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ARTICLE INFO ABSTRACT

Seaweed biomass cultivation predicates the quantity and quality of this biorefinery feedstock. Unfortunately, the
seaweed growth rate and chemical content are hardly predictable and are affected by environmental factors,
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Bioethanol including epiphytic bacteria. We hypothesize that microbiome engineering can control the chemical composition
Is\’l°n§§aCChar‘des of Ulva biomass. We show that the engineered Maribacter sp. and Roseovarius sp. consortium modulate Ulva
ymbioses

mutabilis growth rate and photosynthate content of constituents relevant for bioethanol production. Although
minimal growth was observed in the axenic cultures (0.04 mm day ~ '), Ulva mutabilis in a tripartite community
showed a growth rate of 3.79 mm day ~! in the growth phase. Furthermore, the content of glucose and glycerol
in Ulva of the engineered community increased by 77 = 19% and 460 *= 207% whereas xylose and glucuronic
acid decreased by 37 + 14% and 46 = 15% in comparison to axenic culture.

Interestingly, bacterial addition affected the rhamnose/xylose/glucuronic acid ratio (1.96:1:1: vs 1.34:0.85:1
in xenic vs axenic culture), indicating the impact of bacteria on ulvan synthesis. In addition, tyrosine and his-
tidine increased by 191 + 61% and 40 = 26%; however, valine, isoleucine, aspartate, threonine, serine, and
phenylalanine decreased by 22 + 19% - 42 + 23%. Flux-balance analysis of Saccharomyces cerevisiae,
Escherichia coli, and Clostridium acetobutylicum was used to estimate the bioethanol yield from hydrolyzed Ulva
biomass, in a one-step or two-step fermentation process. Simulation using S. cerevisiae (RN1016) with xylose
isomerase resulted in a bioethanol yield of 85.62 for xenic vs. 71.31 mg/g dry weight (DW) axenic cultures of
Ulva.

The increased growth rate and the relative amounts of photosynthates of U. mutabilis are modulated by the
engineered microbiome. Moreover, it results in biomass with a higher potential for bioethanol fermentation in
comparison to axenic cultures.

Seaweed-associated bacteria
Ulva mutabilis
Flux balance analysis

1. Introduction From all green macroalgae species, Ulva spp. are particularly at-

tractive as a potential biomass feedstock for biorefinery [7,11] due to

Conventional fossil sources for energy supply have adverse side ef-
fects of climate change [1,2]. Terrestrial plants, which are current al-
ternative feedstocks for biofuels, conflict with food production [3].
Moreover, the agriculture for cultivating those plants is contributing to
water consumption, greenhouse gas emissions, and the degradation of
natural environments [4,5].

Seagriculture emerges as an alternative to agriculture practice to
produce seaweed biomass for the sustainable biofuel feedstock supply
chain [6-8]. In seagriculture, green, red, and brown seaweed biomass
could massively be cultivated in seawater. Thus, seagriculture does not
compete for arable land or potable water [9,10].

* Corresponding authors.

its rapid growth rate [6] and adaptation to varied habitats with dif-
ferent abiotic conditions [12,13]. Ulva's carbohydrates are composed
mainly of C5 and C6 monosaccharides, iduronic acid, and glucuronic
acid [14-16]. The monosaccharides derived from Ulva biomass could be
fermented into bioethanol, a versatile chemical, and biofuel [11,15].
However, the chemical content and the composition in Ulva sp.
varies between the species and is influenced by seasonality and other
environmental abiotic and biotic conditions [17-20]. This fluctuation
in the chemical composition of the biomass, challenge the optimization
of efficient fermentation processes [21]. Therefore, control of the
macroalgae biomass chemical composition is required. This control
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could improve the yield of the downstream biomass conversion to
biofuels. Even though the power of abiotic environmental parameters is
commonly investigated for seaweed aquaculture [22-24], the under-
standing of the biological microenvironment [25] is still understudied.

Indeed, the natural microbiome of seaweeds plays an intricate role
in the algal physiology [26], nutrition, metabolism [27], and immune
function [28]. The seaweeds have a proper surface and chemosphere,
which may serve as an attractive environment for the bacterial ex-
istence [26,27,29]. This environment includes beneficial compounds
for bacterial growth such as oxygen [30], carbon source, nutrients
[29,31], and metabolites [28]. Recent studies explicitly investigated the
cross-kingdom interactions between Ulva spp. and its associated bac-
teria [26]. Metabolomics research compared the chemosphere of axenic
U. mutabilis culture with a tripartite community of U. mutabilis and its
two naturally associated bacteria, Roseovarius sp. strain MS2 and Mar-
ibacter sp. strain MS6. Bacteria can recognize Ulva as a reliable food
source through chemoattractants [32]. In turn, bacteria induce algal
growth and morphogenesis settling around the algal holdfast [32].
Bacteria of the Rosoebacter clade often promote algal growth to develop
their own (bacterial) benefits [33].

