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Abstract

Renewable sources of chemical energy, such as plant biomass, are needed for synthesizing
future liquid transportation fuels. However, the structural complexity and heterogeneity of
plant biomass can result in low rates of carbohydrate-to-fuel conversion and often requires
costly pre-processing techniques. As a result, plant materials that are abundant, cheap to
produce, are socially responsible and have an easily amendable composition are required.
Two agro-industrial biomasses derived from Agave and Vitis vinifera (grape) marc are
studied here to determine their chemical compositions, their efficiency of conversion to

fermentable sugars and to estimate subsequent ethanol yields.




Project Summary

The first step in examining a source of plant biomass as a potential raw material for
bioethanol production is to characterize its composition. In paper I, the compositions of
two Agave species (A. americana and A. tequilana) are described. Whole leaf tissue, juice
(stem and leaf) and fibrous bagasse were characterised. Of the dry mass of whole Agave
leaves, 85—95% consisted of soluble carbohydrates, insoluble carbohydrates, lignin,
acetate, proteins and minerals. Agave leaf biomass was particularly attractive as a
lignocellulosic raw material for ethanol production, because it had a significantly lower
lignin content (< 13% w/w) relative to other common biofuel feedstocks at >17% wi/w [1].
On a fresh weight basis the majority of the Agave leaf mass was attributed to moisture
(85%) and at harvest the leaves may be crushed to separate juice from the fibrous bagasse.
Juice from the leaves and stem was rich in fermentable sugars (fructose, glucose and
sucrose) and soluble fructans. Different processing methods were trialled to hydrolyse the
fructans, resulting in a final concentration of 41-48 g/L of hexose monosaccharides
available in the leaf juice. The fiber fraction was cellulose-rich (up to 50% dry w/w) and
could be further processed using pre-treatments to increase availability of the
monosaccharides.

Characterization of wine industry waste (grape marc) is described in paper Il. Marc
derived from two varieties of grape, Cabernet Sauvignon and Sauvignon Blanc, were
compared. On a dry weight basis the composition of the grape marc was predominantly
carbohydrate (34—50%) and lignin (26—41%). A higher abundance of soluble carbohydrate
(glucose and fructose) was detected in marc from Sauvignon Blanc than in Cabernet
Sauvignon residues. The carbohydrates identified in Cabernet Sauvignon were
predominantly present as insoluble structural polymers of cell wall origin. The distribution

and structure of component polysaccharides and their derivatives were investigated using




transmission electron microscopy (TEM) coupled with immunocytochemistry, high
performance  liquid  chromatography = (HPLC) and  matrix-assisted  laser
desorption/ionization time-of flight mass spectrometry (MALDI-TOF-MS).

The chemical composition of plant biomass influences the processing methods,
such as physical or chemical pre-treatments and/or enzymatic saccharification, needed to
prepare the biomass for conversion to ethanol. In paper I it was concluded that separation
of Agave biomass into different fractions (whole leaf, stem, juice and/or bagasse) at the
time of harvest is better suited to efficient processing outcomes but that expensive pre-
treatments were not practical for this biomass as a whole. However, after the moisture had
been removed from Agave leaves a cellulose-rich (32—45 % mol) fibrous fraction
remained. The accessibility of this raw material to enzymatic hydrolysis was investigated
using a crude cellulase preparation. The rate of saccharification and overall yield of
glucose (38—40%) liberated in the hydrolysate after a 48 h treatment was similar for both
A. americana and A. tequilana leaf tissue. The grape marc described in Paper 1l was rich in
the polymer lignin, which is intertwined with cellulose and non-cellulosic polysaccharides
in a biocomposite that is resistant to conversion and necessitates pre-treatment to allow
enzyme penetration. A dilute acid pre-treatment resulted in an approximate 10% increase
in the amount of liberated glucose after enzymatic saccharification, presumably due to the
hydrolysis of non-cellulosic polysaccharides (NCPs). However, no significant change in
glucose release was observed from thermally treated marc compared to non-treated
samples.

The yield of ethanol produced from Agave juice is described in Paper Ill. This
research determines the impact of processing methods, ranging from none to autoclaving,
and the use of different fermenting microorganisms on ethanol yields. To date, available
information is mostly related to the fermentation of juice extracted from cooked Agave

stems, which is reflective of the processes used in the tequila industry [2-5]. The data from

Xi



the present study challenged standard practices used for the fermentation of Agave juice
such as sterilizing the juice and/or spiking the juice with sugars and nutrients prior to
fermentation to provide an optimal environment for selected fermenting organisms (paper
I11). In addition, the potential of using Agave leaves in no-input fermentations, such that no
acid or enzymatic hydrolysis, supplementation of nutrients or standardization of sugar
content occurred, was investigated. The experimental data indicated that leaf juice derived
from Agave does not benefit from a sterilization step, because the ethanol yields achieved
were not significantly different to those from raw juice fermentations. The productivity of
the fermentations was more strongly influenced by the selection of the microorganism.
However, ethanol yields were reduced if fermentation was reliant solely on endogenous
microorganisms. It was found that Agave leaf juice could be converted to ethanol at an
efficiency of 78% using non-Saccharomyces yeast strains, and this would equate to a yield
of 1881 L/ha/yr ethanol. This research also demonstrated that sugar to ethanol conversion
efficiency could be further increased when leaf and stem juice is blended and fermented
using a yeast directly isolated from Agave, namely Kluyveromyces marxianus.

Overall the work presented in this thesis describes the processing of two agro-
industrial residues from a raw material through to fermentation products (ethanol, organic
acids and glycerol). The characterization of the biomass was instrumental in informing the
types of downstream processing, fermentation methods and microorganisms that might be
used. The amounts of extracted carbohydrate and conversion efficiencies achieved under
different processing scenarios were extrapolated to predict ethanol yields obtained if they
were to be produced on a large-scale. This enabled comparisons with other commonly
studied biomass feedstocks. The methodology and data generated from this study may be
informative when investigating the practicality of using agro-industrial residues such as

Agave and grape marc for commercial biofuel and/or biochemical production.
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1.0 Background

The demand for chemical energy is projected to increase by 1.4% annually for the next
20 years, which represents a 32% increase relative to current demands and is equivalent to a
rise of liquid fuel consumption (i.e. oil and biofuels) of 111 million barrels per day (Mb/d) [6].
The search for renewable and sustainable forms of chemical energy that could meet this
demand is a major challenge on a global scale. Energy stored in plant biomass is a potentially
renewable material that could contribute substantially to transportation fuel needs at costs
competitive with fossil fuel [7]. Plant biomass can be produced in abundance, cheaply and is
not geospatially restricted to one biome. Globally, it is estimated that 100 billion tonnes of
land biomass (organic dry matter) and 50 billion tonnes of aquatic biomass are produced per
year [8]. Of the plant biomass, agricultural, industrial and forest derived lignocellulosic
residues are regarded as the largest source of carbohydrate available for making chemical fuels
[9]. The lignocellulosic residues are a complex mixture of carbohydrates, polyphenol
polymers and proteins that are difficult to separate into discrete, usable components. Hence, to
convert this recalcitrant biomass into ethanol, fermentable monosaccharides need to be
liberated from the network. The processing methods employed to make the carbohydrates
accessible, such as pre-treatments and enzyme saccharification, can drastically increase the
cost of ethanol (per litre) production [10,11]. Thus, for ethanol production from lignocellulosic
biomass to be cost competitive, the biomass must be sourced cheaply, produced abundantly
and require minimal processing to drive down investment costs at all stages of production.

Two agro-industrial feedstocks that have been identified recently as potential sources
of biomass are derived from Agave spp. [12-14] and Vitis vinifera (grape marc) [15]. Both

Agave and V. vinifera are currently used in well-established industries yielding high value end



products. However, in both instances the agronomical practices and techniques used by
industry do not consume the whole plant, which results in a waste containing residual
carbohydrates that could be used for bioethanol production. For example, the standard practice
for the conversion of Agave to alcohol is to use the stem or pifia tissue and to discard the
enclosing leaves. Similarly, in the wine industry the soluble carbohydrates (glucose and
fructose) in grapes are fermented for alcohol production, leaving a more complex
carbohydrate-rich residue (grape marc) as a waste by-product. Although these feedstocks are
grown specifically for the alcoholic beverage industries (tequila and wine respectively), there
is the potential to add value by capitalizing on the “spent” biomass. In both cases, the material
has been aggregated for wine or tequila production and hence there is no additional cost
associated with collecting and transporting the biomass sources. This may be contrasted with
the use of wheat straw, which must be harvested and transported to the biofuel production
factory.

One limitation that undermines the practicality and feasibility of using these residual
biomass sources for bioethanol (or biochemical) industries is the lack of information available
regarding their chemical composition. An understanding of the cell wall composition serves as
a starting point from which to further investigate processing (pre-treatment and enzymatic
saccharification) and conversion methods (fermentation) of these biomasses to liquid fuel.
Identifying easily amenable biomass sources represents a major technical hurdle that must be

overcome before the full potential of lignocellulosic biofuel can be realized [16].



2.0 Production of bioethanol

Lignocellulosic biomass is structurally complex, which means that direct conversion of
the raw material to bioethanol is not always practical or cost-effective. To achieve competitive
conversion yields, the raw material often requires extensive processing. Pre-treatments and
enzymatic saccharification are used to liberate individual monosaccharides from the biomass.
Once the monosaccharides are released they can be converted to ethanol by fermentation using
a specific bacteria or yeast strain. Further processing in the form of distillation separates water
from ethanol and other fractions. An alternative processing stream, less frequently used, is the
direct extraction of soluble carbohydrates, monosaccharides and oligosaccharides that can be
directly fermented to ethanol. This approach often requires less initial processing but can
result in a substantial amount of the biomass, and therefore the fermentable carbohydrates,
being discarded.

To reduce costs at all stages of production, it may be advantageous to separate
lignocellulosic material based on composition at the time of harvest or collection, that is, to
treat the recalcitrant (insoluble polysaccharides) and less recalcitrant fractions (predominantly
soluble polysaccharides) independently [17]. The price of lignocellulosic biomass ranges from
$55—-140/MT, which is less than the market price of corn on a tonner per tonne basis [19,20].
However this value underestimates the real cost of utilizing lignocellulosic biomass for biofuel
production as costly processing steps are required to make this complex material more
amenable for conversion. Current projections estimate that the breakdown of lignocellulosic
biomass into a form that can be converted to bioethanol costs twice as much as using starch-
based corn for ethanol production, namely at $0.39/litre and $0.21/litre, respectively [18]. The

majority of the expenses for lignocellulose conversion are attributable to costly processing



methods required to degrade the biomass to make carbohydrates accessible for fermentation
[10,11]. For example, it is estimated that moderate enzyme loadings such as a cellulase dosage
of 15 filter paper units, FPU/g cellulose at a commercial scale could correlate to about a 30 g
enzyme loading per liter of ethanol produced [21], at a cost of $0.03—$0.11/litre [20,22,23].
However, when saccharification and fermentation data from corn stover are applied to techno-
economic modeling these values seem to be understated because the real cost of enzymes is
$0.19-0.40/litre ethanol [24].

