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Abstract
Polyhydroxyalkanoates (PHAs) are biodegradable and biocompatible polyesters produced by
various bacterial strains as reserve materials. They present a broad range of properties, finding thus
applications from agriculture to medicine as plastic substitutes. Despite their versatility, the
commercialization of PHAs still has limited success and one of the major reasons is the cost of the
substrate. This work aims to present macroalgae hydrolysates as a solution for this setback. Macroalgae
are a rich source of carbohydrates and present many benefits compared to terrestrial biomass:
production yields of algae per unit area are higher and are easier to process due to lack of lignin.

The green seaweed Ulva lactuca and residues of the red seaweed Gelidium sesquipedale
obtained after agar-agar extraction were tested as sugar sources for the production of poly-3hydroxybutyrate P(3HB) by two different marine bacterial strains. U. lactuca whole biomass and the
G. sesquipedale residues were found to have, respectively, 37% and 48% carbohydrate content on its
dry weight. Both the whole Ulva biomass and the Gelidium residues underwent hydrolysis to yield a
sugar-rich algal hydrolysate. Enzymatic hydrolysis preceded by acid pretreatment assays were
performed with the aim of scaling up the hydrolysate production for bacterial usage. Using 43.2 g/L algal
substrate concentration and phosphate buffer, the combined acid and enzymatic hydrolysis yielded
between 80 to 90% of total carbohydrate for both algae.

Halophilic bacterial strains able to consume the main sugars present in each algal hydrolysate
were selected from literature. H. boliviensis shown to grow effectively on glucose and galactose was
chosen for growth on Gelidium hydrolysates attaining 10.4 g/L CDW and 23% (w/w) PHB accumulation
on shake flasks. H. elongata demonstrated an ability to grow effectively on glucose, rhamnose and
xylose and was therefore chosen for growth on U. lactuca hydrolysates reaching 3.9 g/L CDW and a
26% (w/w) PHB content.

Even though these findings are still in embryonic development, it can be perceived that
U. lactuca and G. sesquipedale have high potential to be used as a carbon sources, and therefore
should be integrated in biorefinery contexts. This might be extrapolated to macroalgal biomass in
general. Also, both H. boliviensis and H. elongata can produce PHB from a variety of sugars derived
from macroalgae biomass and thus these halophilic bacteria have an auspicious future as hosts for
producing useful biocompounds.

Keywords: Polyhydroxyalkanoates, PHB Production, Macroalgae Hydrolysis, Bioplastics, Halomonas
boliviensis, Halomonas elongata, Marine Biorefinery, Halophilic Bacteria
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Resumo
Os polihidroxialcanoatos (PHAs) são poliésteres biodegradáveis e biocompatíveis produzidos
por várias estirpes bacterianas como materiais de reserva. Estes apresentam uma ampla gama de
propriedades tendo, portanto, aplicações desde a agricultura à medicina. Apesar da sua versatilidade,
a comercialização de PHAs ainda é incipiente e uma das principais razões é o custo do substrato. Este
trabalho tem como objetivo apresentar hidrolisados de algas marinhas como uma solução para este
obstáculo. As algas constituem uma fonte rica de hidratos de carbono e possuem vários benefícios
comparados com a biomassa terrestre, tais como taxas de produção por unidade de área maiores e
maior facilidade de processamento por não conterem lenhina.

A alga verde Ulva lactuca e resíduos da alga vermelha Gelidium sesquipedale, obtidos após
extração do ágar-ágar, foram testados como fontes de carboidratos para a produção de
polihidroxibutirato P(3HB) por duas estirpes bacterianas marinhas. Verificou-se que a U. lactuca e os
resíduos de G. sesquipedale continham respetivamente 37% e 48% do seu peso seco em hidratos de
carbono. Ambas as algas foram submetidas a hidrólise de modo a produzir um hidrolisado rico em
açúcares, sendo que previamente vários ensaios sobre hidrólise enzimática e pré-tratamentos foram
efetuados com o objetivo de aumentar a produção de hidrolisados para crescimento bacteriano.
Utilizando 43,2 g/L de substrato e tampão fosfato foi possível obter entre 80% a 90% dos hidratos de
carbono totais para ambas as algas, utilizando hidrólise combinada.

Estirpes bacterianas halófilicas capazes de consumir os principais açúcares presentes em cada
um dos hidrolisados foram selecionadas a partir da literatura. A H. boliviensis demonstrou crescer
eficazmente em glucose e galactose e foi, portanto, escolhida para os hidrolisados da Gelidium,
obtendo-se 10,4 g/L CDW e 23% (m/m) de PHB. A H. elongata revelou capacidade de crescer em
glucose, ramnose e xilose e por isso foi escolhida para crescimento nos hidrolisados da U. lactuca,
tendo-se obtido 3,9 g/L CDW e 26% (m/m) de PHB.

Embora estes resultados ainda estejam numa fase embrionária de desenvolvimento, é possível
conferir que tanto a U. lactuca como a G. sesquipedale possuem alto potencial para serem utilizadas
como fontes de carbono e, portanto, podem ser integradas em contextos de biorefinaria, o que pode
ser extrapolado para a biomassa das algas no geral. Para além disso, tanto a H. boliviensis como a H.
elongata são capazes de produzir PHB a partir de uma variedade de açúcares derivados da biomassa
das algas. Estas bactérias halófilicas têm assim um futuro auspicioso como produtoras de compostos
úteis a partir de biomassa.

Palavras Chave: Polihidroxialcanoatos, Produção de PHB, Hidrolisados de Macroalgas, Bioplásticos,
Halomonas boliviensis, Halomonas elongata, Biorefinaria Marinha, Bactérias Halófilicas.

iii

Acknowledgments
My acknowledgments go firstly to Iberagar - Sociedade Luso-Espanhola de Colóides Marinhos,
SA. for supplying the Gelidium sesquipedale residues and to the University of Wageningen for supplying
the freeze-dried Ulva lactuca, that were used as raw materials for this work and to the Integration and
Application Network, University of Maryland Center for Environmental Science for providing the graphics
for the figures.

Dr. Teresa Cesário, Professor Pedro Fernandes and Professor Manuela Fonseca for allowing
me to participate in this project, for all their assistance and believing that I could deliver results, even
though I was facing so much adversity in my life.

To my best friends: Diogo Mourato, Francisca Raposo, Madalena Almeida and Oksana Ianin
for being my support system and to my family, the ones who are still in this earth and the ones who are
watching from above. To Calvin, the best person I’ve ever met, even though he is a dog.
To the Universe, for showing me that I had a strength and resilience that I couldn’t believe
existed, required to overcome all that has happened and still manage to become an engineer.

This work was financed by national funds through FCT - Foundation for Science and Technology, under
the projects: (UID/BIO/04565/2013) and (UID/QUI/00100/2013 and REM 2013) and from Programa
Operacional Regional de Lisboa 2020 (Project N. 007317)

iv

Table of Contents

Abstract

ii

Resumo

iii

Acknowledgments

iv

Table of Contents

v

Figure Index

vii

Table Index

ix

List of Symbols and Acronyms

x

1. Introduction

1

1.1. Motivation

1

1.2. Objectives

3

2. State of the Art
2.1. From Macroalgae…

4
4

2.1.1. Biorefinery Context

4

2.1.2. Marine Algae

6

2.2. …To Bioplastics

10

2.2.1. Polyhydroxyalkanoates

10

2.2.2. PHB Production

13

2.2.3. PHA Production by Halophilic Microorganisms

17

3. Materials and Methods

19

3.1. Raw Materials

19

3.2. Enzymes

20

3.3. Microorganisms

20

3.4. Algal Hydrolysate Preparation

20

3.4.1. Total Carbohydrate Quantification

20

3.4.2. Enzymatic Hydrolysis

20

3.4.3. Chemical Pretreatment

21

3.4.4. Combined Hydrolysis

21

3.4.5. Scale Up

22

3.5. Cultivation Conditions

22

3.5.2. Inoculum preparation

22

3.5.3. Culture Media for PHB Production

23

3.6. Analytical Procedures

24

3.6.1. Optical Density Measurements

24

3.6.2. Dry Weight Determination

24

v

3.6.3. Sugar Quantification

24

3.6.4. Polyhydroxyalkanoates Quantification

25

4. Results and Discussion
4.1. Optimization of Enzymatic Deconstruction of Macroalgae

26
26

4.1.1. Total Carbohydrate Quantification

26

4.1.2. Enzymatic Deconstruction of Macroalgae

27

4.1.3. Chemical Pretreatment

29

4.1.4. Combined Hydrolysis: Pretreatment and Enzymatic Deconstruction

31

4.2. Halomonas boliviensis Growth and PHB Accumulation at Shake Flask Scale

34

4.2.1. Medium Engineering Studies

34

4.2.2. Growth and PHB accumulation studies using single sugars

36

4.2.4. Growth and PHB accumulation on glucose/galactose mixture simulating macroalgal
hydrolysate and a hydrolysate of Gelidium sesquipedale residues
4.3. Halomonas elongata Growth and PHB Accumulation at Shake Flask Scale

38
41

4.3.1. Growth and PHB Accumulation Studies Using Single Sugars and Glucose,
Rhamnose, Xylose Mixture Simulating U. lactuca macroalgal Hydrolysate.

41

4.3.2. Growth and PHB Accumulation on Ulva lactuca Hydrolysate

43

5. Conclusions and Future Work

45

6. References

48

vi

Figure Index
Figure 1 – Schematics of the advantages of a sustainable biorefinery approach for halophilic PHA
production using macroalgae as a substrate.

2

Figure 2 - Comparison of the basic-principles of the petroleum refinery and the biorefinery (Adapted
from Kamm et al., 2006)

4

Figure 3 – Morphological configuration of macroalgae.

7

Figure 4 - Gelidium sequipedale on its natural habitat.

8

Figure 5 - Ulva lactuca on its natural fresh form.

9

Figure 6 – General chemical structure of the several types of polyhydroxyalkanoates.

10

Figure 7 – Evolution of the number of publications (white) and patents (black) concerning PHAs between
1982 and 2004. Research done on Scopus with the key words: polyhydroxyalkanoates,
polyhydroxybutyrate, poly(3-hydroxyalkanoate) and poly(3-hydroxybutyrate).1
Figure 8 – Simplified diagram of the metabolic pathway to PHB.

11
14

Figure 9 – Representation of the main PHA recovery and purification strategies (Adapted from Jacquel
et al. 2008).

16

Figure 10 - Lyophilized Gelidium sesquipedale residues from agar extraction process.

19

Figure 11 - Lyophilized Ulva lactuca.

19

Figure 12 – G. sesquipedale residues (blue) and U. lactuca (green) total carbohydrate identification and
quantification in percentage of dry weight, determined by acid hydrolysis according to the NREL
protocol for algal biomass.

27

Figure 13 – Effect of the concentration of the substrate and of the type of buffer solution on the yield of
enzymatic hydrolysis of U. lactuca, as a percentage of total carbohydrate content.

28

Figure 14 - Effect of the concentration of the substrate and of the type of buffer solution on the yield of
enzymatic hydrolysis of G. sesquipedale, as a percentage of total carbohydrate content.

28

Figure 15 – Yield of the chemical pretreatment of U. lactuca, with 0.5 % and 1.0 % sulfuric acid and 1M
sodium hydroxide for 30 minutes at 121ºC, as a percentage of total carbohydrate content.

30

Figure 16 - Yield of different types of chemical pretreatment of G. sesquipedale, with 0.5% and 1.0%
sulfuric acid and 1M sodium hydroxide for 30 minutes at 121ºC, as a percentage of total
carbohydrate content.

30

Figure 17 – Sugars released during time in combined hydrolysis of 43.2 g/L of U. lactuca using 0.5%
H2SO4 acid hydrolysis (A.H) pretreatment and subsequent enzymatic hydrolysis on phosphate
buffer followed during time.

32

Figure 18 - Sugars released during time in combined hydrolysis of 43.2 g/L of U. lactuca using 1% H2SO4
acid hydrolysis (A.H) pretreatment and subsequent enzymatic hydrolysis on phosphate buffer
followed during time .

32

Figure 19 – Sugars released during time in combined hydrolysis o 43.2 g/L of f G. sesquipedale using
0.5% H2SO4 acid hydrolysis (A.H) pretreatment and subsequent enzymatic hydrolysis on phosphate
buffer.