The photosynthate secreted by Ulva spp. includes carbon sources
such as glycerol [31]. Notably, the glycerol is the backbone of tria-
cylglycerols (TAG) and the primary form of energy storage in plants
[34]. These storage lipids are essential to plant development, being
used, for example, in seedling growth during germination [35]. As
glycerol is essential for both algal and bacterial growth, we hypothesize
that algal growth- and morphogenesis promoting bacteria trigger the
sugar and glycerol production of Ulva mutabilis in standardized algal
aquacultures.

Moreover, we also tested, whether bacteria modulate the amino
acids (AAs) pattern of Ulva, due to their potential role in the Ulvd's
morphogenesis. Such modulation of photosynthate is essential not only
for Ulva growth and development but also for the utilization of Ulva and
its downstream processing, such as bioethanol fermentation. For testing
these hypotheses, we applied a targeted analysis of organic compounds
critical for bioethanol production in Ulva tissue such as mono-
saccharides, glucuronic acid, glycerol, and AAs. The engineered tri-
partite community composed of U. mutabilis with Roseovarius sp. and
Maribacter sp. was compared with the U. mutabilis axenic culture. The
chemical content of U. mutabilis from these two cultures types served as
feedstocks for a flux balance analysis of bioethanol fermentation in
BioLego. This specially designed software that uses flux balance ana-
lysis (FBA) to predict bioethanol yield from biomass with various fer-
menting microorganisms [36]. Our study demonstrates that en-
gineering of Ulva's microbiome leads to a better understanding of the
bacterial role in the macroalgal biomass production, critical for devel-
oping an efficient seaweed-based biorefinery.

2. Materials and methods
2.1. Induction of U. mutabilis gametes

The cultivation was carried out as previously described by Alsufyani
et al. (2017) for 63 days [31]. The fast-growing natural developmental
mutant of U. mutabilis Feyn (mating type mt+; morphotype “slender”
(s)) was cultivated [37,38]. The Ulva cultivation was started from
haploid gametes to achieve reproducibility and synchronization of the
algae. For preparing the Ulva seed stock, gametogenesis was induced in
mature thalli (a four weeks old culture started from gametes). Game-
togenesis was induced by fragmentation with a herb chopper (Zyliss,
Zurich, Switzerland) into smaller fragments (1-3 mm size) (Fig. S1A).
Sporulation inhibitors were removed from the Ulva tissues with the
immersion of the fragments three times in 50% artificial seawater [39].
After three days of cultivation, the Ulva culture medium (UCM) was
changed for removing the swarming inhibitor that led to the gametes
discharge.
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2.2. Preparation axenic gametes

The feedstock of U. mutabilis axenic germlings was prepared by se-
parating gametes from the associated bacteria in Pasteur pipettes under
strictly sterile conditions using the phototactic properties of the ga-
metes. This method is a standard operational procedure (Fig. S1B) [40].
The axenicity of the gametes was tested by plating 10 pL of the gametes
seed stock on marine broth (Roth, Germany) agar plates (1.5%; w/v)
(Sigma-Aldrich, Germany) and by performing polymerase chain reac-
tions (PCR) of the 16S rRNA gene [41]. Gametes were counted by flow
cytometry. About 6 x 10° axenic gametes were inoculated as seed
stock in 250 mL sterile UCM in polycarbonate tissue culture flasks
(V = 650 mL, BD Falcon, Franklin Lake, NJ, USA). The feedstock was
incubated for 24 h in the dark for settlement of the gametes [31,40].

2.3. Engineering U. mutabilis and bacteria symbioses

Algae were cultured under light: dark (17:7 h) regime and the il-
lumination of a photon flux of 60-120 (umol m ™~ ?s~2) (50% GroLux,
50% daylight fluorescent tubes; OSRAM, Miinchen, Germany) at 18 °C.
Sock cultures of the two bacterial strains, Roseovarius sp. (MS2)
(Genbank EU359909) and Maribacter sp. strain (MS6) (Genbank
EU359911) [41], were grown on the orbital shaker at 20 °C in liquid
marine broth medium (Roth, Germany). For preparing the tripartite
community of U. mutabilis and two associated bacteria (i.e., the xenic
cultivation), the exponentially growing bacterial cultures were har-
vested by centrifugation (3000 x g) for 5 min. The cell pellet was re-
suspended and washed three times with sterile UCM. Finally, the two
bacterial strains were added to the axenic gametes of Ulva [31] (Fig.
S1C). The bacterial suspension was diluted to a final optical density
(OD) of 0.001 in the cell tissue flask.

After 14 days of cultivation of Ulva in tissue flasks, propagules of the
xenic and axenic cultures were transferred to the 25-1 polycarbonate
bottles (i.e., bioreactors) filled with 15 L UCM. The experiment was
started with 5x 10° germlings for both treatments, while for the tri-
partite community preparation, each bacterial inoculum was added
(ODg20nm = 0.0001, OD in the bioreactor after inoculation). Half of the
culture medium was renewed after 4 weeks. Ulva was collected from the
tripartite community and axenic cultures equivalent to 100-350 mg dry
weight (DW) after 8 weeks of cultivation . Each culture, tripartite
community or axenic culture, was cultivated in three independent re-
plicates.