As a result, the conversion of biomass to biofuel is both a complex and cost-intensive
process. In-depth reviews of different methods (e.g. fast-pyrolysis, slow-pyrolysis, (trans)-
esterification, hydrothermal liquefaction, fermentation) in both the production of biodiesel and
bioethanol have been published, with a focus on the current limitations and application of each
methodology [25-28]. Although the end product for all processes is chemical energy, the
conversion processes actually require energy input too. Therefore, for such processes to be
economically viable, the input energy costs must be drastically less than output energy values.
In the present study, we focused on an alcoholic fermentation system for conversion (Figure
1), where input energy was derived directly from the metabolic processes of the fermenting
organism, potentially reducing conversion costs. There are multiple stages during the

production of ethanol that may be targeted for improvement, including:

1) Refining harvesting and/or processing techniques

2) Increasing monosaccharide availability

3) Identifying efficient low cost pre-treatments

4) Ensuring complete utilization of carbohydrates during fermentation
5) Optimizing recovery of distilled products

6) Increasing production of co-products and “adding value”

4



Biomass

l

Compositional
analysis

l

Pre-treatment

i.e. Chemical or Thermal

Hydrolysate Residual biomass
Solubilised sugar, NCPs Cellulose and lignin
and lignin
Fermentation
Enzyme saccharification Simultaneous
Colliilases saccharification and
fermentation
l (SSF)
Fermentation
(SHF)

Figure 1 Simplified outline of a generalized processing scheme for the

conversion of plant biomass to bioethanol

Plant lignocellulose is recalcitrant to conversion in its native form. Compositional

data is informative when selecting appropriate downstream processing methods,

including pre-treatments. Pre-treatments are used to break or loosen the cell wall

matrix. For example, chemical and thermal pre-treatments separate the biomass

5



into two fractions; the hydrolysate and the insoluble residual biomass. The
hydrolysate is rich in solubilised carbohydrates that are predominantly derived
from non-cellulosic cell wall polysaccharides (NCPs) and may be fermented to
ethanol. The residual biomass is predominantly cellulose and lignin, which can be
further processed using enzymes and fermented (separate hydrolysis and
fermentation; SHF). Alternatively the residual biomass may be converted to
ethanol in one step via simultaneous saccharification and fermentation (SSF). It
should be noted that this approach does not take into consideration the direct

fermentation of soluble carbohydrates that may be extracted from the biomass.

3.0 Selecting lignocellulosic biomass

The first step in producing biofuel from plant biomass is to identify suitable feedstocks
that are high yielding and can be produced cheaply. Although 90% of the dry weight of most
plant materials is carbon, stored in the form of energy-rich cellulose and non-cellulosic
polysaccharides, it is rarely in a form that can be utilized directly by fermenting
microorganisms [9]. Cell wall polysaccharides form a network that is held together by
covalent and non-covalent linkages between the wall polysaccharides themselves or to the
non-carbohydrate polymer lignin. The presence of lignin reduces the access of enzymes to
cellulose, which slows the rate and efficiency of hydrolysis [29,30]. In a biofuel context, lignin
has a negative impact on the conversion of lignocellulosic biomass into bioethanol, and a high
amount of lignin is not a favourable characteristic for a dedicated biofuel feedstock.

Conversely, carbohydrates stored in plant biomass that can be broken down with

minimal processing are desirable. However, the polymer predominantly targeted for

6



bioethanol production, and which is not broken down particularly easily, is cellulose. The
sheer mass of cellulose available outweighs its relative recalcitrance as it is the most abundant
terrestrial natural biopolymer [31]. Cellulose is a linear polymer composed of B-(1,4)-linked
glucosyl residues. As the cellulose chains are synthesized, 18—24 parallel glucan chains
aggregate via H-bonding and van der Waal forces to form a para-crystalline microfibril [32].
When chains do not aggregate in an ordered fashion, amorphous regions are formed [16] and
these non-crystalline regions are more accessible for enzymatic hydrolysis. Thus, the relative
degree of crystallinity in cellulose influences the rate of biochemical conversion to the
fermentable monosaccharide glucose [33].

The remaining carbohydrate component of lignocellulosic biomass consists of
heterogeneous polymers known as the non-cellulosic polysaccharides. Non-cellulosic
polysaccharides originate from cell walls and represent about 20-35% of lignocellulosic
biomass and up to 50% of walls in some cereal grains [34,35]. These polysaccharides are
generally synthesized in the Golgi and exported, partial or complete, to the cell wall via
secretory vesicles, where they form a gel like matrix [36-38]. Once incorporated in the cell
wall they become intertwined with the cellulose microfibrils, adding strength while providing
flexibility and porosity to the wall [36]. Compared to cellulose, non-cellulosic polysaccharides
have lower degrees of polymerisation and are less crystalline, resulting in polymers that are
more easily hydrolysed with dilute acid or mild pre-treatment conditions [39]. Structurally,
non-cellulosic cell wall polysaccharides include xyloglucans, heteroxylans, heteromannans,
pectic polysaccharides and (1,3;1,4)-B-glucans, which are composed of pentose sugars (D-
xylose and L-arabinose), hexose sugars (mainly D-galactose, D-glucose and b-mannose), and

uronic acids [40].



When investigating the potential of a particular biomass source to produce cheap and
plentiful ethanol, attention is usually focused on these three cell wall components (Table 1).
However, additional cell wall components can affect breakdown, processing and conversion of
biomass to bioethanol. Thus, a mass balance should be calculated that accounts for the
structural complexity of both carbohydrate and non-carbohydrate components. For this reason
in-depth compositional analyses are diagnostic when selecting the best methods for

downstream processing of the biomass.



Table 1 Composition of lignocellulosic biomass (% w/w)

Grasses

Woody
species

Waste

Lignocellulosic biomass  Cellulose NCP Lignin Citations
Miscanthus 3842 21-23 18-21 [41,42]
Sorghum 15-34 12-18 6-16 [43,44]
Sugarcane 20 10 6 [42]
Switchgrass 33-45 25-35 6-18 [43,45]
Coastal Bermuda grass 26-32  19-25 1520 [46,47]
Energy cane 33 23 16 [42]
Beech 43 32 24 [48]
Eucalypts 40-44 1019 28  [49,50]
Pine 33-43  20-21 27-35  [42]
Poplar 27-37 14-25 21-25 [42,51]
Spruce 40 31 28 [48]
Willow 26 14 23 [42]
Barley straw 37-38 26-37 16-19 [52,53]
Corn stover 36—38 28-29 17-21 [54,55]
Municipal solid waste 33 9 17 [56]
Newspaper 40-62 25-40 18-30 [56,57]
Rice straw 39-42 20-32 13-14 [58,59]
Rye straw 33 22 20 [46]
Sunflower stalks 34-39 20-34 17-18 [60,61]
Rapeseed straw 37 24 17 [62]
Olive tree prunings 25 16 19 [63]
Wheat straw 30—-39 39-50 15-17 [57,64]




Lignocellulosic biomass is predominantly composed of cellulose, NCP (non-
cellulosic polysaccharides) and lignin. Compositional information about plant
biomass is essential when making informed decisions regarding the best
processing and conversion methods to be used for biochemical and biofuel
synthesis. The amount and complexity of polymers is directly correlated to the
yield of ethanol that may be produced. Data are presented as percentage of dry

weight (% w/w).

4.0 Potential feedstocks for bioethanol production in Australia

Much of the land that has fallen out of agricultural production worldwide is classified
as semi-arid [65]. The environmental stresses associated with semi-arid regions include
inconsistent rainfall, extreme temperatures, nutrient and mineral depleted soils and increased
levels of salt. Such conditions are commonly observed throughout Australia, which has the
largest proportion of semi-arid land of any continent (33% of the mainland) [12,66]. The
feedstocks currently used in Australia for ethanol production are molasses, grain sorghum,
wheat and waste wheat starch, which is a residue from flour production [67]. Fuel crops that
are either suitable for these environmental conditions or could add value to existing

agricultural industries in Australia include Agave and Vitis vinifera, respectively.

4.1 Agave (A. tequilana and A. americana)

Historically Agave has been utilized in the production of alcoholic beverages, fiber,

and sugar additives. In Australia selected species (i.e. A. americana, A. fourcroydes and A.
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sisalana) were grown commercially as dedicated sources of the fiber sisal as early as the
1890s [13]. However, economic instability, warfare and agricultural modernization resulted in
the industry becoming too costly. With the collapse of the sisal industry, Agave plantations
were deserted, leaving the Agave plants to acclimatize to the Australian environment. The
presence of these robust, naturalized species can be found in a range of environmental niches
in Australia across regions with rainfall as low as 107mm/yr and as high as 4140 mm/yr
(Figure 2) [68]. In addition, these plants have historically been used as ornamentals for

landscaping purposes.

A. americana A. sisalana
Naturalized: NSW, NT, Qld, SA, VIC, WA Naturalized: Qld, WA

Timor Seawy

N -
107-4141 mm

Figure 2 Regions of naturalized A. americana and A. sisalana in Australia

Naturalized Agave plants (blue dots) are tolerant to a range of environmental
conditions, which has enabled their adaptation to regions of poor or inconsistent
rainfall (blue; 107 mm/yr) and likewise in optimal growing regions (red; 4141

mm/yr rainfall) [68].
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Recently Agave has been attracting attention as a potential dedicated biofuel feedstock.
Factors that contribute to its appeal are its ability to thrive on semi-arid land, which is
facilitated by its high water use efficiency that is derived from possession of the Crassulacean
acid metabolism (CAM) photosynthetic pathway [12]. Based on a desktop study, the variety A.
tequilana was identified as the prime species to be trialed in Australia for bioethanol
production. It is high yielding for both carbohydrate and fiber content, it can thrive in soils and
under climate conditions common to Australia and its cultivation and processing technologies
have been optimized on a commercial scale in other regions of the world [13]. Also, because
this feedstock is known to accumulate fructose-rich polymers, there is also the potential to tap
into other secondary markets that use fructose-based compounds [67]. In June 2009, the first
planting of Agave (A. tequilana) grown specifically for biofuel production took place in
Australia. The plants in the trial were generated by tissue culture propagation of accessions

that were imported from Mexico [67].