32

vii

Figure 20 - Sugars released during time in combined hydrolysis of 43.2 g/L of G. sesquipedale using
1% H2SO4 acid hydrolysis (A.H) pretreatment and subsequent enzymatic hydrolysis on phosphate
buffer.

32

Figure 21 – Evaluation of the changes in O.D.

600nm

and pH resulting on different concentration of

ammonium chloride, monosodium glutamate (MSG) and Tris, using six different combinations of
these compounds, added to the basal medium, in the growth of H. boliviensis in shake flasks.

34

Figure 22 – Maximal PHB production, cell dry weight and PHB cell content (% dw) achieved on basal
media 1 and 2 containing an initial glucose concentration of 20g/L. .

35

Figure 23 - Evaluation of the changes in O.D. 600nm and medium sugar concentration, during the growth
of H. boliviensis in shake flasks, using different single sugars.

36

Figure 24 - H. boliviensis growth and PHB production on 20g/L glucose.

37

Figure 25 - H. boliviensis growth and PHB production on 20g/L galactose.

37

Figure 26 - H. boliviensis growth and PHB production on 20g/L glucose (75%) and galactose (25%)
mixture simulating the Gelidium hydrolysate.

38

Figure 27 - H. boliviensis growth and PHB production on 20g/L glucose, with phosphate buffer.

38

Figure 28 - H. boliviensis growth and PHB production on G. sesquipedale hydrolysate, obtained with a
0.5% H2SO4 acid hydrolysis pretreatment and subsequent enzymatic hydrolysis on phosphate
buffer.

39

Figure 29 - H. boliviensis growth and PHB production on G. sesquipedale hydrolysate obtained with a
1% H2SO4 acid hydrolysis pretreatment and subsequent enzymatic hydrolysis on phosphate buffer.
39
Figure 30 - H. boliviensis sugar intake on the Gelidium hydrolysates and on the sugar mixture simulating
the algal hydrolysate.
Figure 31 - Evaluation of the changes in O.D.

40
600nm

during the growth of H. elongata in shake flasks,

using different single sugars.

41

Figure 32 - Evaluation of the changes in medium sugar concentration during the growth of H. elongata
in shake flasks, using different single sugars.

41

Figure 33 – H. elongata growth and PHB production on 20g/L glucose.

42

Figure 34 – H. elongata growth and PHB production on 20g/L rhamnose.

42

Figure 35 – H. elongata growth and PHB production on 20g/L xylose

42

Figure 36 - H. elongata growth and PHB production on 20g/L glucose (71%) and rhamnose (15%) and
xylose (14%) mixture simulating the U. lactuca hydrolysate.

42

Figure 37 – H. elongata growth and PHB production on U. lactuca hydrolysate, obtained with a 0.5%
H2SO4 acid hydrolysis pretreatment and subsequent enzymatic hydrolysis on phosphate buffer. 43
Figure 38 – H. elongata growth and PHB production on U. lactuca hydrolysate, obtained with a 1%
H2SO4 acid hydrolysis pretreatment and subsequent enzymatic hydrolysis on phosphate buffer. 43
Figure 39 - H. elongata sugar intake on the U. lactuca hydrolysates and on the sugar mixture simulating
the algal hydrolysate.
Figure 40 – Macroalgae to Bioplastic SWOT Analysis.

44
47

viii

Table Index
Table 1 – Review and comparison of some physical, chemical and mechanical properties of PHB with
polystyrene. (Wünsch, 2000; Fambri et al., 2002; Gray, 2011; Mousavioun, 2011) (NA – information
not available)

12

Table 2 - Sugar content (%dw) of Ulva lactuca and Gelidium residues and monosugars (%dw) released
by hydrolytic treatments using 43.2 g/L of substrate and phosphate buffer.

33

Table 3 – Composition of the six-different complex media, changing the concentrations of ammonium
chloride, monosodium glutamate (MSG) and Tris, used for growing H. boliviensis.

34

ix

List of Symbols and Acronyms

% d.w.

Percentage of Dry Weight

A.H.

Acid Hydrolysis

CDW

Cell Dry Weight

EEZ
GC
HPLC
MSG
O.D.600nm
P(3HB) / PHB
PHA

Exclusive Economic Zone
Gas Chromatography
High Performance Liquid Chromatography
Monosodium Glutamate
Optical Density at 600nm
Poly-3-hydroxybutyrate
Polyhydroxyalkanoate

x

1. Introduction
1.1. Motivation
Plastic is a relatively economical, durable and adaptable material. These properties have led to the
creation of thousands of products, which have brought benefits to society in terms of economic activity
and quality of life (Pilz et al., 2010).

However, the broad use of synthetic, petroleum-derived plastics has created a generally
recognized environmental problem since these materials take several decades to degrade and
accumulate in the environment with noxious effects. Globally, over of 260 million tons of plastic per
annum are used, accounting for approximately 8 per cent of world oil production (Thompson et al.,
2009). Therefore, the necessity to replace oil-based plastics with biodegradable plastics is urgent and
widely acknowledged.

Worldwide bioplastics production is approximately 0.3 million tons per annum, which equates
to about 0.1% of world plastic production capacity. In Europe, bioplastics consumption is estimated at
0.06-0.1 million tons per annum, which represents around 0.1-0.2% of EU plastics consumption. The
EU Waste Framework Directive states that 10% of the plastic market should be bioplastics by 2020
(European commission, 2011).

Bioplastics fall into either or both of two broad categories: Bio-based plastics that are derived
from renewable resources and biodegradable (compostable) plastics that meet standards for
biodegradability and compostability.

Polyhydroxyalkanoates (PHAs) are bacterial produced bioplastics that represent an alternative
to a wide range of petroplastics such as poly-propylene, poly-styrene and poly-ethylene and can be
processed into packaging medical devices, cups, compostable bags and other disposable items. (Barker
and Safford, 2009). PHA’s are therefore both bio-based and biodegradable, comprising multiple
environmental benefits. They can quickly become one of the major players in the bioplastic world.

Yet, PHAs are not commercialized as bulk plastics due to the high price of the carbon source,
reaching 30% of total cost, and the low productivity of the bioprocesses (Chen, 2009; Gao et al., 2011).
Furthermore, the production of PHAs is currently based on human food sources, competing with edible
feedstocks and leading to ethical concerns. Hence, in order to achieve sustainable and efficient
production of PHAs, the first obstacle to overcome is finding a more appropriate carbon source.

Residual industrial and agricultural streams are currently being tested (Yang et al., 2012) and
lignocellulosic biomass is considered a desirable raw material, since it yields a sugar-rich hydrolysate,
but the lignin fraction hinders the easy release of the monosaccharides upon treatment.
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Acid hydrolysis is successfully applied but often leads to unwanted by-products which are
mostly toxic to microorganisms and need to be removed, adding a detoxification step and increasing
the bioprocess costs (Pan et al., 2012).

Macroalgae are a promising but underexploited raw material, which contain 25-60% (w/w) of
carbohydrates. Compared to lignocellulosic biomass, hydrolysis of macroalgae occurs under milder
conditions since lignin is absent. Furthermore, macroalgae hydrolysates are pentose-poor, increasing
the number of strains able to use the released sugars, and do not compete for land and fresh water
since they grow on seawater (Percival and McDowell, 1967). Portugal has a notable potential for the
development of marine (blue) biotechnology by having the 3rd largest Exclusive Economic Zone within
Europe and the 10th largest in the world, at 1 727 408 km2 (Brisman, 2011).

Thus, a sustainable process for PHA production may be attained by using macroalgal
hydrolysates as carbon source for PHA production by bacterial cells within an integrated biorefinery
approach. For an even more competitive approach halophilic bacteria were chosen since their cultivation
is “self-aseptic”, consequently requiring less energy (less strict disinfection conditions), as well as being
less prone to contamination (Figure 1).

Figure 1 – Schematics of the advantages of a sustainable biorefinery approach for halophilic PHA production
using macroalgae as a substrate.
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1.2. Objectives
The core purpose of this work was poly-3-hydroxybutyrate (PHB) production by marine bacteria
using sugar-rich seaweed hydrolysates as carbon source.

Preliminary studies were performed in order to achieve this goal which can be divided into two
main groups: a) Improvement and scale-up of the enzymatic deconstruction of macroalgae residues
and whole macroalgae biomass and b) Growth and PHB accumulation by halophilic bacteria using the
digested carbohydrate fraction as carbon source.
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2. State of the Art
2.1. From Macroalgae…
2.1.1. Biorefinery Context

Greater use of renewable resources is no longer just an option, it is a necessity. It has been
progressively recognized worldwide that biomass has the potential to replace a large fraction of fossil
resources as feedstocks for industrial productions, ranging from bio-energy to bio-based products
(European Commission, 2013).

Biomass is most likely to be the only viable alternative to fossil resources for production of
transportation fuels and chemicals, since it is the only carbon rich material source available on the Earth,
besides fossil fuels. Therefore, the sustainable biomass production is a crucial concern, especially
accounting for possible ethical issues about fertile land competition with food and feed industries
(Cherubini, 2010).

Biomass, similarly to petroleum, has a complex composition. Its primary separation into main
groups of substances is appropriate. Subsequent treatment and processing of those substances lead
to a whole range of products. Petrochemistry is based on the principle of generating simple to handle
and well defined chemically pure products from hydrocarbons in refineries.

In efficient product lines, a system based on family trees has been built, in which basic chemicals,
intermediate products, and sophisticated products are produced. This principle of petroleum refineries
must be transferred to biorefineries, as can be seen in Figure 2.

Fuels
and
Energy
Petroleum

Petrochemistry

Refinery

Fuels and Energy
Bioethanol
Biodiesel, Biogas
Hydrogen

Biomass

Biochemicals
Bioplastics
Biopolymers

Biorefinery

Figure 2 - Comparison of the basic-principles of the petroleum refinery and
the biorefinery (Adapted from Kamm et al., 2006)
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The American National Renewable Energy Laboratory (Lynd et al., 2005) published the definition:
“A biorefinery is a facility that integrates biomass conversion processes and equipment to produce fuels,
power, and chemicals from biomass. The biorefinery concept is analogous to today’s petroleum
refineries, which produce multiple fuels and products from petroleum. Industrial biorefineries have been
identified as the most promising route to the creation of a new domestic bio-based industry.”

A forward-looking approach is the stepwise conversion of large parts of the global
economy/industry into a sustainable society having bioenergy, biofuels and bio-based products as main
pillars and biorefineries as the basis.

Industrial biomass is described as any organic matter that is available on a renewable or
recurring basis (excluding old-growth timber), including dedicated energy crops and trees, agricultural
food and feed crop residues, aquatic plants, wood and wood residues, animal wastes, and other waste
materials usable for industrial purposes (energy, fuels, chemicals, materials) and include wastes and
co-wastes of food and feed processing (U.S. Department of Energy, 2000).

As a consequence, an important stage in biorefinery system is the provision of a renewable,
consistent and regular supply of feedstock. The type of biomass used in biorefinery can be divided into
four different types: agriculture (dedicated crops and residues), forestry, industries (process residues
and leftovers) and households (municipal solid waste and wastewaters), aquaculture (algae and
seaweeds).

In 2007, bioethanol global production reached 51000 million litres in 2007 and 70% of ethanol
was produced mainly from corn and sugarcane in the United States and Brazil. Due to the high ethanol
yield and well-established fermentation technology this type of biomass is nowadays regarded as the
best energy source.

Nevertheless, this has induced competition for energy and food resources in the global market.
This situation also has occurred with biodiesel because it is produced from food resources such as
soybean, palm oil rapeseed, and sunflower. Due to surging food cost from the competition, global
economies have become unstable - in 2006, global food stocks of major grains such as rice, wheat,
and corn were at their lowest for the past 20 years (Jung et al., 2013).