The growth rate (mm day ') was calculated by a length with the
following equation:

Li-Ly

Growth Rate (mm day™') =
( y~) T,

L = length (in mm), T = time (in days). t = time of the cultivation.
The parameters of the growth rate during the growth phase (T, = 35
and Tp= 7 days after inoculation in the bioreactor) of Ulva in tripartite
community and axenic culture were; L, = 117.11 mm, L, = 10.9 mm,
and L,= 1.06 mm, Lo= 0.01 mm.

2.4. Biomass hydrolysis for the quantification of monosaccharides,
glucuronic acid, and glycerol

Biomass was dried (16 h) at 50 °C in an oven (Fig. S1D) and sub-
sequently grounded into powder using mortar and pestle. The powder
was then stored at — 28 °C. For every biological replicate, a duplicate of
hydrolysis treatment was performed. Thermochemical hydrolysis [42]
was conducted with 2% sulfuric acid (v/v) for 30 min at 121 °C in a
ratio of 1:250 (solid: solvent) using 10 mL autoclavable centrifuge tubes
(Nalgene™ Oak Ridge High-Speed PPCO Centrifuge Tubes, Thermo-
Fisher Scientific, CA) in the autoclave (Tuttnauer 2540MLV, Nether-
lands). Each batch, 4 + 0.5 mg of dried biomass was weighed (Mettler
Toledo, Switzerland). Sulfuric acid (Sigma-Aldrich, Israel) was diluted
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to 2% (v/v) and was added to the tube. Hydrolysates were stored at
4 °C. Triplicate of algae samples were hydrolyzed in duplicate before
being analyzed (Fig. S1E).

2.5. Monosaccharides quantification

The monosaccharides were determined (Figs. S1F, 2) by high-pres-
sure ion chromatography (HPIC) according to a protocol of Robin et al.
(2017) with small adaptations [43]. In brief, aliquots of the hydro-
lysates were taken and diluted in ultrapure water before being filtered
through a 0.22 um syringe-filter (Millipore, USA) in HPIC vials (Thermo
Fischer Scientific, MA, USA). Monosaccharide content in the hydro-
lysates were measured by high-performance anion exchanged chro-
matography with pulsed amperometric detection (HPAEC-PAD) using a
Dionex ICS-5000 platform (Dionex, Thermo Fischer Scientific, MA,
USA) equipped with an analytical column (Dionex™ AminoPac™ PA10
IC) and a guard column (Thermo Fischer Scientific, UK). An electro-
chemical detector with an AgCl reference electrode was used for mea-
suring the compounds. The analysis was performed using an isocratic
flow gradient of 100-4.8 mM KOH generated with an eluent generator
(Dionex, Thermo Fischer Scientific, MA, USA) (for details see Table S1).
100 mM KOH, for 20 min was used for rinsing the analytical column
between each run. Before the analysis of the samples, the system was re-
equilibrated with 4.8 mM KOH. During the analysis of the samples, the
flow rate was 0.25 mL/min, the temperature of the column was set to
30 °C, and the autosampler temperature set to 5 °C. Calibration curves
for monosaccharide standards such as rhamnose, galactose, glucose,
xylose, and fructose (Sigma-Aldrich, Saint-Louis, Missouri, USA), were
produced independently in triplicates. The appearance of mono-
saccharides in the biological samples was verified in comparison to
reference standards (Fig. 1A).

2.6. Quantification of glucuronic acid (GlcA) and glycerol

GlcA was determined following the same workflow as described
above (Fig. S1F) but with a different gradient and eluents for chroma-
tographic separations (Table S2). Glycerol was measured with HPIC
using a program involving two eluents, namely NaOH and ultrapure
water. The analytical column, Dionex™ CarboPac™ MA1 IC, and its
corresponding guard column were from Thermo Fischer Scientific. The
flow rate was set at 0.4 mL/min, and the column temperature was kept
at 30 °C.

2.7. Bacterial cultivation on various carbon sources

Roseovarius sp. (MS2) were grown aerobically in 50 mL UCM at
20 °C for 18 days and enriched with 1% (w/v) of various carbon sources:
glycerol [31,32], glucose, rhamnose, galactose, xylose, and fructose.
The bacterium was cultivated with each carbon source separately. The
bacterial cultures grew in an orbital shaker in 250 mL polystyrene tissue
culture flask (Flask T75, Sarstedt, Germany). Bacterial growth was
monitored by measuring the optical density at 600 nm (ODggo) in a 1-
cm polypropylene cell on a UV/Vis spectrophotometer (Genesys,
ThermoFisher, Germany). The bacterial growth rate of Roseovarius sp.
in UCM with 1% glycerol (w/v) as carbon source, was calculated using
the following equation; F(x) = x(o)e(“'x‘), where F(x) = ODgoo, X(0) is the
initial time point of the logarithmic phase, x = the last time point of
the logarithmic growth phase and u = growth rate (change of OD day
-1 )'