4.2  Grape marc derived from Vitis vinifera

Australia is one of the global leaders in wine production, for which 1.6 MT of grapes
were harvested in 2012 (Figure 3a, [69]). A significant byproduct of the wine industry is the
grape marc. Grape marc is the term used to describe the waste material left after grapes are
crushed during wine production. Marc is composed of grape skin, pulp, seeds, stem and some
residual juice. South Australia is the leading producer of grapes in Australia, although they are
grown in all states (Figure 3b). From the grapes harvested in 2012 for wine production, a total
of 316,000 tonnes of the waste material was produced (155,000 t from white grapes and

161,000 t from red grapes), which represents a substantial amount of untapped carbohydrates
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that could be exploited for growing biofuel markets. If conversion of this agro-industrial waste
could add value to wine making, it could stimulate economic growth for the viticulture
industry and provide concomitant environmental benefits without creating a food versus fuel
competition for land, given that no extra plantings above the current acreage under harvest

would be necessary [70,71].

Australian Winegrape Production Production by state (2010)

2000
Northern Territory
1500 Queensland
S Tasmania
9 =
Z 1000 /' —— - Western Australia
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2
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Figure 3 Grape production in Australia

There is a reservoir of the agro-industrial waste grape marc in Australia, which
may be capitalised on for biofuel production. Over the last ten years the
production of grapes in Australia has been steady (the dip in 2007 was weather
related) (A) and grapes are the 12™ most important commodity in terms of
production [69,72]. In Australia, grapes are grown in all states, with the majority
of grape production in South Australia (B) [73]. Figures adapted from [72] and

[73], respectively.
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5.0 Compositional analysis of selected biomass

To obtain a holistic assessment of a particular biomass, a set of standard procedures for
biomass compositional analysis have been established by the National Renewable Energy
Laboratory (NREL) in the USA. These methods measure all parameters that contribute to the
mass of the raw biomass and create a summative mass closure. The established methods also
measure process intermediates that will be generated during the conversion of the biomass to
biofuel. The standardized methods for biomass analysis include sample preparation and the
quantification of the mineral content (soluble and insoluble), protein, extractives
(carbohydrates and minerals), structural carbohydrates, lignin (soluble and insoluble) and
degradation by-products [74]. The reproducibility of these standardized methods when
conducted on a small scale has been confirmed [41,42,51]. A mass balance was created for
Agave (paper 1) and grape marc (paper IlI) by quantifying both soluble and insoluble

components of the biomass.

6.0 Pre-treatment solubilizes cell wall polymers

Biomass pre-treatment refers to initial steps that are taken to convert biomass from its
native recalcitrant state into a form that can be more readily hydrolysed [11]. Methods used for
the solubilisation of polysaccharides into oligosaccharides or monosaccharides include the use
of physical pre-treatments that reduce the particle size or moisture content of the biomass,
chemical treatments, thermal exposure or biological treatments (Figure 4) [75] in a feedstock-
dependent manner. The composition of the biomass and the severity of the pre-treatment

directly affect the degradation of polymers, the percentage of residual carbohydrates, cost and
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the efficiency of the subsequent hydrolysis. For example, if it is necessary to remove lignin
from the cell wall matrix, biological pre-treatments using white-rot fungi have been shown to
be most effective [76]. Chemical pre-treatments are effective for hydrolysing non-cellulosic
polysaccharides and disrupting microfibrils, whilst thermal pre-treatments partially
depolymerise lignin, although recondensation may occur [76].

Pre-treatment may generate by-products, some of which can inhibit fermenting
organisms in downstream steps [11] such as 5-(hydroxymethyl) furfural (HMF; from hexose
carbohydrate degradation) and formic acid or levulinic acid (from the breakdown of HMF)
[77]. The accumulation of inhibitory compounds negatively affects the fermenting organisms
by causing an extension of the lag phase, slowing the growth rate and hence lowering cell
density, and ultimately decreasing ethanol production [77-80].

The net gain incurred by different pre-treatment methods is difficult to determine
because of factors such as processing, capital investment, chemical recycling and waste
treatment system costs [81]. Different pre-treatments will liberate varying amounts and types
of digestible substrates (Figure 4). When selecting a pre-treatment for a specific feedstock it is
important to consider the composition and the downstream methods that will be employed.
The selected pre-treatment should produce not only the greatest yield of hydrolysates (overall

energy output), but also incur the lowest operational cost.

=
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Figure 4 Selected pre-treatment methods differentially affect the breakdown

and liberation of polymers from the cell wall

Lignocellulosic biomass is a complex network of carbohydrate and non-
carbohydrate polymers (A). In its native form plant biomass is recalcitrant. Pre-
treatment is the initial processing step used to convert raw biomass into a form
that can be more readily hydrolyzed. Biological pre-treatments are efficient at
removing lignin from the network, leaving a carbohydrate-enriched fraction (B).
Chemical pre-treatments may result in complete breakdown and fragmentation of
cell wall components (C). Physical pre-treatments are used to reduce the particle
size of the biomass (D). The use of thermal pre-treatments may loosen bonds
between and within polymers but lignin is not completely removed (E).

'111,76,82]

7.0 Enzymatic saccharification increases the amount of
fermentable monosaccharides

Pre-treatments are used to increase the solubilisation of carbohydrates in
lignocellulosic biomass. However, it not uncommon for more recalcitrant carbohydrates, such
as cellulose, and non-carbohydrate components, such as lignin, to remain in the residual
biomass (non-solubilized component). Depending on the efficiency of the pre-treatment,
enzymatic saccharification is usually required to further degrade polysaccharides into their
respective constituents. The three types of cellulase enzymes used for biomass processing are

endoglucanases, exoglucanases and B-glucosidases. Endoglucanases increase the number of
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chain ends and significantly decrease the degree of polymerization by hydrolysing the interior
glucosidic linkages of cellulose molecules [83]. Exoglucanases shorten the chains
incrementally by acting on the reducing and non-reducing ends of cellulosic chains or released
oligosaccharides [84]. The pB-glucosidase enzymes act on the short oligomers such as
cellobiose, a disaccharide produced from partial hydrolysis of cellulose. If biological or
thermal pre-treatments are used, the biomass may need to be treated with enzymes specific to
non-cellulosic polysaccharides to liberate both pentose and hexose monosaccharides. For
xylose-based non-cellulosic polysaccharides, xylanases may be used to degrade linear -(1,4)-
B-xylan chains. Other enzymes which may be wused to hydrolyse non-cellulosic
polysaccharides include mannanases, galactosidases, arabinanases and a range of pectin
degrading enzymes [85,86].

The efficiency of enzymatic saccharification is driven by enzyme concentration and
influenced by substrate properties such as degree of polymerization, relative crystallinity,
accessible surface area, linkage types, and the presence of lignin. These properties differ
between feedstocks [83]. Feedstocks that have less recalcitrant cell walls, due to lower lignin
levels or to lower cellulose crystallinity, may have similar hydrolysis rates for treated and non-
treated material. Although the use of enzymes may increase the amount of available sugar for
fermenting organisms, the actual cost associated with enzymatic saccharification in large scale
production schemes is still a topic of much debate. In some cases a dependency on enzymes to
break down carbohydrates at a commercial scale would be a significant financial drain, but it
may be that costs will become manageable with the advancement of technology and

infrastructure [24].



8.0 Anaerobic fermentations may be used for bioethanol
production

After hydrolysis, monosaccharides or low molecular weight oligomers can be
fermented to ethanol. Anaerobic fermentation of hexoses and pentoses generally produces two
major end-products, carbon dioxide and ethanol, as well as small amounts of heat. The rate of
sugar consumption and ‘completion’ of the fermentation can be monitored by the release of
carbon dioxide. In simplified terms, the activation of the fermentation pathway begins when
sugar molecules are transported across the plasma membrane of yeast. The transporters have a
higher affinity for certain sugars in a heterogeneous sugar solution, but the rate of uptake
decreases with depletion of the preferred sugar(s) over time [87,88].

Alcoholic fermentations involve complex chemical and enzymatic reactions in either a
step-wise or continuous manner until conversion is complete, slows or is inhibited. The
physical breakdown of polysaccharides can result in a decreased rate of fermentation or
conversion. For example, the liberation of acetate substituents from polysaccharides can be
toxic to susceptible fermenting microorganisms such as Pichia stipitis. In addition,
fermentations can cease due to environmental stresses of pH, osmolarity, temperature, and
oxygen level, due to decreased sugar utilization, decreased cell growth, or to intolerance of
reactants and/or end products [89,90]. Ethanol itself can also exert inhibitory effects on the
fermenting organism through plasma membrane disruption, disrupting passive proton flux,
damaging intracellular enzymes and causing cell death [91,92]. Inhibitory compounds such as
furfural and its derivatives, produced as byproducts of some pre-treatments, can inhibit

glycolytic enzymes and aldehyde dehydrogenase activity, resulting in an accumulation of



acetaldehyde that lengthens the lag phase for microorganisms such as Saccharomyces
cerevisiae and Escherichia coli [93,94].

The productivity of the selected microorganism is dependent on the organism’s ability
to thrive within the environment containing the substrate and on possessing the biological
mechanisms required to convert the carbohydrates present to ethanol. However,
microorganisms cannot function effectively outside a narrow range of parameters and
selecting robust microorganisms best suited to converting a particular biomass is therefore
essential.

Currently, Saccharomyces cerevisiae is one of the most commonly used yeasts for
alcoholic fermentations [95], although the efficiency of other fermenting organisms i.e. Pichia
stipitis, Clostridium cellullulolyticum and E. coli have been investigated [96]. However, many
yeast and bacteria strains cannot ferment pentose sugars (C5), rendering up to 45% of the
carbohydrates in some raw feedstocks unusable for ethanol production [97]. In order to
improve conversion yields, recombinant DNA approaches have been used to introduce genes
from organisms capable of naturally fermenting pentose sugars such as fungi, insects,
microorganisms from ruminant guts and Pichia stipitis into yeast [98]. Bacteria may likewise
be an option to use in fermentations, although problems with catabolite repression have been
reported [99].

A twostep process, that is separate hydrolysis and fermentation steps (SHF), is the
conventional method used for bioethanol production, because both processes can be conducted
under their optimal conditions (Figure 1). Alternatively, genetic manipulations targeting the
production and regulation of hydrolytic enzymes in fermenting microorganisms has resulted in
the breakdown and conversion of carbohydrates to ethanol in a one step process [100]. Some

organisms have the genetic machinery to synthesise these enzymes naturally, which could be
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further exploited. For example the organism Kluyveromyces marxianus secretes fructanase to
hydrolyse fructans and the liberated fructose and glucose monomers are converted to ethanol
concurrently [101]. The ability of a microorganism to synthesise cell wall polysaccharide-
degrading enzymes facilitates a natural simultaneous saccharification and fermentation (SFF)
process. This approach may be more economical at a large scale because costs associated with

enzyme addition are removed and conversion is completed in a single reactor vessel.