In an environmental perspective, terrestrial biomass-based biorefineries can rather exacerbate
climate change when taking into account the life cycle of their final products. Direct and indirect land
use change for energy crop cultivation induces a significantly high carbon debt (Fargione et al., 2008)
and high water consumption (Dominguez-Faus et al., 2009). Although many researchers have been
trying to utilize lignocellulosic biomass that is not used for food, this biomass can still incur the same
environmental consequences associated with land use and water consumption. Thus, terrestrial
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biomass-based biorefineries seem not to be currently sustainable due to environmental as well as
economic impacts.
Therefore, turning to aquaculture as a solution seems to be an obvious step. Algae grow in
abundance in both fresh water and salt water and occur in greatest profusion in shallow sea water. The
multicellular algae, so-called seaweeds, have been examined more extensively than unicellular
organisms and are of great commercial importance (El Gamal, 2010). Marine macroalgae have high
potential to displace terrestrial biomass and produce sustainable bioenergy and biomaterials

The worldwide annual production of marine algae has been estimated at 26 million tons fresh
(FAO, 2014). Seaweed are easy to cultivate using wide arable areas of the sea by simply tying them to
floating anchor lines without any high cost equipment, consequently they do not compete with terrestrial
food crops, avoiding numerous ethical conflicts.

Annual CO2 absorption by marine biomass is 36.8 ton/ha, which is five to seven times higher than
wood-biomass and has a higher mass productivity (13.1 kg dry weight per m2, over 7 months) than land
plants (0.5 to 4.4 kg dry weight per m 2 per year), boosting the sustainability of the use of seaweeds as
feedstock (McHugh, 2003) .

In Europe, 75% of the macroalgae feedstock is dedicated to hydrocolloid extraction (agar, alginate
and carrageenan) and other fractions are essentially not valorised, causing severe environmental
pollution due to its limited recycling capacity (McHugh, 1991). Also, Portugal has the 3rd largest EEZ
within Europe which means a great competitive advantage in this area.
Marine biotechnology (also called blue biotech) is defined as “efforts that involve marine
bioresources, either as the source or the target of biotechnology applications” (Joint et al., 2010) and is
estimated to reach a USD $4.8 billion global market by 2020 (Global Industry Analysts, 2015).
Hence, by combining the biorefinery concept with the blue biotech concept it’s possible to move
forward to a more sustainable bioeconomy.

2.1.2. Marine Algae

Macroalgae are macroscopic multicellular photosynthetic organisms and belong to the Plantae
kingdom although significantly different from terrestrial plants in terms of their chemical composition, as
well as physiological and morphological features (Barsanti and Gualtieri, 2014).

They consist of a leaf-like thallus, as can be seen in Figure 3, instead of roots, stems, and leaves.
Also, contrary to terrestrial plants, macroalgae almost do not include lignin, a constituent that provides
stiffness, since they do not need to stand rigidly in the water (Wegeberg and Felby, 2010).
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Stipe
Thallus

Blade

Holdfast

Figure 3 – Morphological configuration of macroalgae.

Macroalgae are classified as green, red, and brown algae, according to the thallus colour derived
from natural pigments and chlorophylls.

Green algae belong to phylum Chlorophyta and have the same ratio of chlorophyll a to b as land
plants. There are about 1500 species of seawater-favourable algae (class Bryopsidophyceae,
Dasycladophyceae, Siphoncladophyceae, and Ulvophyceae) (Bold, 1985).

Red algae are all included in a single class (i.e., Rhodophyceae) consisting of two subclasses:
Florideophycidae and Bangiophycidae. The red colour is derived from chlorophyll a, phycoerythrin and
phycocyanin. There are 4000–6000 species of red algae in over 600 genera, and most of them exist in
tropical marine environments.

Brown algae are classified as Phaeophyceae under phylum Chrysophyta. Their principal
photosynthetic pigments are chlorophyll a and c, beta-carotene, and other xanthophylls. There exist
1500–2000 species (Sze, 1993).

Carbohydrate compounds are abundant in macroalgae. The carbohydrate contents of green, red,
and brown algae are 25–50%, 30–60%, and 30–50% dry weight, respectively (Percival and McDowell,
1967).

Macroalgae contain a variety of carbohydrates including mannan, ulvan, carrageenan, agar,
laminarin, mannitol, alginate, and fucoidin (Lobban and Wynne, 1981), which are absent from
microalgae and lignocellulosic biomass. Most polysaccharides isolated from seaweeds are those of the
cell wall.
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Cellulose is usually found in the inner cell wall where it occurs in amounts ranging from 1 to 20%.
To a large extent, seaweeds use polysaccharides other than cellulose as their cell wall structural
elements. When cellulose is present it is confined mainly to the inner wall whereas other polysaccharides
make up the exterior wall and cover all exterior surfaces of the plant causing them to have a slippery
mucilaginous feel (Horton and Pigman, 1972). Most seaweed polysaccharides are homoglycans, i.e.,
polysaccharides composed of only a single sugar as the repeating polymer unit.

Since macroalgae have a variety of carbohydrates depending on their species, information on their
carbohydrate composition is necessary to effectively utilize them as carbon sources for bioenergy and
as chemical sources for biomaterial and bioproducts.

2.1.2.1. Gelidium sesquipedale

Gelidium sequipedale, a red algae (Figure 4), is the most important raw material in the Iberic
agar industry, growing commonly on rocky shores along the Spanish and Portuguese Atlantic coasts
(Juanes et al., 2012).

Agar is the sulfuric acid ester of a linear galactan which is extracted from the red seaweed of
the Gelidium family. Most agar-bearing plants appear to contain about 40 % of galactan on an air-dry
basis. Agar is used in food formulations and food products but its main use is as a gel-forming agent in
media for culturing microorganisms. Commercial production of agar consists of purifying the raw
seaweeds, extracting the agar from them with boiling water, congealing the agar by cooling, freezing
out the impurities, and then drying. Natural agar consists principally of the calcium salt of a sulfuric ester
of a galactan in which about nine 1,3 links occur for each 1,4 linkage and in which there is one sulphate
group for about every 53 galactose units (Horton and Pigman, 1972).

Figure 4 - Gelidium sequipedale on its natural habitat.
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The hydrolysis of the carbohydrate fraction of Gelidium algae leads to glucose and galactose
(Jang et al., 2012) thus being an optimal candidate for biorefinery use, since most of the microorganisms
commonly used in fermentation processes consume glucose and a large majority consumes galactose
too. Also, even after agar extraction , G. sequipedale residues contain approximately 50% dry weight in
carbohydrates (Alves, 2015).

2.1.2.1. Ulva lactuca

Ulva spp., a green seaweed, is known as sea lettuce, as fronds may be convoluted and have
an appearance rather like lettuce, as can be seen in Figure 5.

Figure 5 - Ulva lactuca on its natural fresh form.

It has been vastly characterized and it showed a high protein content, up to 44% of dry matter
(Holdt and Kraan, 2011) and a significant amount of polysaccharides (15-65% dry matter) (Kraan, 2013)
making it an auspicious source of proteins and sugars. Furthermore, it has a very high growth rate in
contrast with Gelidium, being able to be harvested approximately every 2 weeks (Barsanti and Gualtieri,
2014).

Biomass from Ulva spp. is significantly available since it represents the main seaweed in mass
of algal growth (green tides). The large proliferation is sufficient annoyance to make harvesting essential
in some places and has already caused negative effects in the tourism of coastal areas due to the
presence of seaweeds in the water and H2S production following accumulation and decomposition of
the algae (Briand and Morand, 1997).

The opportunistic growth ability of these seaweeds makes them good candidates for water
recycling in integrated invertebrates or fishes aquaculture systems and bioremediation of urban waters,
removing excess inorganic phosphorus and nitrogen (Lawton et al., 2013).
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Unfortunately, most of the generated biomass is still of little value, being mainly discarded or
left abandoned to decompose on the shore.

In U. lactuca the main structural carbohydrates of the cell wall are the complex hydrocolloid
ulvan (8–29% of dry weight), a sulphated glucuronoxylorhamnan with rhamnose, uronic acids and
xylose as major components, and cellulose (Lahaye and Robic, 2007). Moreover, starch is also found
as an intracellular energy storage polysaccharide.

2.2. …To Bioplastics
2.2.1. Polyhydroxyalkanoates

2.2.1.1. Structure and Properties

Polyhydroxyalkanoates (PHAs) are biodegradable and biocompatible polyesters that are
synthesized by more than 300 different microorganisms and accumulated intracellularly as carbon and
energy reserves. They are produced in the presence of excess carbon source and phosphorus, nitrogen,
oxygen or magnesium limitation (Sudesh et al., 2000).

PHAs are typically composed of 3-hydroxy fatty acid monomers in the (R) configuration, due to
the stereospecificity of the biosynthetic enzymes, and form linear head-to-tail polyesters with typically
100 to 3000 monomers. They accumulate as inclusions/granules with a variable size and number per
cell depending on the species and culture conditions. Figure 6 shows the general structure of PHAs.

Figure 6 – General chemical structure of the several types of
polyhydroxyalkanoates.
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The alkyl groups, which occupy the R configuration at the C-3, vary from one carbon atom (C1)
to over 14 carbon atoms (C14) in length. Depending on the synthesizing organism and also on the
substrate, PHAs are composed of monomers of different chain lengths.

Thus, according to the size of the comprising monomers, PHAs can be divided in three classes,
the first one, classified as short chain length PHAs (scl-PHAs), includes monomers up to 5 carbons (C2C5), while PHAs containing C6 to C14 monomers are called medium chain length PHAs (mcl-PHAs)
and those with more than C14 monomers are long chain length PHAs (lcl-PHAs).

Scl-PHAs have properties close to conventional plastics, while the mcl-PHAs are regarded as
elastomers and rubbers (Keshavarz and Roy, 2010). The molecular mass of PHA is in the range of
5x104 – 2x106 Da and varies with the synthesizing organism.

PHAs can be classified as homopolyesters or heteropolyesters depending on whether one or
more types of monomeric units are present in the polymeric chain. The most common and best
characterized PHA is a homopolymer called poly-3-hydroxybutyrate (Reddy et al., 2003).

Under aerobic conditions the bioplastics are degraded to carbon dioxide and water, while under
anaerobic conditions methane and carbon dioxide are produced. This happens by the action of PHA
depolymerases secreted by many microorganisms in soil, sea, lake water and sewage and this process
takes around 3 to 9 months (Khanna et al., 2005).

The interest in this specific class of compounds lies not only on their biodegradability, but also
on their properties similar to many thermoplastics and it has been rising heavily in the last two decades
as shown in Figure 7. 1

Figure 7 – Evolution of the number of publications (white) and patents (black) concerning PHAs
between 1982 and 2004. Research done on Scopus with the key words: polyhydroxyalkanoates,
polyhydroxybutyrate, poly(3-hydroxyalkanoate) and poly(3-hydroxybutyrate).1
1

Reprinted from Biochemical Engineering Journal, Vol. 39 - 1, Nicolas Jacquel, Chi-Wei Lo, Yu-Hong Wei, Ho-Shing Wu, Shaw S.
Wang, Isolation and Purification of Bacterial Poly(3hydroxyalkanoates), 15- 27, Copyright (2008), with permission from Elsevier.
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In 1923, the French microbiologist Maurice Lemoigne, at the Institute Pasteur validated that the
aerobic spore-forming Bacillus megaterium, formed quantities of 3-hydroxybutyric acid in anaerobic
suspensions (Lemoigne, 1926).

After some further investigations, in 1926, he was able to extract a substance using chloroform
and to demonstrate that it was a polymer of hydroxybutyric acid. Poly-3-hydroxybutyrate (PHB) was the
first PHA to be discovered (Philip, Keshavarz, and Roy 2007).

PHB has mechanical properties very similar to conventional plastics like polypropylene or
polyethylene and it can be moulded and spun into fibres or made into films.