2.8. Biomass hydrolysis for amino acids quantification

The biomasses of axenic U. mutabilis or tripartite community were
hydrolyzed according to the manual “Dionex AAA-Direct, Amino Acid
Analysis System” (Thermo Fischer Scientific, MA, USA) and Kazir's
protocol with some modifications [44]. The biomass was dried,
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grounded, and stored, as described in Section 2.4. The biomass powder
(4 = 0.23 mg) was transferred into 3 mL micro-reaction vials (Sigma
Aldrich, MO, USA). The headspaces of the vials were rinsed with N,
during 10 s. The biomass was added to the vials and incubated in 1 mL
of 6 M HCl (Sigma Aldrich, MO, USA) for 16 h at 112 °C (Fig. S1E) with
continuous headspace N, gas flushing. During the incubation, the vials
with the biomasses were in a dry bath with a set of needles for gas
flushing (Bio-Base, China). After the incubation, the vials were cooled
down to room temperature, and the acid (HCl) was evaporated. The
evaporation process was done with Ny (99%); the gas was purged into
open vials through the needles for 3.5 h (flow rate of 4 = 1 L/min).
After complete evaporation of acid, the dry samples were reconstituted
with 1 mL of ultrapure water. All samples were diluted with ultrapure
water and were filtered with 0.22 um syringe-filter (Millipore, USA),
before the HPIC analysis.

2.9. Amino acids quantification

Analysis of AAs content was performed (Fig. S1F) according to the
Kazir's protocol and the manual of Thermo Scientific [44,45]. Total AA
content was analyzed with the same equipment and the set up as de-
scribed in Section 2.5, but with a non-disposable gold AAA™ electrode.
The eluent gradient was run, as described in Table S3. The waveform
for the electrochemical detector was adopted from the Application Note
163 [46]. The AAs peak areas were compared to commercial AA stan-
dard mix (AAS18, Sigma Aldrich, MO, USA). The program was vali-
dated with the commercial AA mix (AAS18, Sigma Aldrich, MO, USA).
The commercial mix was diluted (1:50, 1:100, 1:250, and 1:1000).
Calibration curves were built for 17 AAs: alanine, arginine, aspartate,
cysteine, glutamate, glycine, histidine, isoleucine, leucine, lysine, me-
thionine, phenylalanine, proline, serine, threonine, tyrosine, and valine
(Fig. 1B). DL-norleucine (Sigma Aldrich, MO, USA) was added to all the
samples and standards as an internal standard. The internal standard
was used for normalizing the system's sensitivity variations between the
samples. The correlation factor for each of them was R? > 99%. Cy-
steine and methionine are probably underestimated [46] because of
their sensitivity to the hydrolysis procedure.

2.10. Modeling bioethanol production using flux balance analysis

‘BioLego’, a software for flux balance analysis [36] was used for the
prediction of bioethanol yield. This model relies on the complete me-
tabolic models of the microorganisms with the ability to produce
bioethanol. The tested organisms were Saccharomyces cerevisiae [471],
Escherichia coli [48] and Clostridium acetobutylicum [49]. Online website
was used (http://wassist.cs.technion.ac.il/~edwardv/BioLego/html/
BioLego.html) [50] for running the model; the products of U. mut-
abilis axenic and tripartite community biomasses were used as the
input. “Other particles” of the model were defined as compounds of the
biomass, which do not appear in the default medium. The calculation of
the “other particles” was carried out as follows: total chemical com-
ponents measured in this study was removed from total chemical
components in the simulation of default medium (of U. lactuca). This
difference corresponds to the “other particles” in the default medium.

2.11. Statistical analysis

Tripartite community and axenic culture were carried out in three
independent biological replicates. Six individual analytes from each
biological replicate were collected for length measurements. The
quantification of the monosaccharides, GlcA, glycerol, and AAs for
every biological replicate were performed in two technical replicates.
Statistical differences between the replicates were measured via a two-
tailed Student's t-test using Excel software (Microsoft Office 2013). P —
values <0.05 were considered as significant difference.
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Fig. 1. Ion chromatography for the separation of monosaccharides and amino acids (AAs). Intensity in electric charge (nanocoulombs) over time (in min). A.
Monosaccharides separation. The numbers in the chromatogram means: 1 = System peak, 2 = Rhamnose, 3 = Galactose, 4 = Glucose, 5 = Xylose, 6 = Fructose. B.