9.0 Objectives of the thesis

The main objective of this project was to investigate both the potential and limitations
of two widely different sources of agro-industrial residues for bioethanol production. The
materials selected were the leaves of Agave americana and Agave tequilana plants, and grape
marc (Cabernet Sauvignon and Sauvignon Blanc) waste from the wine industry. For the
conversion of carbohydrates derived from these feedstocks to be economically viable and
sustainable, each stage of production must be optimized. There are six main areas where the
production system can be optimized (see 5.0 Production of bioethanol). This study was
focussed on identifying the limitations and opportunities in the areas of: 1) minimizing costs
associated with harvesting the feedstock, 2) increasing monosaccharide availability, 3)
minimizing the need for and costs associated with pre-treatments and saccharification; and 4)
ensuring complete utilization of carbohydrates during fermentation.

The present study assessed the composition of novel sources of biomass and created a
toolset of methods and techniques for the quantification and processing of the biomass into
bioethanol. Lessons obtained from this study will help to define the feasibility, practicality and

sustainability of using these feedstocks, namely Agave leaves and grape marc, for biofuel
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production. In addition, compositional information generated may be of value to growing
areas of research and commercialization such as the conversion of plant biomass into value-

added chemical compounds.



10.0 Materials and Methods

Materials and methods used in this thesis are described in the related papers I-11I.
Where additional methods were used to generate unpublished data, as presented in the

appendices, details are provided below.

10.1 Comparison of water extraction methods

Four methods were used to extract water-soluble carbohydrates from A. tequilana leaves
(n=6). Following extraction, glucose, fructose and sucrose were quantified by hydrophilic

interaction chromatography (HILIC) as described in paper I. The extraction conditions were as

follows:
Solid/Liquid ratio .
Treatment # (ma/mL) Time Temperature
1 ~50 mg/2.5 mL water 15 min 80°C; water bath
2 50 mg/2.5 mL water | +> Min- continuous RT
shaking
3 ~50 mg/2.5 mL water 1h 121°C; autoclave
4 ~20 mg/1 mL water | 1 h-shaken every 15 min | 90°C; water bath

10.2 Fluorescent Immuno-microscopy

Embedded tissue (as described in paper 1) was sectioned at 1 um using a diamond knife on a
Leica Ultracut R microtome. Sections were rehydrated with phosphate-buffered saline (PBS),
treated with 0.05 M glycine, and blocked with 1% w/v bovine serum albumin in PBS. Sections
of Agave sisalana leaf were incubated with LM19 (Plant Probes, UK) in a moisture chamber

at room temperature, washed and incubated with the 588 anti-rat IgM secondary antibody
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(diluted 1:50, Thermo Scientific, Australia) for 2 h in a light-excluding humidity chamber.
Following incubation with secondary antibodies, slides were washed and counterstained with
0.1% (w/v) Calcofluor White. Sections were mounted in 90% (v/v) glycerol. Images were
captured using a Zeiss M2 Axio Imager fitted with an MRm Rev. 3 AxioCam, and the filter

sets 43 dsRed (Alexa 588) and 49 (Calcofluor).

10.3 Monolignol analysis: S/G ratio
The monolignols p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S) in A.
tequilana leaves, bagasse and stem bagasse (n=2) were quantified by thioacidolysis and gas

chromatography/mass spectrometry following a published method [102].

10.4 Total phenolic and anthocyanin content

A modified Folin-Ciocalteu method was followed [103]. Dried, ball milled material (10 mg)
was extracted with acidified methanol in a dark chamber for 2 h. An aliquot of the supernatant
was incubated with 10-fold diluted Folin-Ciocalteu’s phenol reagent (Sigma-Aldrich, USA)
for 5 min at room temperature. Following incubation sodium carbonate (60 g/L) was added
and samples were left for 90 min (room temperature) before an absorbance reading using a
spectrophotometer (Thermo Fischer, Waltham, MA, USA) set at a wavelength of 725 nm. A
standard curve was generated using ferulic acid in the concentration range 0-6 pg/pL. For
quantification of anthocyanins the same extraction solvent and conditions were used. Cabernet
Sauvignon grape marc was extracted twice using acidified methanol. Anthocyanins extracted
from grape marc were separated and quantified using HPLC, as previously described [104].
Briefly, an Agilent 1100 HPLC (Agilent Technologies, Germany) equipped with a

Phenomenox Synergi Hydro-RP column (150 x 2 mm) and a photodiode array detector (520
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nm) was used. Anthocyanin compounds were identified from their elution time with respect to

malvidin-3-glucoside and quantified as malvidin-3-glucoside equivalents.

10.5 Immuno-electron microscopy: grape marc

Grape seed, skin and stem were separated and fixed in a solution of 0.25% v/v glutaraldehyde,
4% vlv paraformaldehyde and 4% v/v sucrose in phosphate-buffered saline (PBS), dehydrated
in an ethanol series, infiltrated in LR White resin (ProSciTech Pty Ltd, Australia), and
polymerized in a gelatin capsules at 58°C for 48 h [20]. Sections of 70—90 nm were collected
on collodion-coated nickel grids and labeled [20] using the primary antibodies LM19 (diluted
1/20), an antibody for partially methyl-esterified homogalacturonan and LM20 (diluted 1/20),
an antibody for methyl-esterified homogalacturonans. The secondary antibody goat-anti-rat
IgM (diluted 1/30; Jackson ImmunoResearch Labs Inc., USA) was used. Sections were
imaged using a Philips CM100 Transmission Electron Microscope at an accelerating voltage

of 80 kV.

10.6 Screening of yeast: assimilation and biomass accumulation on glucose
Ten microorganisms were obtained from the ARS Culture (NRRL) Collection, National
Center for Agricultural Utilization Research (Table D-1; Peoria, IL, USA) (paper I11). Yeasts
were streaked from glycerol stocks (20% v/v) on YPD (yeast extract: peptone: dextrose
medium) plates and placed at 28°C. A single colony was picked and cultured in liquid YPD
overnight at 28°C with shaking at 120 rpm. Cell suspensions were diluted to an ODgqo (Varian
Cary 50) of 0.5 for spot assays [105]. Serial dilutions were spotted on plates of induction
medium (pH 4.5) [106] supplemented with glucose (20 g/L) and grown for 24 h at 28°C.
Accumulation of biomass for five strains (paper 111) when cultured in glucose was assessed.

Briefly, a standardized cell count (5 x 10° cells/mL) was inoculated into 10 mL of YPD media
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and cultivated anaerobically at 28°C with agitation at 160 rpm; n = 2. After 24 h one mL of
culture was transferred to pre-weighed tubes and the cells pelleted by centrifugation at 10000
rpm for 10 min. The supernatant was discarded and the pelleted cells washed with an equal
volume of sterilized water to remove any excess glucose. Pellets were dried overnight at 35°C

before the final weight was recorded.



11.0 Results and Discussion

11.1 Paper I: Highlights

Agave leaves are fruit-like — rich in moisture, soluble sugars and pectin and low in lignin

Leaf fiber is composed of crystalline cellulose (47-50% w/w) and non-cellulosic
polysaccharides (16—22% w/w)

Juice pressed from the Agave leaves accounted for 69% of the fresh weight and was rich in
glucose and fructose.

Hydrolysis of the fructan oligosaccharides doubled the amount of fermentable fructose in A.
tequilana leaf juice samples
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Abstract

Plant biomass from different species is heterogeneous, and this diversity in
composition can be mined to identify materials of value to fuel and chemical industries.
Agave produces high yields of energy-rich biomass, and the sugar-rich stem tissue has
traditionally been used to make alcoholic beverages. Here, the compositions of Agave
americana and Agave tequilana leaves are determined, particularly in the context of
bioethanol production. Agave leaf cell wall polysaccharide content was characterized by
linkage analysis, non-cellulosic polysaccharides such as pectins were observed by
immuno-microscopy, and leaf juice composition was determined by liquid
chromatography. Agave leaves are fruit-like — rich in moisture, soluble sugars and pectin.
The dry leaf fiber was composed of crystalline cellulose (47-50% wi/w) and non-cellulosic
polysaccharides (16-22% w/w), and whole leaves were low in lignin (9-13% w/w). Of the
dry mass of whole Agave leaves, 85-95% consisted of soluble sugars, cellulose, non-
cellulosic polysaccharides, lignin, acetate, protein and minerals. Juice pressed from the
Agave leaves accounted for 69% of the fresh weight and was rich in glucose and fructose.
Hydrolysis of the fructan oligosaccharides doubled the amount of fermentable fructose in
A. tequilana leaf juice samples and the concentration of fermentable hexose sugars was
41-48 g/L. In agricultural production systems such as the tequila making, Agave leaves are
discarded as waste. Theoretically, up to 4000 L/ha/yr of bioethanol could be produced
from juice extracted from waste Agave leaves. Using standard Saccharomyces cerevisiae
strains to ferment Agave juice, we observed ethanol yields that were 66% of the theoretical
yields. These data indicate that Agave could rival currently used bioethanol feedstocks,
particularly if the fermentation organisms and conditions were adapted to suit Agave leaf

composition.
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Introduction

Plant biomass is a source of chemical energy that can be converted to combustible
transport fuels and biochemicals by fermentation or chemical conversion of plant-derived
sugars [1]. Currently, plant materials from farming-intensive food production systems,
such as corn, wheat grain or cane sugar, are being used to make bioethanol and
biochemicals. In the future, alternative sources of energy-rich plant material from low-
input systems that are independent from the food chain will be needed [2,3].

Plant biomass contains soluble and structural sugars: for example the vacuoles of
storage cells in the stem of sugarcane contain high concentrations of sucrose, a soluble
disaccharide and the cell walls in the trunks of willow trees contain a large amount of
cellulose, a structural sugar composed of glucose [4]. The composition of historical
agriculture plant species have been reported (Table P1-1; [5]); however, the relative
importance of plant species is likely to change as agricultural industries adapt to new
markets and climate change. Research into novel plants may reveal non-food sources of
valuable raw materials. One example of a plant species that is likely to gain importance is
Agave. Historically Agave has been used for production of alcoholic beverages, fibers,
chemicals and sugar additives [6] and there is growing interest in using Agave for biofuel
production.

Alcoholic beverages such as tequila and mescal are made from the stem tissue of A.
tequilana plants that are 8-12 years old. Fructans in mature stem tissue are degraded by
heat to release fermentable fructose [7] and the leaves, which account for up to 66% dry
weight of the biomass, are discarded [8]. Agave is a productive water-use efficient plant
that grows in regions with extreme environments [9-11] and recent literature has
considered the potential for using Agave as a feedstock for bioethanol production [12-18].

However, the composition of Agave leaf tissues from plants at an earlier stage in
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development has not been well characterized and may represent an energy-rich raw
material that can be produced rapidly in a low-input system [19,20].