The properties of PHB are shown in Table 1. In spite of its numerous advantages, PHB has not
yet been able to replace conventional plastics on a large scale because of its high cost.
Table 1 – Review and comparison of some physical, chemical and mechanical properties of PHB with
polystyrene. (Wünsch, 2000; Fambri et al., 2002; Gray, 2011; Mousavioun, 2011) (NA – information not available)

Properties

Poly-3-hydroxybutyrate

Polystyrene

Degradability

Biodegradable

Non-degradable (500 years to
forever)

Compatibility

Yes

Yes

Toxicity

Non-toxic

Non-toxic

Melting temperature (ºC)

180

240

Density (g/cm3)

1.25

1.05

Tensile strength (MPa)

40

40

Tensile Modulus (GPa)

3.5

3.0

Glass transition
temperature (ºC)
Crystallinity (%)

4 ºC

100 ºC

80 %

NA

Elongation to break (%)

5%

7%

Solubility

Soluble in chloroform and
other chlorinated
hydrocarbons, insoluble in
water
Good

Soluble in most organic solvents
(ethyl acetate, dichloromethane,
DMF, DMSO, THF, and toluene),
insoluble in water
Low

Resistance to hydrolytic
degradation

Fair

NA

Oxygen permeability

Good

NA

Resistance to Ultaviolet
light
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2.2.1.2. Applications

The majority of anticipated applications of PHAs are as replacements for petrochemical
polymers. The plastics currently used for packaging and coating applications can be exchanged partially
or completely by PHAs (Barker and Safford, 2009). The wide range of physical properties of the PHA
family and the extended performance attainable by chemical modification or blending (Gao et al., 2011)
provide a broad scope of prospective end-use applications.

Packaging such as containers and films (Bucci et al., 2005), biodegradable personal hygiene
articles such as diapers, toners for printing applications and adhesives for coating applications have
been already defined. Composites of these bioplastics are already used in electronic products, like
mobile phones (Madison and Huisman, 1999). Potential agricultural applications include encapsulation
of seeds, encapsulation of fertilizers for slow release, biodegradable plastic films for crop protection and
biodegradable containers for greenhouse facilities.

PHAs have also various medical applications. The main advantage in the medical field is that a
biodegradable plastic can be inserted into the human body and does not need to be removed again.
PHB has an ideal biocompatibility as it is a product of cell metabolism and also because 3-hydroxy
butyric acid (the product of degradation) is normally present in blood in low concentrations. In pure form
or as composites with other materials, PHAs are used as sutures, repair patches, orthopaedic pins,
adhesion barriers, stents, nerve guides and bone marrow scaffolds. (Zinn et al., 2001).

A remarkable aspect of PHA scaffolds is the fact that the tissue engineered cells can be
implanted with the supporting scaffolds. Research has shown (Chen and Wu, 2005) that PHA materials
can be useful in bone healing processes. Polymer implants for targeted drug delivery, an emerging
medical application, can be made out of PHAs. PHA used in contact with blood has to be free of bacterial
endotoxins (Volova et al., 2003) and consequently there are high requirements for the extraction and
purification methods for medical PHA.

2.2.2. PHB Production

2.2.2.1. Biosynthesis

Various organisms, such as bacteria, yeasts and genetically modified plants are able to
accumulate poly-3-hydroxybutyrate.

Yeasts and many other eukaryotic cells, like plants, contain small amounts of low molecular
mass PHBs which function as complexes with polyphosphate in membrane transport, although, when
further studied, very low PHB accumulation was attained (Suriyamongkol et al., 2007).
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Bacteria are the most common PHA-producers. At least 75 types of different bacteria have been
shown to accumulate PHB as intracellular granules. The biopolymer is synthesized under excess carbon
and limitation of an essential nutrient and is used as a carbon and energy reserve. (Chen, 2009)
Cupriavidus necator has been the most extensively studied although some other strains have started to
be studied such as Bacillus spp., Alcaligenes spp., Pseudomonas spp., Aeromonas hydrophila,
Rhodopseudomonas palustris, Escherichia coli, Burkholderia sacchari and Halomonas boliviensis.

The general bacterial metabolic pathway for the production of PHB is represented in Figure 8.
The synthesis of PHB starts from acetyl-CoA and involves the action of three enzymes. The first of these
enzymes, 3-ketothiolase, catalyses the reversible condensation of two acetyl-CoA moieties, forming a
carbon-carbon bond and releasing one coenzyme A molecule, yielding acetoacetyl-CoA. AcetoacetylCoA is then stereoselectively reduced to (R)-3-hydroxybutyryl-CoA through the action of a NADPHdependent acetoacetyl-CoA reductase. The last step is catalysed by PHB synthase and results in the
polymerization of (R)-3-hydroxybutyryl-CoA into PHB with the release of coenzyme A (Verlinden et al.,
2007).

Sugars

Acetyl-CoA

Krebs Cycle

3-ketothiolase

Acetoacetyl-CoA

Acetoacetyl-CoA
reductase

(R)-3-hydroxybutyryl-CoA

PHA synthase

Poly-3-hydroxybutyrate

Figure 8 – Simplified diagram of the metabolic pathway to PHB.
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2.2.2.2. Industrial Production

P(3HB) has been produced from glucose and propionate on a semi-commercial scale first by
Zeneca BioProducts (Billingham, UK), and later by Monsanto (St. Louis, MO, USA). Metabolix is
producing Biopol® in a 50 m3 fermenter, with overall fermentation time of less than 40 hours. Assuming
a final concentration of 100 g.L-1, which is a reasonable estimate for newer bacterial strains, this gives
an estimated annual capacity of 1.100 tones (Wolf et al., 2005).
The price of producing Biopol® from Ralstonia eutropha using glucose and propionic acid was
US$16 per kilogram. Companies like Procter & Gamble worked towards reducing the costs of PHAs to
make them more competitive with the established products. The price of Nodax™ was around USD
$2.20 per kilogram, however, production stopped in 2006. (Philip et al., 2007).

The price of PHA is still five to ten times higher than the petroleum-derived polymers, such as
polypropylene and polyethylene, which costs approximately USD $0.25–0.5 per kg (Khanna et al.,
2005). This is mainly due to the high price of the carbon source, reaching 30% of total cost, and the low
productivity of the bioprocesses (Chen, 2009; Gao et al., 2011). Consequently, the development of
fermentation technology to use cheaper carbon sources is a key factor in further reducing the PHA
production cost.

To reduce the impact of the price of the carbon source on PHA manufacturing costs, residual
industrial and agricultural streams (Yang et al., 2012) were tested as feedstocks, such as using waste
glycerol from biodiesel industries (Cavalheiro et al., 2009) and lignocellulosic hydrolysates (Cesário et
al., 2014).

Lignocellulosic biomass is a desirable raw material that yields a sugar-rich hydrolysate.
However, the use of lignocellulosic hydrolysates for PHA production presents two important challenges:
1) the presence of toxic compounds that might have been released during chemical pretreatment and
that need to be removed (Pan et al., 2012) and 2) the high amounts of pentoses derived from the
hydrolysis of hemicelluloses.

The high concentration of pentoses may represent a problem since few PHA-producing
bacterial strains are able to consume C5-sugars and the ones that do, preferably consume glucose,
leaving the pentoses accumulate in the medium. Using municipal wastewater has also being tested but
so far only low concentrations of PHB have been achieved (Du et al., 2012).

Marine macroalgae hydrolysates arise, as stated formerly, as a promising solution for a PHA
sustainable production.
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2.2.2.3. Extraction

As previously stated, in order to use PHA in such a sizeable extent of applications, the extraction
and purification of PHB has to be comprehensively studied. Therefore, several procedures have been
described and patented. Primarily, it is necessary to separate the cells containing PHA from the
cultivation broth which can be achieved by conventional techniques such as centrifugation, filtration or
flocculation-centrifugation. Afterwards, in most processes, the remaining water is removed from the
biomass by spray-drying or lyophilization (Lee, 1996; Keshavarz and Roy, 2010).

Subsequently polymer recovery lies in selectively solubilizing PHB or else in separating the
remaining biomass. The first strategy involves the use of solvents with affinity for the biopolymer and
the later avoids the use of organic solvents and focuses on breaking the cells and solubilizing the cells
debris instead. Finally, the solubilized polymer is purified according to the application specifications.
Figure 9 shows an overview of the different strategies which were investigated for the polymer recovery.

Recently there have also been developments for safer, non-chlorinated solvents such as with
anisole and cyclohexanone that attained recovery yields of 97% and 93% (Rosengart et al., 2015).

Cultivation Broth
Filtration

Flocculation-centrifugation

Centrifugation

Filtration

Centrifugation
Crude Cells containing PHA
Pretreatment
Heat

Freezing

Salt

Extraction
Solvent
Digestion
Mechanical Disruption

Purification
Hydrogen Peroxide
Ozone Treatment

Supercritical CO2
Using Cells Fragilities
High Purity Recovered PHA

Figure 9 – Representation of the main PHA recovery and purification strategies
(Adapted from Jacquel et al. 2008).
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2.2.3. PHA Production by Halophilic Microorganisms

Adding to the previously stated impediment on large scale production of PHAs that is the cost
of the carbon substrate, there are other relevant concerns about the process environmental and
economical sustainability.

The bioprocessing requires large amount of fresh water, making water shortage even worse
(Yang et al., 2012). Additionally, the energy intensive sterilization of the fermenters and piping systems
as well as the medium is a very expensive process and the investment to purchase stainless steel
bioprocess facilities is heavy (Yin et al., 2015). Most of the fermentation processes run discontinuously
to avoid microbial contamination, which results in low production efficiency.

Lastly, procedures to maintain contamination free and batch processes make the bioprocessing
very complex, leading to an increasing workforce cost.

Halophiles (salt-loving) are microorganisms that require salt (NaCl) for growth, and they can be
found in all three domains of life – Archaea, Bacteria and Eukarya (Guzmán et al., 2010).
Halophilic microorganisms have recently been re-discovered to possess advantages for the
above mentioned desirable properties. Due to their unique halophilic properties, many Halomonas spp.
can grow in high pH and high salt containing medium at a larger temperature range, making
contamination free fermentation processes under unsterile conditions and continuous way possible.

2.2.3.1. Halomonas boliviensis

The halobacterium Halomonas boliviensis, a member of the family Halomonadaceae, tolerates
salt concentrations up to 25% w/v and grows from 0-45 ºC under pH 6-11 (Quillaguamán et al., 2004).

Halomonas boliviensis, for which the optimum salt concentration for cell growth is between 4%
and 5% (w/v), has been shown to accumulate PHB from several different carbon sources, such as
glucose, xylose, sucrose (Quillaguamán et al., 2006) and starch hydrolysates (Rivera-Terceros et al.,
2015).

Under optimized conditions H. boliviensis produces PHB with high molecular weight (1.100 kDa)
and the PHB content and the cell dry weight could reach 81% and 44 g/L, respectively, after 36 h of fedbatch cultivation in monosodium glutamate medium (Quillaguamán et al., 2008).
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2.2.3.2. Halomonas elongata

Halomonas elongata was reported to grow on rhamnose, galactose, xylose, glucose (Mata et al.,
2002) and rice straw hydrolysate (Tanimura et al., 2013), thus being a good candidate for uptaking
macroalgal hydrolysates.

H. elongata is used currently as an industrial production strain for ectoines, at the scale of tonnes
per year (Van, 2009; Schwibbert et al., 2011). Ectoines (ectoine and its hydroxyl derivative,
hydroxyectoine) are well known as the most abundant compatible solutes (osmoprotectants). In addition
to their role as osmotic balancing agents, ectoines have gained much attention in biotechnology as
protective agents for enzymes, DNA, membranes and even entire cells against stress conditions.

Ectoines have also been found to protect human skin against harmful ultraviolet irradiation, and
for these reasons, have found a major application area in cosmetics where they are now used in a
growing range of skin care products.

Co-production of ectoines and PHB was achieved by Halomonas elongata in fed-batch culture
using a medium containing 10% (w/v) NaCl and nitrogen limited or phosphorus limited conditions
(Mothes et al., 2008). After exhaustion of the nitrogen source, PHB yield by H. elongata reached a
maximum of 55% (w/v) within 120 h, whereas the ectoine content was about 6% of the cell dry mass.
The maximum ectoine content (c.a. 12.5%) was reached after 45 h of growth.
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3. Materials and Methods
3.1. Raw Materials
Gelidium sesquipedale residues from agar extraction process (Figure 10), courtesy Iberagar SA,
Portugal) were maintained at -18ºC after reception, being afterwards washed several times with distilled
water to remove sands and other residues and dried at 50ºC in a Memmert oven (Model 400).
Subsequently, in order to remove all remaining humidity, the residues were lyophilized, being firstly
frozen at -80ºC and then placed under vacuum at -43ºC, for 48 hours.

Figure 10 - Lyophilized Gelidium sesquipedale residues from
agar extraction process.