AAs separation. The numbers in the chromatogram means: 1 = Arginine, 2
8 = Proline, 9 = Isoleucine, 10 = Leucine, 11 = Methionine, 12*

= Lysine, 3 = Alanine, 4 = Threonine, 5 = Glycine, 6 = Valine, 7 = Serine,

Norleucine (internal standard), 13 = System peak, 14 = Histidine, 15 = Phenylalanine,

16 = Glutamate, 17 = Aspartate, 18 = Cysteine, 19 = Tyrosine. In A and B the chromatogram on the top, are the separations of monosaccharides or AAs standard
mixtures. The chromatograms in the bottom are showing the separation of monosaccharides or AAs in the samples. The blue chromatogram shows the monomers
separation in sample of axenic culture. In black are the monomers separation in the sample of tripartite community. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion
3.1. U. mutabilis growth rate increased under xenic conditions

The growth phase of axenic and xenic U. mutabilis culture was de-
termined between 7 and 35 days after the inoculation of axenic gametes
with bacteria (Fig. 2). The growth rate of U. mutabilis cultivated in the
tripartite community was 3.79 mm day ~! compared to 0.04 mm day
~1in the axenic culture. The maximal length of the thallus reached to
117 = 19 mm after 35 days within the tripartite community. The
average diameter of the callus was only 1.7 + 0.3 mm in the axenic
culture at the end of cultivation (day 63). The effects of bacteria species
on U. mutabilis growth and morphogenesis corroborated with previous
observations, which showed that Maribacter sp. and Roseovarius sp. (i.e.,
xenic) modulates the U. mutabilis growth and development [26,31,41].

3.2. Xenic conditions affect the monosaccharide and sugar acid profiles of
U. mutabilis biomass

The monosaccharides, namely, rhamnose, glucose, xylose, fructose,
and galactose were identified by comparison to reference standards
using HPIC (Fig. 1A, Table S1) and subsequently quantified. After
summing up the total amount of monosaccharides, no significant dif-
ference was observed in the content, while comparing the axenic and
the engineered tripartite community (21.3 = 0.99 and 23.25 = 1.00%
of DW respectively). Importantly, the percentage of monosaccharides
per dry weight (DW) were in the expected range compared to other
studies of Ulva spp. [7,42,43].
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€ 420 ]
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2 100 f
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= 80 1
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Fig. 2. Growth curve of Ulva mutabilis. Average thallus length was measured
during growth. Ulva biomass was collected from the onset of the algal culture in
bioreactors (Day 0) until the mature specimen reached the steady-state growing
phase. Error bars represent averages * standard deviation (n = 18, collected
from three biological replications). In axenic cultures, error bars are smaller
than the symbol size.

Specific tissue-derived sugars have already been described in Ulva
spp. several times [11,43,51]. In the current study, the content of
rhamnose and fructose did not change either in the xenic or axenic
biomasses. Galactose was below the limit of quantitation (LOQ) in all of
the samples.

Interestingly, the comparison of the monosaccharides content in the
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Fig. 3. Monosaccharide, glucuronic acid, and glycerol content in U. mutabilis in
axenic culture and the tripartite community. U. mutabilis axenic culture and the
tripartite community biomasses were hydrolyzed after the algae reached the
steady-state growth phase, after 8 weeks of cultivation. The monosaccharides
were quantified by using HPIC and by comparison to standards. An asterisk
indicates the significant difference between the two cultures (two-tailed
Student's t-test, P < 0.05). Error bars represent averages + standard deviation
for n = 3 (biological replicates), n = 2 (technical replicates).

hydrosylates derived from axenic and tripartite communities of U.
mutabilis revealed significant monosaccharide type-specific differences
(two-tailed Student's t-test, P < 0.05) in glucose (Fig. 3, Table S4). In
detail, when U. mutabilis was cultured with the bacteria, its glucose
content increased by 77.42 + 18.6% from 6.51 * 0.44% to
11.55 + 0.61% per dry weight (DW). The higher amount of glucose per
DW in the tripartite community compared to the axenic samples could
be explained by the nitrogen source limited availability (Fig. 2). In a
previous study with U. mutabilis and the same cultivation conditions,
nitrate was entirely utilized by the tripartite community after
20-30 days [31], which might result in a nitrogen limitation. It is
known that under nitrogen starvation conditions, Ulva accumulates
starch [52]. Starch is a polymeric carbohydrate consisting of a large
number of glucose units joined by glycosidic bonds, which were hy-
drolyzed in this study. Interestingly, microbe-algae interactions might
trigger starch production, as demonstrated for the green microalgae
Chlorella spp., which accumulated starch and carbohydrates in the
presence of the heterotrophic bacterium Azospirillum brasilense [53].
At the same time, the xylose content decreased by 37.37 * 14.5%
from 5.45 *+ 0.49 to 3.47 + 0.18% per DW in the presence of the
bacteria. GIcA content per Ulva DW in the axenic culture was higher
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(two-tailed Student's t-test, P<0.05) compared to the tripartite com-
munity (Fig. 3, S4). The GlcA content in tripartite community biomass
decreased by 46.15% from 6.5 + 0.38 to 3.5 * 0.46% per DW, re-
spectively. Like glucose, GlcA can be a carbon source for a bioethanol
fermentation [54].

Rhamnose xylose and GlcA, are the building blocks of the cell wall
polymer ulvan [16,18], which contribute to 8-29% of DW [16,18,55].
In the ratio of xenic culture rhamnose to xylose to GlcA is 1.96:1:1,
while in axenic culture 1.34:0.85:1. Previously, the ratio between
rhamnose, xylose, and GlcA was detected in Ulva wild-type was
3.51:0.92:1 [43]. Therefore, rhamnose to xylose to GlcA ratio in xenic
cultures culture is closer to the biomass composition of Ulva sp. wild-
type that was grown with the natural microbiome. Importantly axenic
algae possess malformed cell walls forming protrusions without any
further cell differentiation compared to xenic conditions (i.e., with
bacteria) [26,41,56]. Therefore, further studies will show how the
Maribacter-mediated cell wall formation [57] might interfere with the
biosynthesis of ulvan and its composition.

