation to gbtal obiomes rich in
cyanobacteria. After this selection phase, several cyanob @ ining microbiomes
were obtained and bioproducts were analyzed. Samp R 2 exhibit the highest
phycobiliprotein and carotenoid expression wherea ones with lowest PHA
percentages. On the other hand, samples R 3 a P, &y contained the highest PHA
percentages. The bioproduct screening allowed tojseerthe potential of the collected

microbiomes, resulting on samples R 1-3 and UP_4 the t promising.

Future work in PROMICON project will defining and implementing the optimal

conditions for each bioproduct productioff; as their physical-chemical and functional

characterization. \
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