Ulva lactuca (Figure 11) was cultivated in 1 m3 tanks containing filtered sea water, in a greenhouse
with artificial illumination and home temperature control, property of Wageningen University and
Research (Nergena, Wageningen – The Netherlands). Samples was harvested in the period JuneAugust 2016 After biomass collection, the excess water was removed and the samples were freeze
dried in a Sublimator 2x3x3 (Zirbus Technology GmbH, Germany) for 72 hours.

Figure 11 - Lyophilized Ulva lactuca.
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Dried samples were stored in sealed bags and maintained in the dark, at room temperature, until
further use. Lyophilized Gelidium and Ulva were milled separately in a kitchen coffee grinder for 3 to 5
minutes, to obtain a fine and homogeneous powder that was used as raw material during the assays.
The samples were stored in plastic bags at room temperature.

3.2. Enzymes
Enzymatic hydrolysis was performed using specific cocktails of commercial enzymes, namely,
cellulase complex (NS 22086), β-glucosidase (NS 22118), glucoamylase (NS 22035) and xylanase (NS
22083), from Novozymes® (Bagsvaerd, Denmark).
An assay using β-(1→3)-D-glucanase from Helix pomatia, supplied by Sigma-Aldrich, was also
performed in order to assess its potential as an ulvan hydrolytic enzyme for U. lactuca.

3.3. Microorganisms
Halomonas boliviensis DSM 15516 and Halomonas elongata DSM 2581T, two halophilic bacterial
strains able to produce PHB, were used in this work.

3.4. Algal Hydrolysate Preparation
3.4.1. Total Carbohydrate Quantification

Total carbohydrate quantification was determined according to NREL (National Renewable
Energy Laboratory, USA) specific method for algal biomass (Van Wychen and Laurens, 2013). In this
protocol 25 mg of the algal material was subjected to acid hydrolysis in two steps.
Firstly, 250 μL of 72% (w/w) sulfuric acid was added and incubated in a 30 °C thermostatically
controlled bath for one hour. In a second step the sulfuric acid was diluted to 4% (w/w), and the
suspension was autoclaved at 121 °C for one hour. This analysis was performed in duplicate for both
algae. After that, samples were diluted 20-fold and sugars were quantified using high-performance liquid
chromatography.

3.4.2. Enzymatic Hydrolysis

Enzymatic hydrolysis was carried out at 50ºC and pH 4.8 with continuous stirring (660 rpm) in
a thermostatically controlled incubator chamber (JP Selected). The assays were performed in 50 mL
glass flasks with volume making up to 10 mL. The concentrations studied were 8.0 g/L and 43.2 g/L,
which corresponded to 80 mg and 432 mg of weighed freeze-dried and grinded algal material.
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The enzyme cocktail used for Gelidium residues was 100 μL of cellulase with 75 μL βglucosidase while a mixture of 100 μL of cellulase, 75 μL glucosidase, 75 μL glucoamylase and 75 μL
of xylanase, was used for Ulva lactuca.
The use of β-(1→3)-D-glucanase for U. lactuca hydrolysis was also evaluated, either isolated
or combined with the enzyme cocktail. These runs were performed on 40 mg of U. lactuca using either
5 mg of β-(1→3)-D-glucanase, 500 μL of 0.5M acetate buffer and Mili-Q® water making up to 5 mL; or
5 mg of the enzyme complemented U. lactuca enzyme cocktail: 100 μL of cellulase, 75 μL glucosidase,
75 μL glucoamylase, 75 μL of xylanase.

Buffer relevance was studied, comparing the carbohydrate yield of enzymatic hydrolysis on 0.05
M acetate buffer with that of 0.1 M Sørensen's phosphate; the latter being chosen for its buffering range
from pH 5.0 to 8.0.

3.4.3. Chemical Pretreatment

Different types of chemical pretreatment were tested before the enzymatic hydrolysis namely:
mild acid hydrolysis with 0.5 % and 1% H2SO4 and mild alkaline hydrolysis with 1M NaOH. These assays
were performed in 50mL flasks with 20 mL total volume with a substrate concentration of 43.2 g/L, or
0.864 g of grinded lyophilized algae, in duplicate. The flasks were placed in the autoclave at 121ºC,
1 bar for 30 min. After being removed from the autoclave, samples 1.2 mL samples were collected in
1.5 mL eppendorf tubes and centrifuged in a Sigma 1-15 P microcentrifuge at 12 000 rpm for 3 minutes
and supernatant was collected for sugar quantification.

3.4.4. Combined Hydrolysis
2.16 g of grinded lyophilized algae were weighed and placed on 100 mL Schott ® flasks. The
pretreatment was carried out using 35 mL of 1% sulfuric acid and placed in the autoclave for 30 minutes
at 121ºC, 1 bar, following the method described above. After pretreatment, the shake flask contents
were neutralized to pH 4.8 by adding NaOH 6M and concentrated 0.5M acetate buffer (1:10 v/v).

Subsequently, the enzyme cocktails defined previously were added in the same proportion. In
order to make up 50 mL of volume, Mili-Q® water was finally added, making up to a final concentration
of substrate of 43.2 g/L for enzymatic hydrolysis. In order to avoid losing substrate, samples were
analysed only after 24h of enzymatic hydrolysis. This assay was performed with the goal of preassessing scale up feasibility which was later analysed more thoroughly.
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3.4.5. Scale Up

The substrate concentration for scale up was of 43.2 g/L since it allowed for a minimum 20 g/L
total sugar concentration in the shake flask. Scale up was performed in 250 mL Schott ® flasks with
4.32 g grinded lyophilized algal material. Pretreatment was performed on 75 mL 0.5% and 1% H2SO4 in
the autoclave at 121ºC, 1 bar for 30 min, neutralized using NaOH 6M, concentrated buffer (1:10 v/v)
and the enzyme cocktails defined previously in the same proportion.
Mili-Q® water was also added in order to make up to 100 mL of total volume. 200 μL samples were
taken before the enzymatic cocktail was added, after the enzyme addition and during enzymatic
hydrolysis reaction.
After 24h of enzymatic hydrolysis, shake flask contents were neutralized with NaOH 1M to pH 7.2
or 8.0 according to the bacteria used, sterilized in the autoclave for 20 minutes at 121ºC, 1 bar and
centrifuged for 10 000 rpm for 15 minutes (1-15 P microcentrifuge, Sigma) in aseptic conditions.
Supernatant was collected, also in aseptic conditions, and stored in the freezer at -20ºC.

3.5. Cultivation Conditions
All procedures were carried out in a laminar flow chamber (BIOAIR Instruments aura 2000 M.A.C.)
and all the material used was sterilized previously n the autoclave at 121ºC, 1 bar for 20 minutes, to
guarantee aseptic conditions.

3.5.1. Culture Storage

Both bacteria were maintained at 4ºC on petri dishes with solid HM medium (Quillaguamán et
al., 2004). Cultures were monthly refreshed.

Solid HM medium: (medium composition for bacterial growth and storage): The medium used
for isolation and maintenance of the bacteria was described by (Quillaguamán et al., 2004). The medium
contained: NaCl 45.0 g/L; MgSO4.7H2O 2.5 mL/L of a 100 g/L MgSO4.7H2O solution; CaCl2.2H2O, 0,09
g/L; KCl, 0.5 g/L; NaBr, 0.06 g/L; Peptone (Difco), 5 g/L; yeast extract (Difco), 10 g/L; glucose 1g/L and
granulated agar, 2.0%. The pH was adjusted to 7.5 by using 1 M NaOH and sterilized in the autoclave
at 121ºC, 1 bar for 20 minutes.

3.5.2. Inoculum preparation

Both bacteria were grown in 100 mL of seed culture medium, described below, supplemented
with 20g/L of glucose in 500 mL flasks in an orbital incubator at 170 rpm, 30°C. , till the exponential
phase was reached. When the cultures achieved an O.D. 600nm of 1.50 (approximately 14h for H.
boliviensis and 24h for H. elongata), culture samples were then used as inoculum 0.05% (v/v) in the
production media.
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Defined medium composition for growth of Halomonas boliviensis (seed culture medium), as
defined by (Quillaguamán et al., 2008; Guzmán et al., 2012) was composed of 45 g/L NaCl; 25 mL/L of
a 100 g/L MgSO4.7H2O solution; 0.55 g/L K2HPO4; 2.3 g/L NH4Cl, 15 g/L Tris; 3 g/L Monosodium
glutamate (MSG) and 0.005 g/L FeSO4.7H2O. The pH of the medium was adjusted to 7.5 using
concentrated HCl and sterilized in the autoclave at 121ºC, 1bar for 20 min. For simplicity reasons this
medium was also used as seed for H. elongata.

3.5.3. Culture Media for PHB Production

The assays were performed in 500 mL shake flasks, using the production medium
supplemented with 20 g/L sugar or algal hydrolysate to a total volume of 100 mL. The assays were
performed at 30ºC and 170 rpm in an orbital shaker (Infors HT) for at least 140 hours.

For the growth on the hydrolysates, a 20-fold concentrated PHB production medium specific for
each strain was prepared and 5 mL were added to the 75 mL of previously prepared hydrolysate,
alongside with 15 mL of 300 g/L NaCl concentrated solution, 5 mL of 100 g/L MgSO4.7H2O in the assays
with H. boliviensis and 500 μL in the assays with H. elongata and 5 mL of the bacterial inoculum. In the
H. elongata case 4.5 mL of Mili-Q® was also added to make up to 100 mL of total volume.

3.5.3.1 Halomonas boliviensis

H. boliviensis medium composition for PHB production was 45 g/L NaCl; 50 mL/L of a 100 g/L
MgSO4.7H2O solution; 2.2 g/L K2HPO4; 0.005 g/L FeSO4.7H2O.
Variable concentrations of the following constituents were tested, namely, NH 4Cl: 1.0 g/L and
4.0 g/L; Tris: 0 g/L and 15 g/L; Monosodium glutamate (MSG): 2g/L and 20g/L. For each one of these
media, the pH was adjusted to 7.5 using concentrated HCl and sterilized in the autoclave at 121ºC, 1
bar for 20 minutes.

3.5.3.2. Halomonas elongata

H. elongata medium composition for PHB production was 45 g/L NaCl; 3.0 g/L K2HPO4; 1.0 g/L
NH4Cl; 12.8 g/L Na2HPO4.7H2O; 0.15 g/L CaCl2.2H2O; 1.0 g/L Yeast extract and 1 mL/L of trace
element solution (Widdel and Pfennig, 1981) that contained 10 mL/L of a 25% HCl solution; FeCl2.4H20,
1.5 g/L; CoCI2.6H2O, 190 mg/L; MnCI2.4H2O 100 mg/L; ZnCI2, 70 mg/L; H3BO3, 62 mg/L;
Na2MoO4.2H2O, 36 mg/L; NiCl2.6H2O, 24 mg/L; CuCl2.2H2O, 17 mg/L; at first the ferrous chloride was
dissolved in the hydrochloric acid, while the other components were added after addition of distilled
water. The pH of the medium was adjusted to 8.0 using 1M NaOH and sterilized in the autoclave at
121ºC, 1 bar for 20 minutes
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3.6. Analytical Procedures
3.6.1. Optical Density Measurements

Cellular growth was monitored by measuring optical density (O.D.) at 600 nm in a double beam
spectrophotometer (Hitachi U-2000), using ultrapure water as reference sample.
For the determination of the O.D.600nm an aliquot of the culture sample was diluted with Mili-Q®
water in order to obtain an absorbance value in a range between 0.05 and 0.6. The 3 mL glass cuvettes
used had an optical path length of 1 cm.

3.6.2. Dry Weight Determination
For dry weight measurements, 1.2 mL samples were collected in previously dried and weighed
1.5 mL eppendorf tubes and centrifuged in a Sigma 1-15 P microcentrifuge at 12 000 rpm for 3 minutes.
The pellet was washed with Mili-Q® water, re-suspended and centrifuged again. The
supernatant was eliminated and the eppendorf containing the washed pellet was dried at 60 ºC in a
Memmert oven (Model 400) until constant weight.
The weight difference between the eppendorf with the dried pellet and the same previously dried
eppendorf was used to calculate the total dry weight of the culture.