These results indicate again that the reduced microbiome of only
two bacterial strains is sufficient enough to mimic the natural micro-
biome and can be used for land-based algal aquacultures under stan-
dardized conditions. It is important to note that the bacterial effect on
the Ulvan-building block ratio also leads potentially to changes in the
Ulvan structure and its functional properties. This evidence could be a
key finding for further Ulvan manipulations by using different en-
gineered bacterial consortiums, for controlling the Ulvan properties.

3.3. Xenic growth increases the glycerol content of U. mutabilis biomass

The essential role of glycerol in the cross-kingdom interactions be-
tween U. mutabilis and its associated bacteria [31,32] motivated the
analysis of glycerol. The glycerol content increased by 4.6 times (two-
tailed Student's t-test, P<0.05) in the tripartite community
(0.38 = 0.11% DW) in comparison to the axenic -culture
(0.069 + 6.46:10 3% DW) (Figs. 4, S4). The potential amount of gly-
cerol thus increased, which can be secreted into the chemosphere of U.
mutabilis, providing a carbon source for heterotrophic growth of Ro-
seovarius sp. [31].

3.4. Xenic conditions affect the amino acid profile in U. mutabilis biomass

Considering the significant differences in algae development under
xenic and axenic conditions [41], we assumed changes in the AA profile
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Fig. 4. Roseovarius sp. growth with different carbon sources. (A) Roseovarius sp. growth in UCM with 1% (w/v) various carbon sources; glucose, rhamnose, galactose,
fructose, xylose and glycerol during 18 days of cultivation. The bacterial growth was monitored by the ODgoo and reached the highest optical densities when
supplemented with glycerol. With any other tested carbon source, Roseovarius sp. grew up to 10% of the final ODgo achieved with glycerol as a carbon source. (B)
The growth phase of Roseovarius sp., which was grown in UCM supplemented with glycerol as a carbon source, from day 2 to 6. Data represent the mean *+ standard
deviation for n = 3 (biological replicates). Error bars are smaller than the symbol size.
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Table 1

Amino acid (AA) content comparison between axenic and the tripartite com-
munity (mg/g of biomass). Data represent average *+ standard deviation for
n = 3 (biological replicates), n = 2 (technical replicates). Hashtag (#) indicates
underestimated AA content due to its sensitivity to the hydrolysis treatment. An
asterisk (*) indicates the significant difference between the two cultures (two-
tailed Student's t-test, P < 0.05). Dicarboxylic acid (when in nonionic form).

Group of AA Tripartite community Axenic culture
Monocarboxylic Glycine 4.36 = 0.87 4.86 *+ 0.37
Alanine 7.34 = 1.65 9.22 + 0.4
Valine* 3.81 = 0.90 5.38 = 0.44
Leucine 4.50 = 0.78 4.40 * 0.33
Isoleucine* 2.28 + 0.49 3.13 = 0.30
Total 22.28 *+ 4.58 26.99 + 1.57
Dicarboxylic Aspartate* 4.37 = 1.62 7.48 = 0.78
Glutamate 4.23 = 1.73 5.82 + 0.64
Total* 8.59 * 3.34 13.30 + 1.42
Hydroxy Threonine* 0.29 * 0.04 0.48 + 0.04
Serine* 3.03 = 0.38 4.52 *+ 0.40
Total* 3.31 = 0.42 5.00 = 0.43
Diamino Arginine 40.43 + 5.83 34.70 + 2.29
Lysine 2.37 = 0.54 2.87 + 0.39
Total 42.80 = 6.17 37.57 = 2.47
Aromatic Tyrosine* 0.95 + 0.15 0.33 £ 0.078
Phenylalanine* 3.34 = 0.56 4.29 * 0.40
Total 4.29 = 0.70 4.62 + 0.39
Heterocyclic Histidine* 0.70 + 0.09 0.50 + 0.05
Proline 2.31 £ 0.34 2.61 + 0.28
Total 3.02 + 0.42 3.11 + 0.32
Sulfur-containing Cysteine# 0.30 = 0.12 0.34 + 0.05
Methionine# 0.40 = 0.11 0.47 = 0.12
Total 0.70 + 0.18 0.81 * 0.15
All AA 79.77 + 6.40 85.24 + 3.94