There are standard protocols for determining the composition of plant biomass,
such as the analytical procedures published by the United States Government National
Renewable Energy Laboratory (NREL) [21-26]. Biomass composition analyses may
include determination of moisture content, total solids, acid-soluble and insoluble residues
and the amount of water soluble carbohydrates (WSC), starch, mineral, lignin, protein,
crystalline cellulose and non-cellulosic polysaccharides. In the context of using biomass to
make biofuels and biochemicals, it is of interest to determine not only the amount of
fermentable sugars that can be extracted from plant biomass, but also the amount of
inhibitory compounds that are formed during processing which may interfere with
conversion of the biomass to bioethanol [27]. For example, acetic acid is generated from
the hydrolysis of acetyl groups associated with non-cellulosic polysaccharides. Weak acids
like acetic can reduce yeast growth and ethanol yields by prohibiting monosaccharide
metabolism and causing intracellular anion accumulation [27]. In addition, the
compositions and proportions of sugar present in soluble forms and structural forms, and
the recalcitrance of these structural sugars are important as they influence the processing
methods and costs. These data are also used to estimate the bioethanol yields for a
feedstock of interest.

Here, the composition of Agave leaves is determined, including a detailed analysis
of the fermentable and non-fermentable compounds in A. americana and A. tequilana. The
efficiency of enzymatic hydrolysis of Agave leaf cellulose and hydrolysis of fructans in
juice samples is quantified. Compositional data is then extrapolated to calculate theoretical
ethanol yields and A. tequilana leaf juice is fermented using two Saccharomyces cerevisiae
strains. These compositional and fermentation data can be used to inform the development

of biotechnology to exploit this energy-rich raw material.
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Material and Methods

Plant material

A. tequilana and A. americana plants were approximately 2—-3 y old at the time of
harvest and had begun to reproduce asexually. The heights of the plants from the base to
the tip of the tallest leaf were at least 2 m. Six plants of A. tequilana were harvested from
Ayr (Queensland, Australia) and six plants of A. americana were harvested from the
Adelaide Hills (South Australia, Australia). From each individual plant stem tissue and at
least three leaves were collected. Permission for the described field studies were granted by
either the crop manager or land owner.

The stem and leaves were separated at the time of harvest and fresh weights
recorded. Juice from the stem tissue of each A. tequilana plant was collected after
shredding (Cutter-Grinder CGO03, Jeffco) and three leaves per plant (A. americana and A.
tequilana) were collected for compositional analysis. A subset of the remaining leaves was
pooled and two experimental shredders were used to extract juice (Cutter-Grinder CGO03,
Jeffco and Food processor, Abode). Wet bagasse was dried at a 60°C to constant moisture
content. Juice and whole leaves were transported to the University of Adelaide on dry ice
and stored at —80°C. Prior to analysis, samples were cut into 200400 mm? pieces,
weighed, lyophilized (Labconco-Freezone, Missouri, United States) and moisture loss was
calculated. Dried leaf material was ground in a 25 mL stainless steel grinding jar with one
7 mm steel ball. The grinding jars were shaken at 30 Hz for 3 min (Retsch mill MM400,
Retsch GmbH; Haan, Germany). A flowchart of methods employed for compositional

analysis is included in Figure P1-1.
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Fiber extraction

Whole leaves were frozen at —-80°C and subsequently thawed at room temperature.
Fibers were pulled from three plants of each species and separated from the vegetative
tissue manually. The fibers were further cleaned using forceps to remove any attached pith
tissue. Fibers (1-2 mm) were dried overnight at 60°C. Dried fibers were hydrolyzed using
1M sulfuric acid (H,SO,) for 3 h at 100°C [28], cooled and centrifuged at 28 000 g for 5
min. The monosaccharides in the supernatant were analyzed using high-performance liquid
chromatography (HPLC) Derivatisation and quantification of monosaccharides was
completed according to [29] with modifications to the gradient conditions. Elution was
performed with 10% acetonitrile, 40mM ammonium acetate (A) and 70% acetonitrile (B)
at a flow rate of 0.8 mL/min. The gradient for solvent B is as follows: 0-9.5 min, 8% B;

9.5-10 min, 17 % B; 10-11.5 min, 100% B; 11.5-14.5 min, 8% B.

Total soluble solids (TSS) in Agave juice

Aluminum pans (Fisher Scientific, Australia) were dried at 60°C and their initial
weight recorded. Juice samples were centrifuged at 10 000 g for 10 min and 2 mL aliquots
of supernatant were added to the pans and heated at 60°C for 48 h, leaving a solid residue
in the pan. The final weight of the pan and solid residue was subtracted from the initial

weight to calculate the total soluble solids (TSS).

Crystalline cellulose

Crystalline cellulose in leaf tissue and fiber-enriched samples was determined using

a modified Updegraff method according to [30].

Elemental analysis and protein and mineral (ash) quantification

Samples for the elemental analysis included 300 mg of dry, ball milled, whole leaf

tissue or 1 mL of juice. Elements (Al, Ca, Fe, Mg, P, K, Na, S and Zn) were measured
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using a closed tube nitric acid/hydrogen peroxide digest and radial view inductively couple
plasma-optical emission spectrometry [31].

The total nitrogen content was measured by the Waite Analytical Services,
University of Adelaide using complete combustion gas chromatography (Carlo Erba
Instrument) and 100 mg of biomass or 1 mL of juice. The nitrogen value was converted to
an estimate of the protein content using the nitrogen factor (NF) 6.25 [21]. Mineral content
of extracted and non-extracted material was calculated by heating samples to 500°C for 3 h

[22].

Water- and ethanol-soluble carbohydrates in Agave leaves

Leaf samples were dried at 60°C and extracted sequentially in water, 95% v/v
ethanol and 70% v/v ethanol at 80°C for 15 min using a 1:5 ratio of biomass to extraction
liquid. The residual biomass was dried at 60°C.

The total fructan and (1,3;1,4)-B-glucan content in water extracts was measured
using commercial assay kits (Fructan HK-Megazyme: AOAC Method 999.03 and AACC
Method 32.32 and AACC Method 76.13, Mixed-Linkage Beta-Glucan-Megazyme: AACC
Method 32-23, AOAC Method 995.16, EBC Methods 3.11.1, 4.16.1, 8.11.1 and ICC
Standard Method No. 166; International Ireland Ltd., Wicklow, Ireland), respectively.

Glucose, fructose and sucrose in water extracts were measured by hydrophilic
interaction chromatography (HILIC), using a Prevail Carbohydrate ES column (150 x 4.6
mm) (Alltech; Illinois, United States) on an Agilent 1200 series liquid chromatography
instrument equipped with an evaporative light scattering detector (Alltech ELSD 800). The
mobile phase consisted of water (A) and 90% acetonitrile (B) at a flow rate of 1.0 mL/min
at 20°C. The gradient for solvent B is as follows: 0—18 min, 94.5% B; 18-19 min, 64.5%

B; 19-20 min, 0% B; 20—-30 min; 94.5% B.
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The pectin-enriched polysaccharide content in water extracts was determined using
an ethanol precipitation method according to [32].

Solvent was removed from water and ethanol extracts separately by centrifugal
evaporation (Savant SC110 Speed Vac, Thermofisher; Massachusetts, United States). The
concentrated material was hydrolyzed using 1M sulfuric acid (H,SO,) for monosaccharide

analysis using HPLC, as previously described [29].

Measurement of structural carbohydrates, lignin and acetyl content

For compositional analysis, samples were extracted using an Automated Extraction
System (ASE) following [23]. Agave leaves (cut to 2—4 mm in size); aluminum pans and
Whatman GF/C 55 mm glass microfiber filters (Sigma-Aldrich, United States) were dried
at 105°C. Extraction cells (11 mL) were fitted with pre-weighed filter paper and 1 g of
dried material added. Material was extracted with three water cycles followed by three 190
proof ethanol cycles at 100°C (ASE300, Dionex). Extraction settings were modified to 60 s
nitrogen purges following extraction, 5 min static time and 120% rinse volume. Following
extraction the remaining alcohol insoluble residue (AIR) and filter paper were placed in
pre-weighed aluminum pans and dried at 105°C. Dried, extracted biomass was ground
using a Retsch mill MM400, as previously described. The percentage of extractables was
calculated based on the difference between the initial weight (before water and ethanol
extraction) and final weight (after extraction).

Following extraction the alcohol insoluble residue was analyzed following [24].
Briefly, a 30 mg sample of dried ground material was treated with 13.5M sulfuric acid at
room temperature for 1 h. The samples were diluted to 0.75M acid and autoclaved at
121°C for 15 min and centrifuged for 10 min at 10 000 g. The supernatant was collected
for monosaccharide, acid-soluble lignin and acetate analyses. A sugar recovery standard

for monosaccharides was carried through the acid hydrolysis as outlined in [25].
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Monosaccharides were measured following derivatisation as previously described using
HPLC. The acid-soluble lignin content was measured using a spectrophotometer (Thermo
Fischer, Waltham, MA, USA) set at a wavelength of 205nm and calculated following
LAP-004 using the extinction coefficient value 110 L/g-cm [26]. The acetyl content in the
supernatant was analyzed at 60°C using an Aminex HPX-87H column (300 x 7.8 mm)
(Bio Rad; California, United States) on a 1100 series liquid chromatography instrument.
Elution was performed isocratically with 2.5mM H,SO, at a rate of 0.5 mL/min [33].
Starch was measured in extracted samples following a commercial assay (Total Starch-
Megazyme: AOAC Method 996.11; International Ireland Ltd., Wicklow, Ireland).

The residual biomass was washed to a neutral pH and filtered through pre-dried and
pre-weighed Whatman GF/C 55 mm glass microfiber filters (Sigma-Aldrich, United
States). The filter paper and collected sample residue was heated to 105°C overnight and
weighed (M1). The material was ash corrected by heating at 500°C for 3 h and weighed
(M2). The lignin content was calculated based on the difference between M2 — M1 divided

by the initial weight.

Linkage analysis of cell wall residue in whole leaf

Lyophilized leaf material was ground in a 25 mL stainless steel grinding jar with
one 7 mm steel ball. The grinding jars were shaken at 30 Hz for 3 min (Retsch mill
MM400, Retsch GmbH; Haan, Germany) until all cells were ruptured. Samples were
extracted sequentially with 80% v/v ethanol on ice, and acetone and methanol at room
temperature. Samples were digested with a-amylase (B. licheniformis; EC 3.2.1.1) to

remove starch. Linkage analysis and carboxyl reduction of the material followed [34].

Enzymatic saccharification

For saccharification, Celluclast 1.5 L (cellulase preparation from Trichoderma

reesei) and Novozyme 188 (cellobiase preparation from Aspergillus niger) (Sigma-
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Aldrich; St Louis, MO, USA) were mixed in equal volumes. Enzymatic activity of the
cellulase cocktail was measured according to the National Renewable Energy Laboratory
(NREL) analytical procedure, Measurement of Cellulase Activities (LAP 006) [35]. The
saccharifications used an enzyme concentration of 60 filter paper units (FPU). Alcohol
insoluble cell walls were prepared according to [36]. Modifications to the micro scale
saccharification were made using equivalent amounts of 0.02 g cellulose for all samples
(NREL; LAP 009) and the total reaction volume reduced to 1.5 mL [37,38]. The glucose
concentration was measured using a Yellow Springs Instrument (YSI) glucose analyzer

(Yellow Springs, OH, USA) over 48 h, n=3.