3.6.3. Sugar Quantification

The identification of monosaccharides in the hydrolysates and in the cell culture media was
determined offline in a High-Performance Liquid Chromatography (HPLC) apparatus (Hitachi LaChrom
Elite) equipped with a Rezex ROA.Organic acid H+ 8% (30 mm x 7.8 mm) column, an autosampler
(Hitachi LaChrom Elite L-2200), an HPLC pump (Hitachi LaChrom Elite L-2130) and a Hitachi L2490 refraction index detector and a Hitachi L-2420 UV–vis detector. A column heater for long columns
(Croco-CIL 100-040-220P, 40 cm x 8 cm x 8 cm, 30-99ºC) was connected externally to the HPLC
system. The injection volume was 20 μL and elution was achieved using 5mM H2SO4 solution as mobile
phase. The column was kept at 65ºC under a pressure of 26 bar, and the pump operated at a flow rate
of 0.5 mL/min.
Vials for HPLC analysis were prepared by mixing 200 μL of sample with 200 μL of a 50 mM
H2SO4 solution in a microtube. After vortexing, these solutions were centrifuged (1-15 P microcentrifuge,
Sigma) at 12 000 rpm for 3 minutes. Samples for injection consisted in 100 μL of the previous dilution
plus 900 μL of the 50mM H 2SO4 solution, resulting in a final dilution of 1:20.

Calibration curves for glucose and xylose determinations were obtained for working ranges of
0.2 to 80 g/L and calibration curves for rhamnose and galactose were obtained for working ranges of
0.05 to 50 g/L and can be consulted in the annexes.
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3.6.4. Polyhydroxyalkanoates Quantification

3.6.4.1. Methanolysis
In order to perform the PHB quantification, 1.2 mL aliquots of the culture sample were
centrifuged in a Sigma 1-15 P microcentrifuge. The pellet was frozen after being washed with distilled
water and then subjected to acidic methanolysis.

The cells were re-suspended on 1mL of chloroform and transferred to Pyrex hermetic test tubes
where a 1mL of a “solution A” containing the internal standard (97 mL of methanol, 3 mL of H2SO4 96%
and 330 μL of hexanoic acid) was added.
After using the vortex for 1 minute, the preparation was incubated for 5 h at 100 °C in a Memmert
GmbH oven (Model 200). In order to neutralize the sample after cooling, a 60 g/L solution of Na2CO3
was added and the samples were vortexed for 1 min.
These preparations were then centrifuged at 2000 rpm for 5 minutes and 200 μL of the organic
phase were collected in GC vials and kept at -20°C for GC analysis.

3.6.4.2. Gas Chromatography
The polyhydroxyalkanoates quantification was carried out by gas chromatography (GC).
Samples of the organic phase were analysed in a gas chromatograph (Agilent Technologies 5890 series
II) equipped with a FID detector and a 7683B injector. The oven, injector and detector temperatures
were kept constant at 60 ºC, 120 ºC and 150 ºC, respectively. The capillary column was a HP-5 from
Agilent J&W Scientific, 30 m in length and 0.32 mm of internal diameter. The data acquisition and
integration were performed by a Shimadzu CBM-102 communication Bus Module and Shimadzu GC
Solution software (Version 2.3), respectively.

Peak identification was achieved using as standard 3-methyl hydroxybutyrate (Sigma), and a
calibration curve was defined between 0 and 8 g/L, that can be consulted in the annexes.
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4. Results and Discussion
4.1. Optimization of Enzymatic Deconstruction of Macroalgae
4.1.1. Total Carbohydrate Quantification

Following the NREL protocol for (Van Wychen and Laurens, 2013) total carbohydrate
quantification and subsequent HPLC analysis it was possible to verify that the Gelidium residues had a
total of 48.11  0.06 % of its dry weight in carbohydrates, with 36.05  0.05% d.w. in glucose and
12.06  0.01% d.w. in galactose.

These results are coincident with the ones described in the literature (Sung-Soo Jang, 2012;
Alves, 2015) that stated that the whole biomass composition had 70% of carbohydrates and that the
residual biomass revealed a content of 51% of carbohydrates, in the form of glucose (35%) and
galactose (16%), when quantified by HPLC. The fact that even after agar extraction the residues still
possess c.a. 50% of carbohydrates illustrates that they are very good candidates for biorefinery
integration.

The Ulva biomass, as expected for green algae, consisted mainly of glucose, xylose and
rhamnose, with the latter being obtain by hydrolysis of the polysaccharide ulvan, present in Ulva cell
wall (Lahaye and Robic, 2007).

The total carbohydrate content was 37.40  0.03% d.w., with

23.60  0.02% d.w. of glucose, 11.12  0.01% d.w. of rhamnose and 2.68  0.02% d.w. of xylose.

These results are also coincident with the results obtained in the literature, that described a total
carbohydrate content between 20 to 28% (w/w), with 8 to 17% (w/w) glucose, 7 to 9% rhamnose and 1
to 5% (w/w) xylose (Yaich et al., 2011; van der Wal et al., 2013; Bikker et al., 2016) determined by acid
hydrolysis, in terms of relative sugar quantity, Although there are small differences regarding total
quantity since Ulva lactuca composition is known to change seasonally (Abdel-Fattah and Edrees,
1973).

It is important to refer that for both algae the total carbohydrate content results (presented in
Figure 12) may be an underestimation since some expected sugars, such as arabinose and mannose
were not found, although they are reportedly present in small concentrations (Yaich et al., 2011; Juanes
et al., 2012) and therefore undetectable with the HPLC column and conditions used.
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Figure 12 – G. sesquipedale residues (blue) and U. lactuca (green) total carbohydrate identification and
quantification in percentage of dry weight, determined by acid hydrolysis according to the NREL protocol for algal
biomass.

4.1.2. Enzymatic Deconstruction of Macroalgae

Enzymatic deconstruction assays were performed based on the results of (Alves, 2015) and
(Miranda, 2017). In order to perform scale-up of the enzymatic deconstruction, it was necessary to
calculate the substrate concentration that allowed for both algae to release at least 20 g/L of reducing
sugars in the hydrolysate (including the sugars in the enzyme cocktail, probably used as enzymestabilizers, that amounted to a final concentration of 8.0  1.0 g/L in the Ulva suspension and
4.0  1.0 g/L in the Gelidium suspension).

In this calculation, a minimum 30% conversion rate (which was an estimation of minimally
successful hydrolysis, i.e. an 80% yield for Ulva hydrolysis and a 60% yield for Gelidium hydrolysis) and
a 10% excess margin were taken into account, yielding a substrate concentration of 43.2 g/L.

Increasing the substrate concentration was chosen instead of concentrating the hydrolysate
after hydrolysis due to the inherent concerns of concentrating highly viscous fluids such as sugar-rich
solutions.
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In order to allow a direct use of the hydrolysate by bacteria, the type of buffer used during the
enzymatic hydrolysis was also studied.

Since the acetate buffer has a pH range of 3.6 to 5.6 and the bacteria chosen have an optimal
growth above pH 7 (Vreeland et al., 1980; Quillaguamán et al., 2004) The acetate buffer was thus
considered not ideal for scale up.

Sorenson's phosphate buffer was also studied since it had a pH range of 5.0 to 8.2, but the
excess of phosphate ions could inhibit bacterial growth or enzyme performance.

Accordingly, in order to test a more economical approach while not hindering bacterial growth,
enzymatic hydrolysis was also tested using only water with adjusted pH to 4.8 using HCl 1M.
Nevertheless, when measuring pH after enzyme addition to pure water it was noticed that pH was
already at approximately 4.8, meaning that the Novozymes® enzyme commercial solution has integrated
pH control. The results are shown in Figure 13 for the green algae and in Figure 14 for the red algae
residues.
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As previously pointed out (Alves, 2015) the yield of released sugars using enzymatic hydrolysis
decreases significantly when a concentrated substrate is used, although this happens more
predominantly with Gelidium.

28

This can be explained by the fact that even when heavily grinded the Gelidium residues particles
are bigger than the powder created when grinding Ulva, meaning that in the former case the cellulose
is less accessible to the enzyme.

In general, yield reduction that can be seen for both algae can be attributed to an inadequate
relation between enzyme and substrate or substrate inhibition. This has a significant impact in the scale
up process since it would be required to add a concentration step in the process in order to maintain the
yield of enzymatic hydrolysis, leading to higher process costs.

It is also possible to verify that altering from acetate buffer to phosphate buffer has a diminishing
effect in the hydrolysis yield of Gelidium and a very small enhancing effect on the hydrolysis of Ulva.
Using no added buffer for the reaction had, for both algae, a diminishing effect in yield although, the
algae still released a considerable amount of sugars.
Nevertheless, it is important to state that the Novozymes® enzymes used are unable to promote
the release of the rhamnose fraction of U. lactuca onto the medium. The rhamnose fraction is c.a. 12%
of dry weight therefore it would be compulsory to add another enzyme to the cocktail that can release
the rhamnose fraction.
The β-(1→3)-D-Glucanase enzyme was tested but also did not release any rhamnose and had
a much inferior yield than the Novozymes® cocktail with merely 5.23  0.02% of dry weight being
released. Moreover, it did not improve the yield of polysaccharide hydrolysis when added to the cocktail,
releasing only 20.5  0.9 % of dry weight, i.e., 54.8  2.3 % of total possible released sugars (comparing
with the 65.2  4.6 % total sugars released using the enzyme cocktail without glucanase).
From Figures 13 and 14 it is also possible to observe that the galactose fraction of the red algae
was also only detected when using the acetate buffer for 8 g/L substrate concentration, meaning that
they cannot break the agarose molecules efficiently in other conditions. Xylose is only released from
Ulva biomass in the presence of a buffer solution (either acetate or phosphate buffer). This suggests
that the xylanase in the enzyme cocktail needs the presence of a buffer solution to work properly.

4.1.3. Chemical Pretreatment

The fact that enzymatic hydrolysis has encountered a significant decrease in sugar release yield
when scaling up for a substrate concentration of 43.2 g/L left the need to consider adding a step of
chemical pretreatment for concentrated substrate. Mild acid and mild alkaline hydrolysis was studied
using 1% and 0.5% sulfuric acid and 1M sodium hydroxide for 30 minutes residence time in the
autoclave (Figure 15 and Figure 16).
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Even though for 0.5% of sulfuric acid better results were described with 60 minutes of residence
time (Miranda, 2017) , the concern for the sustainability of the process and energy costs which is the
main objective of this work, discarded that option a priori.

Again, it is possible to observe that in general the chemical hydrolysis of Ulva yields better
results than that of Gelidium, probably because, as previously stated, the grinded green seaweed has
smaller particle size.

Thus, the acid has probably more capability to perform the hydrolysis of the polysaccharides in
Ulva, adding up to the conclusion that the cellulose in Gelidium is less accessible. It should also be
noted that if there were agitation in the pre-treatment, which is not the case in the autoclave, mass
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Using 1% sulfuric acid proves to be more effective in both algae although there is a concern of
toxic by-product formation since Maillard reaction products can inhibit bacterial growth (Einarsson et al.,
1983) and this reaction is favoured by acidic conditions (Chheda et al., 2007).

This suggests that using alkaline pretreatment could be an interesting idea, but since it achieves
rather low yields and does not hydrolyse ulvan in green seaweed and agar in red seaweed (no rhamnose
and galactose release, respectively) there is no relevant advantage of using this type of pretreatment.
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An acid pre-treatment of the algal material seams thus to create an easier access of the
enzymes to the cellulose and an overall improvement of the total polysaccharide hydrolysis is attained.
Using hydrochloric acid instead of sulfuric acid gave similar results (results not shown) although this
option is more expensive (ICIS Chemical Business, 2009) and therefore should be ruled out.

4.1.4. Combined Hydrolysis: Pretreatment and Enzymatic Deconstruction

According to the results of the previous assays, the combined chemical and enzymatic
hydrolysis was performed.

Addition of acetate buffer for the enzymatic hydrolysis was tested first. Samples were taken only
at the end of the process (results not shown), to make sure no biomass or sugars were lost and the
process was feasible.