as well. The AA profile might change according to the conditions
synthesis and activity of some enzymes, gene expression, and redox-
homeostasis [58]. In this study, 17 AAs were quantified (Table 1,
Fig. 1B). The total AA (sum of 17 AAs) content of the tripartite com-
munity and axenic culture did not differ significantly (two-tailed, Stu-
dent's t-test, P > 0.05). Tyrosine (aromatic) and histidine (heterocyclic)
significantly increased (two-tailed Student's t-test, P<0.05) by
191 * 61% (from 0.33 + 0.078 to 0.95 = 0.15 mg/g of Ulva DW) and
by 40 * 26% (from 0. 5 = 0.05 to 0.7 = 0.09 mg/g of Ulva DW re-
spectively in xenic culture). The content of six AAs significantly de-
creased (by about one-third) in the stationary phase (two-tailed
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Student's t-test, P<0.05). The valine content decreased by 29 =
isoleucine, decreased by 27 + 27%, aspartate, decreased by 42 = 23%,
threonine, decreased by 40 = 11%, serine, decreased by 33 + 16%,
and phenylalanine, decreased by 22 * 19% in the tripartite commu-
nity. The content of arginine, lysine, alanine, glycine, proline, leucine,
and glutamate did not depend on bacterial treatment. Clustering the
AAs into groups (Table 1) showed that the total dicarboxylic- and the
total hydroxy-AAs were significantly higher (two-tailed, Student's t-test,
P < 0.05) in the axenic culture. The total content of the groups, in-
cluding of monocarboxylic-, diamino-, aromatic-, heterocyclic-, and
sulfur-AAs, were not significantly different between xenic and axenic
cultures. In a previous study, a dramatic difference was observed in the
intercellular content of AA in diatoms upon bacterial addition [59]. The
profile of intercellular dissolved AAs in diatoms considerably changed
after co-cultivating the diatoms with bacteria [59]. The intercellular
content of histidine was significantly higher in axenic culture, and the
content of isoleucine was much higher in the consortium of diatoms and
bacteria [59]. In our study, an opposite pattern was observed for both
AAs.

3.5. Change of profile in Ulva photosynthates indicates the need for
bacterial growth

Algae provide photosynthate for heterotrophic bacteria in sym-
biosis. Besides, algal compounds are utilized by the bacteria during the
algal decomposition [60]. Therefore, we studied whether the bac-
terium-induced change in Ulva's chemical profile of the photosynthate
could be correlated to the bacterial eco-physiological function in the
cross-kingdom interaction [31,32]. In other words, if the bacterium
induces the changes in the algae biomass for its benefits, it could be the
explanation for bacterial influence on the algal monosaccharides com-
position during the algal growth (Fig. 3). After testing the growth of
Roseovarius sp. in Ulva culture medium (UCM) with different major
Ulva's monosaccharides as a carbon source (Fig. 4A), only weak bac-
terial growth was measured. Only glucose contributed slightly to the
growth of Roseovarius sp. as reported by Spoerner et al. (2012) [41], but
the optical density (ODggp) did not reach values higher than 0.15. The
inability to grow sufficiently on glucose was also found for Roseovarius
mucosus [61]. We thus argue that Roseovarius sp. (MS2) did not gain
benefit from the algal monosaccharides. However, after 18 days of
cultivation with 1% (w/v) glycerol in UCM, the ODggo reached 1.17
(£8.16 E—03), showing the typical growth curve (Fig. 4A). The growth

Glycerol

HO/Y\OH

OH

Rapid Growth

Roseovarius sp. Maribacter sp.

Algal growth and morphogenesis
promoting factors

Fig. 5. Schematic diagram summarizing the U. mutabilis and it's associated bacteria interactions and the metabolic model analysis.
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rate was 0.58 (change of ODgoo per day) (Fig. 4B). It means that Ro-
seovarius sp. (MS2) efficiently utilized and grew on glycerol as the only
carbon source (Figs. 4, and 5) [31,32]. The current data support the
previous report, where bacteria promote algal growth and morpho-
genesis [31,41,62,63]. In return, Ulva can provide the bacterial carbon
source, as indicated by the elevated amounts of glycerol in the tissue. It
supports the observation that algae growth-promoting bacteria are
enriched in intensive land-based algal aquacultures compared to the
seawater supplied to the aquaculture system [64].

At the same time, Maribacter sp. (MS6) did not grow on UCM sup-
plemented with different monosaccharides or glycerol and needs com-
plex media such as marine broth [32,Wichard and Weiss pers. ob-
servation]. The Maribacter polisphoniae might be an interesting
exception because it grows on glycerol [65].

Overall, the insights in the algal-bacterial interaction pave the way
to improved culture conditions, which might yield higher amounts of
glycerol. Importantly, glycerol is an efficient carbon source for fer-
mentation and biofuels production, such as bioethanol, under stan-
dardized conditions [66].

Our study paves the way for microbiome engineering to develop
Ulva as a cash crop. Ulva affects its microbiome in intensive algal
aquaculture, which promotes beneficial bacteria for the alga [67]. In-
oculates of those bacteria need to be applied in order to test their effect
on growth and the production of specific constituents. Indeed, our re-
sults support that the presence of bacteria is associated with changes in
the content of photosynthates. Improved plant breeding has already
been performed with plant probiotic bacteria successfully [68]. Also,
bacterial-based biofertilizers have been considered as a promising ap-
plication for increasing the yield of terrestrial crops in an en-
vironmentally-friendly manner, improving the plant's nutrient avail-
ability, and making the plant biomass to be more efficient for human
needs [69]. We believe that the current data are a first step towards the
development of algae promoting probiotics.