Analysis of hydrolyzed juice fraction

Samples of diluted, centrifuged, juice were treated with trifluoroacetic acid (TFA)
to a final concentration of 0.2M TFA or fructanase (Fructan HK-Megazyme: AOAC
Method 999.03; International Ireland Ltd., Wicklow, Ireland). For the TFA hydrolysis,
juice and acid were mixed in equal proportions and samples were heated at 80°C for 1 h.
For enzymatic hydrolysis, juice and enzyme mix were combined in equal proportions and
samples incubated at room temperature for 30 min, then heated to 100°C for 15 min to
deactivate the enzyme. Carbohydrates in the raw and treated juice samples were measured
by HILIC, using a Prevail Carbohydrate ES column (150 x 4.6 mm) as previously

described.

Microscopy

Fresh tissue was fixed in a solution of 0.25% glutaraldehyde, 4% paraformaldehyde
and 4% sucrose in phosphate-buffered saline (PBS) for 24 h at 20°C. Samples were
washed twice with PBS, dehydrated in an ethanol series, infiltrated in LR White resin
(ProSciTech Pty Ltd, Australia), and polymerized in a gelatin capsules at 58°C for 48 h

[39,40].
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Light microscopy

Embedded Agave leaf tissue was sectioned at 1 um using a diamond knife on a
Leica Ultracut R microtome. Sections were collected and dried onto poly-L-Lysine-coated
microscope slides and stained with either toluidine blue (Sigma-Aldrich, United States) or
methylene blue/basic fuchsin (ProSciTech Pty Ltd, Australia). Sections were viewed using
a Leica light microscope (Version 4.3) and images captured with a Zeiss M2 Axio Imager

fitted with an MRm Rev. 3 AxioCam.

Immuno-electron microscopy

Ultrathin sections of 70-90 nm were collected on collodion-coated nickel grids and
labeled following Aurion Immunogold Specific Localisation Methods [41] using the
primary antibodies LM19 (diluted 1/20), LM11 (diluted 1/500), LM20 (diluted 1/20) (Plant
Probes, UK), or (1—4)-B-Mannan (diluted 1/50; Biosupplies, AU) [42-44]. Diluted (1/30)
secondary antibodies goat-anti-rat IgM (LM19, LM11 and LM20; Jackson
ImmunoResearch Labs Inc., USA) and goat-anti-mouse 1gG (Mannan; ProSciTech,
Australia) conjugated to 25 nm gold particles were used (GAM IgG/M, ProSciTech,
Australia). Labeled sections were examined and imaged using a Philips CM100

Transmission Electron Microscope.

Preparation of inoculums, fermentation conditions and analysis

Two Saccharomyces cerevisiae strains (Y-139 and Y-636) were kindly provided by
the ARS Culture (NRRL) Collection, National Center for Agricultural Utilization Research
(Peoria, IL, USA). Strains were streaked on 1% w/v yeast extract, 2% w/v peptone, 2%
wi/v glucose and 2% w/v agar (YPD) plates. Plates were grown overnight at 28°C and a
single colony picked. The single colony was grown in YPD liquid broth (28°C) in a shaker
incubator (120 rpm). The YPD cultures were used to inoculate autoclaved Agave leaf juice

(100 mL) at a cell density of 5 x 10° cells/mL. Juice samples were autoclaved (121°C, 15

40



min) and centrifuged at 5000 rpm for 10 min to remove excess leaf tissue, prior to
inoculation. The fermentations were completed in Erlenmeyer flasks (250 mL) with side
arm sampling ports and sealed with water-filled airlocks. The fermentation flasks were
placed in a shaker (150 rpm) set at 28°C for 96 h. The cells were removed from the
fermentation broth by centrifugation (1m / 10 000 g) and the supernatant stored at -20°C
until analysis. Ethanol concentration was determined using an Aminex HPX-87H column

(300 x 7.8 mm) (Bio Rad; California, United States) as described above, following [33].

Results and Discussion

Processing of Agave biomass: leaf and stem fractions

One feature of Agave plants that differs from traditional biofuel feedstocks is its
high moisture content and inversely, its low water requirements. The seasonal water
requirement of Agave (300-800 mm/yr) is minor compared with other biomass sources
such as sugarcane (Saccharum spp., 1500-2500 mm/yr) [18]. The lower water requirement
for Agave is attributed to its ability to store large volumes of water in its leaves (>83%
w/w) (Figure P1-2). This water storage is common for crassulacean acid metabolism
(CAM) plant assimilatory organs and aids in buffering the plant against periods of
extended drought [45]. Such physiological characteristics make Agave a favorable biofuel
feedstock for dry, marginal regions. However, moisture content directly contributes to
biomass weight, which affects transport and processing costs. Separating Agave juice from
the biomass at the time of harvest may result in higher yields and lower input costs such as
transportation.

The above-ground portion of Agave plants can be separated into leaves and stems
(Figure P1-3a). For 3 year old Agave plants, the ratio of leaf: stem dry weight is 4:1, but

becomes more variable with age [8]. Whole leaf and stem tissue may be dried and ground
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to remove excess moisture and to reduce particle size (Figure P1-3b). Alternatively,
crushing the leaves by mechanical force releases 69% of the wet weight (Figure P1-2a) as
a sugar-rich juice (Figure P1-3c). The biomass that remains after crushing is a fibrous

bagasse, which may be further dried to remove excess moisture (Figure P1-3d).

Analysis of the whole leaf fraction

Pectic polysaccharides occur in crystal sheaths

The morphology of Agave cells and the spatial localization of polysaccharides in
the leaf tissue was investigated. Transverse sections of A. tequiliana leaf were stained with
toluidine blue to observe the morphology of the tissues (Figure P1-4a). Toluidine blue
recognizes carboxyl groups on polysaccharides and proteins, and shows the distribution,
but not amount or structure, of polysaccharides. Staining was observed in and around the
parenchyma cells, with sclerenchymatous fiber cap cells staining very brightly. Further
examination revealed that the sclerenchymatous fiber caps around the vascular bundles in
A. tequilana (Figure P1-4b) had thicker cell walls than in A. americana (Figure P1-4c).
These fiber caps surrounding the xylem and phloem cells are the main structural support
for the leaves [46], and the thicker cell walls explain the more erect leaf morphology of A.
tequilana plants.

Crystal clusters were identified at the junction between cells in Agave leaf tissue
(Figure P1-5a). Crystals have been identified in a range of photosynthetic organisms but
the abundance, distribution and crystal structure varies between organisms and within
tissue types [47]. The accumulation of crystals is correlated with oxalic acid production in
plant tissue during normal development and in fungal-plant symbiosis [48]. A pectin-
specific antibody that detects methyl-esterified homogalacturonan (LM20) [44] revealed
the presence of pectic polysaccharides in the sheath surrounding the crystals (Figure P1-

5b). There is conflicting information about the sheath surrounding the crystals in Agave
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plants; our results support a finding that polysaccharides are present [49], but this is not
consistent with another report indicating that no polysaccharides are present in this sheath
[50].

Labeling of partially (LM19; [44]) and fully (LM20; [44]) methyl-esterified
homogalacturonan was also observed in xylem parenchyma cell walls in both species
(Figure P1-6). Both linkage analysis and results from the water soluble fraction confirm
that high levels of pectins are present in Agave leaves. However, the amount of pectin-
enriched polysaccharides in water extracts of A. tequilana was five times higher than in A.
americana (Table P1-2); whereas linkage analysis indicated that homogalacturonan levels
were considerably higher in A. americana (17.6 mol%) than in A. tequilana (6.5 mol%;
Table P1-3). These data indicate that pectins in A. tequilana leaves may be more soluble
than those in A. americana.

The distribution of other cell wall polysaccharides was investigated using
antibodies specific to xylan (LM11) [42] and (1—4)-B-mannan [43]. Xylan labeling was
observed in the phloem walls (Figures P1-6e and P1-6f), consistent with linkage data
(Table P1-3) indicating that heteroxylan is present in Agave cell walls. Mannan was
detected to a similar extent in cell walls of parenchyma and inner epidermal tissue in both
species (Figures P1-6g and P1-6h), again consistent with the linkage data (Table P1-3) that

indicated heteromannan in both species.

The soluble fraction contains high levels of fermentable sugars

Sections of whole Agave leaves were dried, milled into fine particles, and
sequentially extracted with water and ethanol to generate soluble and insoluble fractions.
The water soluble carbohydrates (WSC), comprising glucose, fructose, fructans and
sucrose, ranged from 15-29% dry weight. In mature Agave plants, fructans are the main

storage carbohydrate in the stems [10]. Fructans were also the predominant WSC found in
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A. tequilana leaves, but A. americana leaves were richer in glucose, fructose and sucrose
(Table P1-2). Total leaf WSC content was lower than the 36—-64% w/w found in 6 year old
Agave stems [10], which have been traditionally selected and used for tequila production,
but was much higher than the 5% and 11% w/w found in the biofuel feedstock switchgrass
(Panicum virgatum) [51] and fructan-rich chicory (Cichorium intybus) [52], respectively.
Other soluble sugars were analyzed by hydrolyzing acid-labile polysaccharides into
monosaccharides, which were subsequently identified by HPLC. For both species, these
monosaccharides comprised a very small proportion of the total mass (Table P1-2), which
is not surprising as the higher molecular weight polymers usually have limited solubility in
aqueous solutions [53]. Unhydrolyzed polysaccharides were precipitated with ethanol to
create a pectin-enriched fraction [32], which, in A. tequilana, comprised over 10% of the
dry weight of the leaves (Table P1-2). From a biofuel perspective, pectins play mixed
roles: soluble pectins can be hydrolyzed into monosaccharides for fermentation [54],
however acetate substituents on pectins can hinder hydrolysis by blocking cleavage sites
for lytic enzymes [55] and once liberated from the polymer these compounds can be toxic
to susceptible fermenting microorganisms such as Pichia stipitis [56]. Alternatively, when
thermochemical conversion processes such as catalytic pyrolysis are used instead of
fermentation to produce a hydrocarbon based biofuel the amount of non-carbohydrate cell

wall components (i.e. acetyl) in the biomass is less important [57].

The insoluble fraction is predominantly cellulose with low levels of lignin

The remaining insoluble residue, largely cell wall material, was dried, milled, and
hydrolyzed with concentrated sulfuric acid. The resulting monosaccharide profiles of A.
americana and A. tequilana leaves were similar, with 12-16% w/w glucose, 3-4% wi/w
xylose, 3—-4% wi/w galacturonic acid, 1-3% w/w galactose and less than 1% wi/w arabinose

(Table P1-2). However, acid hydrolysis does not permit identification of cell wall
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polysaccharides, so linkage analysis was used to obtain structural information. Linkages
were assigned to polysaccharides according to Pettolino et al., 2012 [34] (Table P1-S1).