Later the same assay was repeated but phosphate buffer was used instead. In this case
samples were taken overtime. The final results between the two assays were coherent, meaning that
when taking samples, the final concentration of sugars was not significantly affected and there was
minor biomass loss

The results for the green seaweed (Figure 17 and Figure 18) showed only significant differences
in the amount of rhamnose being released to the medium, with glucose being totally released in both
cases. The xylose release is clearer with 1% sulfuric acid pretreatment.

Finally, as expected from the chemical pretreatment assay, the pretreatment with 1% sulfuric
acid released less than 4% dry weight of rhamnose, and less than 1% dry weight for the 0.5% sulfuric
acid pretreatment.

The rhamnose fraction, which is 11% (w/w) of the algal biomass, poses the most relevant
contribution to the lower yield since it represents 30% of possible releasable sugars, and therefore only
being achieved a maximum of 90% yield with the 1% sulfuric acid pretreatment and 80% with 0.5%
sulfuric acid pretreatment.

The results for G. sesquipedale (Figure 19 and Figure 20) were also in line with the knowledge
gained in previous assays. Galactose is mainly released in the mild acid pretreatment while glucose is
released by the subsequent use of the enzyme cocktail suggesting that the pretreatment made the
cellulose more accessible to the enzymes.

The acid pre-treatment with 1% sulfuric acid followed by enzymatic hydrolysis released c.a.
100% of the total algal sugar content. Regrettably, when using 0.5% sulfuric acid as pretreatment, the
maximum obtained yield is only 80%.
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Since the phosphate buffer seems to reduce enzyme effectiveness in Gelidium, especially if
using more concentrated substrate is used, as can be noted in Figure 14, the 0.5% sulfuric acid failed
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Nevertheless, both algae results are promising for scale up, with effect on bacteria and possible
by-products being discussed posteriorly. Comparison of the sugar content and monosugars released
by all described hydrolytic treatments for 43.2 g/L of substrate on phosphate buffer are presented in
Table 2.
Table 2 – Comparison of total sugar content (%dw) of Ulva lactuca and Gelidium residues and monosugars
(%dw) released by hydrolytic treatments using 43.2 g/L of substrate and phosphate buffer.

Gelidium sesquipedale

Ulva lactuca

Total Carbohydrate Content
Enzymatic Hydrolysis
(43.2 g/L Phosphate Buffer)

Pretreatment
1% H2SO4
Pretreatment
0.5% H2SO4
Combined Hydrolysis
1% H2SO4
Combined Hydrolysis
0.5% H2SO4

residues

Glucose

Rhamnose

Xylose

Total

Glucose

Galactose

Total

23

11

3

37

36

12

48

23

0

3

26

17

0

17

11

4

1

16

0

7

7

3

1

0

4

0

2

2

23

4

1

33

36

11

47

23

1

0

24

36

3

39
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4.2. Halomonas boliviensis Growth and PHB Accumulation at Shake Flask Scale
4.2.1. Medium Engineering Studies

In order to use the hydrolysates obtained previously first it was necessary to find an appropriate
medium composition for shake flask growth of H. boliviensis, since different compositions were used in
the literature consulted (Quillaguamán et al., 2006, 2007, 2008), according to the production method.

Consequently, a combination of different concentrations of ammonium chloride, monosodium
glutamate (MSG), either with or without Tris buffer, were tested which are described in Table 3.
Table 3 – Composition of the six-different complex media, changing the concentrations of ammonium chloride,
monosodium glutamate (MSG) and Tris, used for growing H. boliviensis.
Medium 1

Medium 2

Medium 3

Medium 4

Medium 5

Medium 6

NH4Cl (g/L)

1.0

4.0

4.0

4.0

1.0

4.0

Tris (g/L)

15

15

15

0

0

0

MSG (g/L)

20

20

2

20

20

2

After preparing the different media, H. boliviensis, that previously grew in seed medium, was
used to inoculate the shake flasks in simultaneous. Samples were taken for over time and optical density
at 600 nm and pH were assessed, as presented in Figure 24.
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monosodium glutamate (MSG) and Tris, using six different combinations of these compounds, added to the basal
medium, in the growth of H. boliviensis in shake flasks.
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Several conclusions can be taken from these results, mainly because the only significant growth
was in Medium 1 and Medium 2. Firstly, it is visible by comparison with Medium 4 and 5 that the Tris
buffering is vital for the growth of H. boliviensis in shake flasks, since there was no other way of
controlling the pH of the media. Thus, it can be deduced that another kind of pH control was used when
the information is not explicit in the literature.

This being the case, it was already expected not see growth in medium 6. When analysing the
effect of the MSG limitation, it is visible that the difference in growth is accentuated, since medium 3
shows almost no growth. Consequently, it can be determined that H. boliviensis needs a at least more
than 2 g/L of MSG in the medium to grow effectively.

The difference of results between medium 1 and medium 2, which accounted only for different
concentrations of ammonium chloride, was less obvious and therefore further study needed to be
accounted, namely with regard to the medium ability to favour PHB production (Figure 22).
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Figure 22 – Maximal PHB production, cell dry weight and PHB cell content (% dw) achieved on basal media 1 and
2 containing an initial glucose concentration of 20g/L. .

With the evaluation of the data obtained for each medium, it is now possible to conclude with
certainty that medium 1 is more appropriate for growth and PHB production in shake flasks, reaching
the final composition of the medium that is going to be used in the following H. boliviensis assays, which
was 45 g/L NaCl; 50 mL/L MgSO4.7H2O; 2.2 g/L K2HPO4; 1.0 g/L NH4Cl, 0.005 g/L FeSO4.7H2O; 15 g/L
Tris and 20 g/L MSG adjusted to pH 7.5. It is critical to notice that it was also found that since the
medium has a very high concentration of magnesium that the MgSO4.7H2O should only be added to the
shake flask and not the medium since there is quick irreversible precipitation and there is a very
noticeable decrease in growth, if the medium is not fresh made.
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4.2.2. Growth and PHB accumulation studies using single sugars

After choosing the best medium for H. boliviensis to grow and produce PHB, the growth of both
algae was evaluated, based on optical density evaluation and sugar intake of the main sugar
components.

As can be substantiated by observation of Figure 23, H. boliviensis does not consume
rhamnose. There is negligible growth, which can be also verified if no sugar is added to the medium,
because the large quantity of MSG in the medium allows the bacteria to grow slightly.

H. boliviensis can be perceived to uptake xylose and galactose. There can be seen growth
above the minimal growth with no addition of sugars, in xylose, but not very encouraging for PHB
production. In contrast, growth in galactose seems to be the closest to growth in glucose and shows
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and medium sugar concentration, during the growth of

H. boliviensis in shake flasks, using different single sugars.

Having the macroalgae composition in mind, it seems clear that there is a perfect fit between
H. boliviensis and the G. sesquipedale residues, which are constituted mainly of galactose and glucose.

Sadly, since this halophilic bacterium does not consume rhamnose, the second major
constituent of U. lactuca, and also does not grow prominently in xylose, the third major constituent, it
does not seem to be the best option for growing in the green algae hydrolysate, so other halophiles
need to be studied for this option.
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Growth and PHB production of H. boliviensis on glucose (Figure 24) and galactose (Figure 25)
was therefore further studied to gain more insight for PHB production in the Gelidium hydrolysates.
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on 20g/L galactose.

Regarding the deeper analysis of H. boliviensis growth and PHB production on glucose and
galactose over time, the maximal growth and PHB production can be perceived at c.a. 90 hours of
fermentation attaining a 10.8  1.5 g/L of cell dry weight with a PHB production of 5.0  0.2 g/L, standing
for 46.7  6.8% PHB content in cells, when growing on glucose.

These results are in accordance with previous observations in shake flasks (Quillaguamán et
al., 2006), and therefore can be improved significantly when pH and oxygen transfer is effectively
controlled in a fermenter and, further, using fed batch techniques.

The growth on galactose showed also good results and relatively close to the ones obtained
with glucose, achieving at c.a. 90 hours of fermentation time 8.4  0.4 g/L of cell dry weight with a PHB
production of 3.0  0.2 g/L, standing for 35.1  0.7% PHB content in cells, which according to the
improvement trend previously reported when scaling up, can be greatly enhanced (Quillaguamán et al.,
2005).

Thus, it can be ascertained that, as glucose, galactose is a favourable substrate for PHB
production by H. boliviensis and that its growth on Gelidium hydrolysates is on the right track.
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4.2.4. Growth and PHB accumulation on glucose/galactose mixture simulating macroalgal
hydrolysate and a hydrolysate of Gelidium sesquipedale residues

Before taking into consideration the growth of H. boliviensis on the Gelidium hydrolysates, it is
still necessary to investigate the bacterium growth in the glucose and galactose mixture simulating the
algal material (Figure 26) making up to 20 g/L sugars concentration composed by 75% glucose and
25% galactose. This was an estimation based on the composition of the algae, but came across slight
different since the galactose fraction was not totally released, especially when using the 0.5% sulfuric
acid pretreatment, i.e., in reality the glucose fraction in the hydrolysate was larger than 75% of total
sugars.
The results obtained for the mixture were 10.1  1.1 of cell dry weight with a PHB production of
4.7  0.5 g/L, standing for 46.7  0.7% PHB accumulation in cells. These results are decidedly
motivating, since there is no noteworthy decrease for using part of galactose in the mixture instead of
pure glucose.

Finally, at this point an assay using with the Gelidium hydrolysate prepared on acetate buffer
was made carried out. However, no growth was observed. The pH of the culture was 4.95 already at
the beginning of growth, even in the presence of Tris. This confirms again that pH control has great
importance in this halophilic strain.

The phosphate buffer seemed to be a good option since it allowed the necessary pH range (5.0
to 8.0) although the large quantity of phosphate ions might hinder the bacterial growth or PHB
production. Hence, an assay was made to see if the presence of the phosphate buffer would in fact
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have this effect on H. boliviensis using 20 g/L glucose (Figure 27).
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Figure 26 - H. boliviensis growth and PHB production on

Figure 27 - H. boliviensis growth and PHB production on

20g/L glucose (75%) and galactose (25%) mixture simulating

20g/L glucose, with phosphate buffer.

the Gelidium hydrolysate.
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When adding the magnesium solution to the medium, supplemented with the phosphate buffer
as used on the algal hydrolysate, turbidity in the medium was observed, suggesting a reaction between
the magnesium and the phosphate compounds. When following the reaction through time, it was noticed
there was a decrease of growth compared to the medium without the phosphate buffer presence.
Although there was a decrease, it didn’t completely inhibit growth thus showing potential for
using the hydrolysate on phosphate buffer. The results for PHB production had noteworthy variability
between the duplicates, meaning that the effect still needs to be further studied for conclusive evaluation.
It was achieved 7.6  0.1 of cell dry weight with a PHB production of 2.4  1.1 g/L, standing for
31.1  13.8% PHB accumulation in cells.

Finally, the growth of H. boliviensis was performed on the previously obtained Gelidium
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Figure 28 - H. boliviensis growth and PHB production
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enzymatic hydrolysis on phosphate buffer.

The outcomes of this assay were rather unexpected, for the hydrolysate with 0.5% sulfuric acid
pretreatment it was obtained 10.4  1.0 g/L of cell dry weight and a PHB production of 2.4  0.2 g/L,
corresponding to a 22.8  0.2% PHB accumulation in cells, in contrast with all the assays performed
before, the maximum growth was at c.a. 110 hours of fermentation, with an extended lag phase up to
60 hours, which required for an analysis for further than the usual 140 hours.
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For the hydrolysate with 1% sulfuric acid pretreatment the results were a bit more as predicted,
with maximal growth at around 90 hours, it was obtained 8.9  1.6 g/L of cell dry weight and a PHB
production of 3.0  0.2 g/L, corresponding to a 33.7%  6.9% PHB accumulation in cells.

While very interesting these results show that the hydrolysate is still not perfected for bacterial
cultivation. The extended lag phase suggests that the cells needed to adapt to some toxic by-product
present in the media, which may have been destructed when using a more aggressive acidic
pretreatment. The bacterial sugar intake for the hydrolysates can be observed in Figure 30 and
compared to the consumption of the sugar mixture. Again, the lag phase is very identifiable, and not
present in the hydrolysate that underwent the 1% sulfuric acid pretreatment.
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Figure 30 - H. boliviensis sugar intake on the Gelidium hydrolysates and on the sugar mixture simulating the algal
hydrolysate.