3.6. Simulation of bioethanol fermentation from Ulva biomass using
metabolic flux balance analysis

The bioethanol yields from xenic and axenic cultured were esti-
mated in-silico using ‘BioLego’ [36,50] (Table S5). In all simulations, we
used the fermentation broth composition based on the measured values
of monosaccharides, GlcA, and glycerol, and AAs in both biomasses.
The fermentation was simulated for S. cerevisiae wild type (WT) [47]
and recombinant strain with xyole-isomerase from Piromyces sp. [70],
E. coli [48] and C. acetobutylicum [49].

Tripartite community derived U. mutabilis was a preferred feedstock
for bioethanol production in most simulations. In those simulations, the
majority of the bioethanol yield relayed on glucose and glycerol me-
tabolism. Those two components were higher in U. mutabilis from the
tripartite community (Table S4). Among all combinations, the two-step
fermentation with the same organisms (Table S5, simulation no. 9, and
Fig. 5) S. cerevisiae RN1016 (+ xylose isomerase) resulted in the highest
bioethanol yield, of 85.62 g/kg (using tripartite community). It is
probably due to the additional pathways leading to bioethanol pro-
duction in the presence of xylose isomerase [36,70]. The highest dif-
ference in bioethanol yields between approaches using the Ulva biomass
from the tripartite community or axenic culture was detected in single-
step or two-step fermentation with C. acetobutylicum (Table S5, simu-
lations No. 16 and 20).

Only in simulations where C. acetobutylicum was used in the first
step and S. cerevisiae RN1016 (+xylose isomerase) or E. coli used in the
second step, the axenic biomass led to larger bioethanol yield (although
the total yields are low: 16.95-30.45 g/kg). Those exceptional simu-
lations results might be explained by available carbon source during the
fermentation. The first-step, contributed to higher bioethanol yield,
using the tripartite community (3.85 g/kg) than from axenic culture
(2.25 g/kg). At the second-step, more bioethanol was produced using
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axenic culture (with S. cerevisiae RN1016 (+xylose isomerase) 28.2 g/
kg or 14.7 g/kg with E. coli) than from tripartite community (with S.
cerevisiae 19.5 g/kg or 11.54 g/kg with E. coli). On the first-step, C.
acetobutylicum consumed all carbon sources except the xylose, which
produced a relatively low bioethanol yield. C. acetobutylicum was thus
the weakest bioethanol producer among all tested organisms so far
[49,71-73]. In the second fermentation step, the bioethanol production
was based on xylose metabolism. The larger the xylose content, the
higher the yield of bioethanol in this fermentation step. Therefore, the
usage of axenic biomass was probably more efficient for bioethanol
production. In those two exceptional simulations, numbers 18 and 19
(Table S5), the bioethanol yield consuming axenic culture was higher in
30.4 and 10.1%, respectively, than consuming tripartite community
biomass.

4. Conclusion

The current study demonstrates that macroalgae U. mutabilis asso-
ciated bacteria modulate Ulva growth rate and the major photosynthate
components. The studied constituents were monosaccharides, glycerol,
glucuronic acid, and amino acids content after cultivation during the
algal stationary phase before the occurrence of the next sporulation
event. The quantity of the compounds was normalized to the dry weight
of the harvested biomass. The tissue of U. mutabilis cultivated with the
bacteria Maribacter sp. and Roseovarius sp. was enriched with glucose,
glycerol, histidine, and tyrosine but decreased in the content of xylose,
GlcA, valine, isoleucine, aspartate, threonine, serine, and phenylalanine
compared to the axenic culture. The addition of two bacteria to U.
mutabilis cultivation changed the ratio of rhamnose/xylose/GlcA, which
became closer to the ratio found in Ulva with its natural microbiome.
Although the factors are unknown, which are required to understand
the complicated cause-effect relationship of bacteria-algae interactions,
our observations linked the presence of the bacteria in the environment
of Ulva with the formation of an essential constituent of the algal cell
wall, development, and growth. Glycerol was the most affected com-
ponent in the algal photosynthate by the bacteria. As glycerol is the
preferred component for the growth of Roseovarius sp. (MS2), it is an
additional insight into the glycerol function in the cross-kingdom in-
teractions. The metabolic model simulations of U. mutabilis fermenta-
tion with S. cerevisiae, E. coli, and C. acetobutylicum, suggested the
higher bioethanol yield after fermenting in xenic than axenic culture
biomass. The highest yields were estimated from a two-step fermenta-
tion with S. cerevisiae (RN1016) that included the xylose isomerase.

In summary, our results are a valuable example of how the under-
standing of chemical ecology can help us to use associated macroalgal
bacterial interactions to adjust the biomass feedstock for bioethanol
production. Overall, this type of modulation opens new pathways for
developing an efficient biorefinery based on macroalgae.
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