For both species, the majority of the material was composed of hexose (C6) sugars.
Cellulose was the most abundant polysaccharide, comprising 32—45 mol% of the cell walls
(Table P1-3). A. americana leaf cell walls had higher amounts of pectin-associated
polysaccharides such as Type | arabinogalactan and homogalacturonan. There was more
heteroxylan in A. tequilana than in A. americana but the heteroxylan in A. americana was
less substituted than the heteroxylan in A. tequilana (Table P1-S1). Xylans with low
degrees of substitution are reported to bind more strongly to cellulose [58]. The amounts of
other cell wall polysaccharides were similar between the two species (Table P1-3).

Starch, a (1,4)-a-glucan, was removed from the biomass samples prior to linkage
analysis to reduce interference with cellulose quantification. Starch was measured
separately using a commercial assay at 1-6% w/w (Table P1-2). The polysaccharide
(1,3;1,4)-B-glucan was not detected by enzymatic assays or by linkage analysis.

The total lignin content of the leaves was 9.3-12.7% wi/w (Table P1-2). Compared
with other biofuel feedstock crops such as corn, sugarcane and poplar, which all have
lignin contents >17% w/w (Table P1-2), Agave is considered a low lignin feedstock.
Lignin is a non-sugar aromatic polymer that binds strongly to cell wall polysaccharides via
covalent and non-covalent linkages. This barrier limits enzyme binding sites on the
polymers and reduces the rate and efficiency of hydrolysis [59]. Alternatively, lignin can
be acid-soluble. High levels of soluble lignin in the hydrolyzate can be an inhibitor to both
yeast and bacteria, reducing the yield of ethanol produced [60]. In Agave, 28-43% of the
total lignin was acid-soluble (Table P1-2). Acid-soluble lignin has been shown to be
predominantly composed of syringyl lignin and, to a lesser degree, secondary hydrophilic

compounds [61].
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Cellulose undergoes 40% saccharification without pre-treatments

The predominant polysaccharide identified in both species of Agave using linkage
analysis was cellulose (Table P1-3). Due to its recalcitrance, cellulose quantification after
hydrolysis with sulphuric acid can be an underestimate [62]. As a result, a method
optimized for the isolation and measurement of cellulose was employed [30]. The amount
of cellulose in whole tissue was slightly lower in A. americana (15.7% w/w) than in A.
tequilana (16.5% w/w).

Cellulose is embedded in muro within a complex matrix of non-cellulosic
polysaccharides, lignin and proteins. Saccharification tests were thus performed on the
heterogeneous alcohol insoluble residue (removing all free glucose from the matrix) on
identical cellulose loadings rather than on purified cellulose. The liberation of glucose was
monitored over 48 h of enzymatic digestion using a cellulase cocktail. The extent of
saccharification was similar for both species (40-35%) but slightly higher for A.
americana (Figure P1-7). The efficiency of cellulose breakdown and therefore the total
ethanol yield from Agave may be increased if the biomass is further processed using pre-

treatments, thus loosening the bonds within and between cellulose chains.

Analysis of leaf juice and fiber fractions

Agave leaf juice is rich in fructans

The total moisture content of whole Agave leaves is upwards of 89% (Figure P1-2).
Pressing released 69% of the fresh weight as a sugar-rich juice that was analyzed for
glucose, fructose and sucrose content. The amounts of these directly fermentable sugars
were also measured in A. tequilana stem juice, which is commonly used for tequila
production. A. americana leaves and A. tequilana stems had similar amounts of free sugars

in the juice (38-39 g/L), with a lower level detected in A. tequilana leaves (Figure P1-8a).
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Glucose was the most abundant sugar in all three samples although stem juice had a similar
amount of sucrose. Additional, unidentified oligosaccharides were also detected in the raw
juice samples (Figure P1-8b), indicating that these monosaccharide values were likely to
be an underrepresentation of the total sugar content.

Two methods were used to hydrolyze the unidentified oligosaccharides into
monosaccharides: 1) a non-specific acid hydrolysis using trifluoroacetic acid (TFA); and 2)
specific enzymatic cleavage of fructans by a broad specificity fructanase. This fructanase
exhibits both exo-inulinase activity, which degrades sucrose and kestose (glucose-fructose-
fructose), and endo-inulinase activity, which liberates fructose from the non-reducing ends
of long-chain fructans. Both TFA (Figure P1-8c) and fructanase (Figure P1-8d) cleaved the
unidentified oligosaccharides completely into glucose and fructose, confirming that these
oligosaccharides were fructans.

The total concentration of fermentable hexose sugars after hydrolysis in leaf
samples was 41-48 g/L and increased to 104 g/L in A. tequilana stem juice. Fructose
accounted for 68% of the stem monosaccharides, comparable to previous studies that
found 60% of the total soluble sugars in A. tequilana stem to be fructans [10]. Galactose
and galacturonic acid were detected in hydrolyzed juice samples at less than 0.5 g/L.

Inorganic elements in leaf juice that may affect fermentation were measured and
compared with the inorganic content of whole leaf (Table P1-S2). The concentration of
inorganic elements in A. tequilana juice was twice as high as in A. americana juice,
although whole A. americana leaves had 20% more inorganic elements than A. tequilana
leaves. High levels of calcium were observed in both species, particularly A. americana
whole leaves, which may be attributed to inorganic calcium oxalate crystals detected in the
tissue (Figure P1-5). Calcium levels in A. tequilana juice and whole leaves were similar to
each other, but much higher than A. americana juice and much lower than A. americana

whole leaf. It is possible that the difference in calcium detected between the two Agave
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species is an artefact of the shredding processes or different growing conditions for the two

species.

Agave fibers are predominantly crystalline cellulose

With increasing reliance on synthetic fibers to meet consumer demands, production
and markets for Agave fibers has been on the decline [14]. In recent years research has
begun to investigate Agave fibers for emerging markets such as use in thermoplastics
[63,64]. However, limited information is available regarding the composition of this waste
material.

Crystalline cellulose comprised just under half (47-50% wi/w) of the dry weight of
fiber-enriched leaf fractions (Table P1-4), lower than the 68.4% w/w previously reported
for crystalline cellulose in A. americana fibers [65]. The total cellulose in fibers of A.
lechuguilla and A. fourcroydes, species specifically grown for their fibers, accounted for
~80% w/w of dry fiber weight, with the remainder composed mainly of lignin [66].

Non-cellulosic polysaccharides accounted for 22.4% and 15.8% of the dry weight
of A. americana and A. tequilana leaves, respectively. These values are consistent with the
values reported in the literature suggesting that A. tequilana fibers contain 17% w/w non-
cellulosic polysaccharides [67]. Xylose and glucose were the most abundant
monosaccharides detected in the fibers after hydrolysis in 1M sulfuric acid, agreeing with
linkage analysis that detected heteroxylans and xyloglucan in insoluble leaf fractions. In
addition, similar to other studies [67] about ~30% of the fiber mass for both species was
unaccounted for which may be attributed to unidentified or unhydrolyzed carbohydrates,

lignin, inorganic compounds and protein.

Fermentation of Agave juice

A. tequilana leaf juice was used as a substrate to investigate fermentation efficiency

using two different strains of Saccharomyces cerevisiae. A. tequilana juice was autoclaved
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to minimize microbial contamination from native organisms and inoculated with one yeast
strain. Sugar content of the starting juice was 41.4 g/L of total sugars and 30.0 g/L of
readily fermentable WSC. After 96 h, both strains produced ethanol concentrations of 11—
14 g/L (Table P1-5). Up to 90% of the monomers were fermented, which represent only
54-66% of the total sugars. Sugars in the Agave leaf juice, predominantly the fructans, are
therefore being underutilized by these yeast strains.

Historically, Saccharomyces cerevisiae is the most readily studied and utilized
yeast for alcoholic fermentation assays [68] and can efficiently convert sucrose, glucose
and fructose [69]; the main sugars in Agave leaf juice. However, alternative
microorganisms may be more efficient at fermenting Agave juice sugars. For example,
microorganisms such Kluyveromyces marxianus and Torulaspora delbrueckii, isolated
from fermenting mezcal (a distilled alcohol made from Agave), express enzymes that
hydrolyze fructooligosaccharides [70]. Activation of fructanase enzymes was induced by
Ca®*, which is present in significant amounts in the leaves and juice of both A. americana
and A. tequilana (Table P1-S2) [71]. In addition, using organisms such as Escherichia coli
that can catabolise galacturonic acid may be a sensible choice for Agave if the pectic
sugars in leaf tissue are to be fermented [72]. The use of readily studied S. cerevisae strains
should thus be considered a benchmark by which to judge other organisms since it may not
be optimal for Agave. Careful selection of fermenting organisms may obviate the need for
expensive pre-treatment processes or use of additional enzymes, which would increase the

return on investment of using Agave spp. for biofuel production.

Agave ethanol yields rival current biofuel feedstocks

Ethanol yields from three different Agave substrates were modelled: 1) the dry
mass of the entire Agave plant based on leaf sugar composition, thereby underestimating

sugar content because the additional sugar in the stem is not accounted for; 2) waste A.
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tequilana leaves from tequila production, and 3) juice from A. tequilana and A. americana
leaves (Table P1-6). Theoretical ethanol yields were calculated using standard conversion
assumptions [73].

The theoretical ethanol yield values for the whole leaf sugars of A. americana and
A. tequilana were 437 L/t and 401 L/t, respectively. These values are comparable to
estimates for other lignocellulosic biofuel feedstocks such as corn stover, sugarcane and
switchgrass (Table P1-6). However, Agave plants may out-perform current biofuel
feedstock crops in terms of productivity per hectare. Whole A. tequilana plants were
predicted to yield 4000-13600 L/ha/yr and A. americana plants were predicted to yield
4400-14800 L/ha/yr. At the low end, these values exceed theoretical yields from first-
generation feedstocks such as corn, wheat (Triticum aestivum) and sugarcane and at the
high end, they double the yields of more recently investigated second generation
feedstocks such as poplar and sorghum. The current values are consistent with those
reported previously in the literature, which estimated that ethanol yields for Agave spp.
may range from 3000—12000 L/ha/yr [18,20].