Ultimately, the sugar concentrations in the Gelidium hydrolysates where somewhat similar to the
expected mixture and they allowed for relevant growth and identifiable PHB production which is a
prodigious consideration for this preliminary study in shake flasks.
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4.3. Halomonas elongata Growth and PHB Accumulation at Shake Flask Scale
4.3.1. Growth and PHB Accumulation Studies Using Single Sugars and Glucose, Rhamnose,
Xylose Mixture Simulating U. lactuca macroalgal Hydrolysate.

Considering that H. boliviensis does not consume rhamnose and performed poorly when using
xylose as a substrate, there was a need to find another halophilic bacterium that was able to assimilate
efficiently these substrates for PHB production, since they are the second and third larger carbohydrate
fractions in U. lactuca. Halomonas elongata has shown to assimilate rhamnose and xylose (Mata et al.,
2002) and also capable of producing PHB (Ilham et al., 2014).

Accordingly, studies were performed in order to determine H. elongata growth and PHB
production in these single sugars, as well as glucose.

H. elongata consumes glucose rhamnose and xylose and grows effectively by using these
sugars (Figure 31 and Figure 32). H. elongata consumes completely glucose at c.a. 40 hours and
rhamnose at c.a. 60 hours, in contrast xylose intake was much slower, but growth was still considerably
high. This was previously reported in (Tanimura et al., 2013) that stated that genome of H. elongata
contains several genes that encode potent xylose-assimilating enzymes but the rate of xylose
consumption was lower than that of glucose, suggesting that the fluxes in the metabolic pathways
involving glucose and xylose may differ. The growth continues extensively even after the glucose and
rhamnose were depleted from the medium, which happens much faster and is rather different from
H. boliviensis that starts to decay after the sugars have been depleted.
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The encouraging growth of H. elongata on these three single sugars lead to the more in-depth
appraisal of its PHB production, whose results are presented in Figure 33, Figure 34, Figure 35 and on
a 20 g/L mixture simulating the U. lactuca algal hydrolysate with 71% glucose, 15% rhamnose and 14%
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20g/L glucose (71%) and rhamnose (15%) and xylose
(14%) mixture simulating the U. lactuca hydrolysate.

H. elongata although attains an optical density of nearly 40, has a low cell dry weight when
compared to H. boliviensis, reaching maximum values of 5.0  0.5 g/L for glucose, that are coherent
with the ones obtained in the literature in shake flasks, in which after 120h, the biomass concentration
was 6 g/L and the PHA content 42% (w/w) (Mothes et al., 2008). It has been ascertained with these
results, that even though H. elongata can accumulate a PHB content of 46.0  0.5% in glucose, this
corresponds, in fact, to a relatively low PHB concentration, of approximately 2.3  0.3 g/L, when
compared to H. boliviensis.
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Nonetheless, results for rhamnose are exceedingly good, with even more PHB production than
on glucose, namely, 3.1  0.2 g/L, corresponding to 49.3  3.9% PHB content in cells. This explains the
fact that even for the similar O.D. 600nm there was a difference between CDW in cells grown in rhamnose
and glucose, which reaches for rhamnose 6.2  0.1 g/L.

Xylose proved to be a less efficient carbon source to H. elongata growth as compared to the
previous sources, but still accumulated 30.3  4.1% PHB content in cells that corresponds to 0.8  0.1
g/L of PHB for 2.7  0.1 g/L of cell dry weight.

The promising growth on single sugars created an expectation of similarly good results on the
macroalgal simulated mixture. This was confirmed by the results that achieved 6.0  0.6 g/L cell dry
weight with a PHB production of 2.9  0.1 g/L, corresponding to 47.5  2.7% PHB content in cells. Which
means that the 15% rhamnose and 14% fraction improves the results in comparison to using solely
glucose. This means that H. elongata is a very good candidate for using low cost carbon sources, such
as U. lactuca.

4.3.2. Growth and PHB Accumulation on Ulva lactuca Hydrolysate

Finally, the growth of H. elongata was performed on the previously obtained U. lactuca
hydrolysates, on phosphate buffer with 0.5% (Figure 37) and 1% (Figure 38) sulfuric acid pretreatment.
Since the phosphate buffer was the one used in the medium for all assays and recommended in the
literature (Vreeland et al. 1980) there was no demand to study if it would hinder bacterial performance.
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These preliminary results were reasonable in terms of growth but PHB production was almost
undetectable. Still, for the hydrolysate with 0.5% sulfuric acid pretreatment a cell dry weight and a PHB
production of 3.9  0.4 g/L and 1.0  0.2 g/L, respectively were obtained, corresponding to a
25.6  0.7% PHB accumulation in cells.

For the hydrolysate with 1% sulfuric acid pretreatment the results were similar but a bit lower,
with 3.5  1.5 g/L of cell dry weight and a PHB production of 0.8  0.2 g/L, corresponding to a
22.9  6.8% PHB accumulation in cells.

In comparison with the results attained for the sugar mixture the growth on the hydrolysates
was considerably lower although sugar intake was similar (Figure 39). This indicates that there are byproducts released during the chemical pretreatment that hinder bacterial growth, since results worsen
even with more rhamnose concentration in the media obtained by the 1% sulfuric acid pretreatment,
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Figure 39 - H. elongata sugar intake on the U. lactuca hydrolysates and on the sugar mixture
simulating the algal hydrolysate.

In conclusion, H. elongata is a promising candidate for using Ulva lactuca hydrolysates since it
can uptake very well rhamnose and has de advantage of being able to grow on the phosphate buffer as
its references buffer, that has a range from pH 5.0 to 8.0, which facilitates a lot the process using
hydrolysates that undergo enzymatic hydrolysis. The acid pretreatment has a very hindering effect in
the PHB production, which was the only found way to release rhamnose that has proven to be an asset
for H. elongata.
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5. Conclusions and Future Work
The chosen green algae Ulva lactuca and the residues of the red algae Gelidium sesquipedale
after hydrocolloid extraction were shown to be rich in carbohydrates and could thus be used as
feedstocks in bioprocesses.

The Gelidium sesquipedale residues were composed of 48% of its dry weight in glucose and
galactose while Ulva lactuca had 37% of its dry weight in glucose, rhamnose and xylose.

The total carbohydrate content might still be underestimated in particular in the case of Ulva
lactuca since from literature it is known that this seaweed may contain trace amounts of other sugars
(mannose and arabinose) that were not detected by the available analytical system.

The macroalgal biomass is easier to process than the terrestrial biomass and enzymatic
hydrolysis achieved almost 100% of sugar release. It should be assessed the advantages of using 8 g/L
substrate concentration instead of 20 g/L, and then concentrate the obtained hydrolysate to the desired
sugar concentration for bacterial growth.

This would allow to have exclusively enzymatic hydrolysis at a yield of c.a. 100% instead of the
20 - 30% decrease

in yield that is seen when there is an increase of substrate concentration.

Concentrating the obtained hydrolysate would also be a requirement if fed-batch strategy was used.

The U. lactuca rhamnose fraction was not able to be released via enzymatic hydrolysis neither
mild alkaline hydrolysis. The cocktail used still needs to be optimized in order to maximize yields and
have another enzyme added that can in fact release the rhamnose fraction.

Using a mild acid pretreatment and phosphate buffer it was possible to achieve between 80 to
90% of sugar release, using a substrate concentration of 43.2 g/L, this allowed to obtain hydrolysates
with at least 20 g/L of sugars, including the ones present in the commercial enzymatic cocktails.

H. boliviensis has shown effective growth in glucose and galactose and on the sugar mixtures
simulating the algal hydrolysates with a PHB production of 47% (w/w) but only showing a maximum of
34% (w/w) PHB accumulation in cells in the hydrolysates, that can be due to the excess phosphate from
the buffer, or to some toxic by-product formed in pretreatment, although higher acidity in the
pretreatment had better PHB production results.

Further studies need to be commenced to evaluate the trade backs of using water as a buffer,
the loss in the hydrolysis yield (c.a. 40%) in the Gelidium sugar release, without using buffer and the
possibility of improvement of PHB production since no toxic by-products are formed.
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Scale up for pilot scale in fermenters should highly improve results since, among other reasons,
Halomonas spp. is highly sensitive to pH decrease below 5 and shake-flask scale does not allow efficient
pH control, also more versatile production techniques can be tested and optimized in a fermenter scale,
such as oxygen transfer and consider a fed-batch approach that had been showed by (Quillaguamán et
al., 2008) to improve H. boliviensis results.

H. elongata showed to consume effectively glucose, rhamnose, xylose and on the mixture
simulating the U. lactuca hydrolysate, reaching up to 48% (w/w) of PHB accumulation. These results
surpass the ones attained solely with glucose since it showed to produce more PHB in rhamnose than
in glucose. There was no problem with the buffer used in the enzymatic hydrolysis since it is the one
recommended for growing H. elongata in the literature.

In spite of that, there was a huge decrease in PHB production on the hydrolysates that
augmented with the acidity of pretreatment. The maximum achieved was 26% (w/w) PHB accumulation
in cells. Therefore, it is necessary to have mind that the mild acid hydrolysis pretreatment may require
a detoxification step, which is most noticeable in the green algae case, that had a 50% decrease in PHB
content when compared to the mixture, although the particular compounds that are hindering
fermentation still need to be identified.

H. elongata studies for co-production of ectoine and PHB since it is a very well characterized
producer of ectoines (Guzmán et al., 2009) and can further valorise the rhamnose fraction of Ulva
lactuca. The scale up to set-ups allowing to operate under more controlled and versatile conditions than
shake flasks, should also improve widely the results .

For the bacterial growth in the hydrolysates, full hydrolysed residue use instead of the
supernatant should be tested, since Halomonas spp. have been reported to secrete extracellular
hydrolytic enzymes, such as amylases, lipases, proteases, xylanases and cellulases (Yin et al., 2015)
that can improve the yield of carbohydrates released by macroalgae, although an economical balance
should be made since it would difficult assays and downstream processing.

In general, and even though this study was in an embryonic phase, to go from macroalgae to
bioplastics seems to be a wholesome bet to invest in a better and more sustainable future (Figure 40).
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• Represents a sustainable alternative to the
production of petroleum derivate plastics.

• Portugal has the world’s third biggest EEZ.

• By using halophilic bacteria that don’t require

• The EU is currently enforcing the need of

sterilization, the investment in equipment is reduced.

reducing the use of petroleum derivate plastics,

• The usage of seaweed residues enables a very
accentuate cost reduction on raw materials and doesn’t

creating a sustainable bio based economy.

cause ethical issues as the use of terrestrial biomass

• Since the public concern about the environment

• Growing on salt water, eliminates the need of using

is increasing, more investment is arising in this

fresh water which implies a major advantage for
countries that suffer from drought and have a large

particular area.

costal area, like Portugal.

• There is still a lot of future research to be made for
sustainable scale up.
• It’s still not possible to obtain the rhamnose fraction
from Ulva by enzymatic hydrolysis and the levels of
toxicity after the pretreatment severely hinder
bacterial growth

• There exist some plastic alternatives being
researched in a more advanced stage of scale
up.
• Use of waste water for PHB production is also
being tested although is still in an initial phase.
•Society’s natural resistance to change.

Figure 40 – Macroalgae to Bioplastic SWOT Analysis.
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Annexes
A. HPLC Calibration Curves for Sugar Quantification
Table A1 – HPLC Calibration Curves for Sugar Quantification.

Sugar

Calibration Curve

Correlation Factor

Glucose

[Glucose] (g/L) =5.865 x 106. (Peak Area) – 2.412 x 10-1

0.9991

Xylose

[Xylose] (g/L) =5.631 x 106. (Peak Area) – 1.690 x 10-1

0.9990

Galactose

[Galactose] (g/L) =5.997 x 106. (Peak Area) – 6.624 x 10-2

0.9997

Rhamnose

[Rhamnose] (g/L) =5.817 x 106. (Peak Area) – 4.109 x 10-2

0.9998

B. Gas Chromatography Calibration Curve
The calibration curve for the PHB quantification is represented in Figure B1 with a working range
between 0 to 8 g/L.
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Figure B1 – GC calibration curve for PHB quantification.
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