Waste A. tequilana leaves could generate 2300—-7900 L/ha/yr and increase the value
of existing Agave industries. However, since the majority of the mass of Agave plants is
water, it may be more economically viable to directly separate and ferment the sugar-rich
juice, which could yield 690—-4000 L/ha/yr (Table P1-6). Even using a generic S. cerevisiae
strain unadapted to Agave substrates, yields of up to 1500 L/ha/yr from A. tequilana leaf
juice and 2600 L/ha/yr from A. americana leaf juice could be obtained (assuming a
fermentation conversion of 66% for both substrates; Table P1-5). More efficient
fermenting organisms may increase the value of using Agave juice as a biofuel feedstock in

terms of yield and revenue returns.
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It is worth noting that Agave cultivation systems have not yet been optimized to
produce sugar for biofuel and biochemical industries. Information about agronomical
practices, such as planting density or the optimal age to harvest the plants, is limited. If the
plants are harvested at 2—3 years of age rather than the traditional 8—12 years of age, plant
spacing could be reduced further, increasing density per hectare. In addition, further
information about microorganisms that are naturally found within Agave may be beneficial
for the industries that grow and commercialize these plants. In a biofuel context, it may be
useful to isolate and characterise organisms that naturally grow on Agave, as they
presumably utilize sugars such as fructans efficiently and are tolerant to a range of
environmental conditions. The isolation and use of microorganisms found on or within
biomass for the conversion of carbohydrates to biofuel is not novel; grape marc, an agro-
industrial waste material, has been found to be a rich source of robust organisms that are
economically and productively favourable for second generation bioethanol conversion
[79]. Further research is required to identify the microorganisms associated with the Agave

microbiome.

Conclusion

The leaf tissues of A. americana and A. tequilana species contain 56—60% (dry
weight) of potentially fermentable sugars, over half of which are present in a soluble
fraction. These same tissues also contain relatively low amounts of lignin. Ethanol yields
(ha/yr) that could be generated from Agave leaves and whole plants rival those of the most
successful biofuel feedstock crops such as switchgrass and poplar. Agave differs from most
common feedstocks in its high moisture content, but nearly 70% of plant mass can be
extracted with simple mechanical pressing to release a sugar-rich juice. Crushing and
fermenting the juice on site without any pre-treatment can produce competitive ethanol

yields, with room for improvement by judicious selection of fermenting organisms, and by-
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products may be produced from the crystalline cellulose enriched bagasse waste. The
comprehensive compositional data for Agave leaves and fermentation trials reported herein
will be instrumental in the development of agronomic, saccharification and fermentation

methods for converting Agave raw material into biofuel or biochemical products.

Acknowledgements

Thanks to Teresa Fowles at Waite Analytical Services for assistance with elemental
and nitrogen measurements. We are grateful to Joanna Sundstrom, Vladimir Jiranek and
Paul Grbin (University of Adelaide) for assisting with the fermentation experiments and
providing access to their lab facilities. Thanks to Tyson Chambers and Stephanie
Chambers for assistance with sample collection. We would like to also thank Dr. Andrew

Milligan, Bio Innovation SA, for project support.

References

1. Thompson B, Moon TS and Nielsen DR. ‘Hybrid’ processing strategies for expanding
and improving the synthesis of renewable bioproducts. Curr Opin Biotechnol. 2014; 30:
17-23.

2. Hill J, Nelson E, Tilman D, Polasky S and Tiffany D. Environmental, economic, and
energetic costs and benefits of biodiesel and ethanol biofuels. Proc Natl Acad Sci. 2006;
103: 11206-11210.

3. Tilman D, Hill J and Lehman C. Carbon-negative biofuels from low-input high-diversity
grassland biomass. Science. 2006; 314: 1598-1600.

4. Byrt CS, Grof CPL and Furbank RT. C4 Plants as biofuel feedstocks: Optimising
biomass production and feedstock quality from a lignocellulosic perspective. J Integr Plant
Biol. 2011; 53: 120-135.

5. United States Department of Energy: Energy Efficiency and Renewable Energy.
Biomass feedstock composition and property database. 2013; 10. Available:
http://www.afdc.energy.gov/biomass/progs/searchl.cgi.

6. Nobel PS. Environmental biology of Agaves and Cacti. Cambridge: Cambridge
University Press; 1988.

7. Cedeiio MC. Tequila production. Crit Rev Biotechnol. 1995; 15: 1-11.

8. Nobel PS and Valenzuela AG. Environmental responses and productivity of the CAM
plant, Agave tequilana. Agr Forest Meteorol. 1987; 39: 319-334.

9. Borland AM, Griffiths H, Hartwell J and Smith JAC. Exploiting the potential of plants
with crassulacean acid metabolism for bioenergy production on marginal lands. J Exp Bot.
2009; 60: 2879-2896.

52


http://www.afdc.energy.gov/biomass/progs/search1.cgi

10. Mancilla-Margalli NA and Lépez MG. Water-soluble carbohydrates and fructan
structure patterns from Agave and Dasylirion species. J Agric Food Chem. 2006; 54: 7832-
7839.

11. Nobel PS and Meyer SE. Field productivity of a CAM plant, Agave salmiana,
estimated using daily acidity changes under various environmental conditions. Physiol
Plant. 1985; 65: 397-404.

12. Davis SC, Dohleman FG and Long SP. The global potential for Agave as a biofuel
feedstock. GCB Bioenergy. 2011; 3: 68-78.

13. Davis SC, Griffiths H, Holtum J, Saavedra AL and Long SP. The evaluation of
feedstocks in GCBB continues with a special Issue on Agave for bioenergy. GCB
Bioenergy. 2011; 3: 1-3.

14. Escamilla-Trevifio LL. Potential of plants from the genus Agave as bioenergy crops.
BioEnergy Res. 2012; 5: 1-9.

15. Holtum J and Chambers D. Feasibility of Agave as a feedstock for biofuel production
in Australia. Rural Industry Research and Development Corporation, Canberra, Australia.
RIRDC Publication (10/104). 2010

16. Holtum J, Chambers D, Morgan T and Tan DKY. Agave as a biofuel feedstock in
Australia. GCB Bioenergy. 2011; 3: 58-67.

17. Owen NA and Griffiths H. Marginal land bioethanol yield potential of four
crassulacean acid metabolism candidates (Agave fourcroydes, Agave salmiana, Agave
tequilana and Opuntia ficus-indica) in Australia. GCB Bioenergy. 2013 Sept 12.

doi: 10.1111/gcbb.12094

18. Somerville C, Youngs H, Taylor C, Davis SC and Long SP. Feedstocks for
lignocellulosic biofuels. Science. 2010; 329: 790-792.

19. Tiiguez-Covarrubias G, Diaz-Teres R, Sanjuan-Duefias R, Anzaldo-Hernandez J and
Rowell RM. Utilization of by-products from the tequila industry. Part 2: potential value of
Agave tequilana Weber azul leaves. Bioresour Technol. 2001; 77: 101-108.

20. Li H, Foston MB, Kumar R, Samuel R, Gao X, Hu F, et al. Chemical composition and
characterization of cellulose for Agave as a fast-growing, drought-tolerant biofuels
feedstock. RSC Adv. 2012; 2: 4951-4958.

21. Hames B, Scarlata C and Sluiter A. Determination of protein content in biomass.
Technical Report: National Renewable Energy Laboratory. 2008; NREL/TP-510-42625.
22. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J and Templeton D. Determination of
ash in biomass. Technical Report: National Renewable Energy Laboratory. 2005;
NREL/TP-510-42622.

23. Sluiter A, Ruiz R, Scarlata C, Sluiter J and Templeton D. Determination of extractives
in biomass. Technical Report: National Renewable Energy Laboratory. 2005; NREL/TP-
510-426109.

24. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al. Determination of
structural carbohydrates and lignin in biomass. Technical Report: National Renewable
Energy Laboratory. 2008; NREL/TP-510-42618.

25. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J and Templeton D. Determination of
sugars, byproducts, and degradation products in liquid fraction process samples. Technical
Report: National Renewable Energy Laboratory. 2006; NREL/TP-510-42623.

26. Ehrman T. Determination of acid-soluble lignin in biomass. Chemical Analaysis and
Testing Task Laboratory Analytical Procedure: National Renewable Energy Laboratory.
1996; 4.

27. Almeida JRM, Modig T, Petersson A, Hahn-Hégerdal B, Lidén G, et al. Increased
tolerance and conversion of inhibitors in lignocellulosic hydrolysates by Saccharomyces
cerevisiae. J Chem Technol Biotechnol. 2007; 82: 340-349.

53



28. Selvendran RR, March JF and Ring SG. Determination of aldoses and uronic acid
content of vegetable fiber. Anal Biochem. 1979; 96: 282-292.

29. Comino P, Shelat K, Collins H, Lahnstein J and Gidley MJ. Separation and purification
of soluble polymers and cell wall fractions from wheat, rye and hull less barley endosperm
flours for structure-nutrition studies. J Agric Food Chem. 2013; 61: 12111-12122.

30. Burton RA, Gibeaut DM, Bacic A, Findlay K, Roberts K, Hamilton A, et al. Virus-
induced silencing of a plant cellulose synthase gene. Plant Cell. 2000; 12: 691-705.

31. Wheal MS, Fowles TO and Palmer LT. A cost-effective acid digestion method using
closed polypropylene tubes for inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis of plant essential elements. Analytical Methods. 2011; 3: 2854-2863.
32. Santos JDG, Espeleta AF, Branco A and de Assis SA. Aqueous extraction of pectin
from sisal waste. Carbohydr Polym. 2013; 92: 1997-2001.

33. Liccioli T, Tran TT, Cozzolino D, Jiranek V, Chambers P and Schmidt S.
Microvinification—how small can we go? Appl Microbiol Biotechnol. 2011; 89: 1621-
1628.

34. Pettolino FA, Walsh C, Fincher GB and Bacic A. Determining the polysaccharide
composition of plant cell walls. Nature Protocols. 2012; 7: 1590-1607.

35. Adney B and Baker J. Measurement of cellulase activities. Technical Report: National
Renewable Energy Laboratory. 1996; NREL/TP-510-42628.

36. Reiter W-D, Chapple CCS and Somerville CR. Altered growth and cell walls in a
fucose-deficient mutant of Arabidopsis. Science. 1993; 261: 1032-1035.

37. Harris D, Stork J and Debolt S. Genetic modification in cellulose-synthase reduces
crystallinity and improves biochemical conversion to fermentable sugar. GCB Bioenergy.
2009; 1: 51-61.

38. Selig M, Weiss N and Ji Y. Enzymatic saccharification of lignocellulosic biomass.
Technical Report: National Renewable Energy Laboratory. 2008; NREL/TP-510-42629.
39. Burton RA, Collins HM, Kibble NAJ, Smith JA, Shirley NJ, Jobling SA, et al. Over-
expression of specific HvVCsIF cellulose synthase-like genes in transgenic barley increases
the levels of cell wall (1,3;1,4)-B-D-glucans and alters their fine structure. Plant Biotech J.
2011;9: 117-135.

40. Wilson S, Burton R, Doblin M, Stone B, Newbigin E, Fincher G, et al. Temporal and
spatial appearance of wall polysaccharides during cellularization of barley (Hordeum
vulgare) endosperm. Planta. 2006; 224: 655-667.

41. Aurion Immunogold Reagents & Accessories. Specific localisation methods. 2013; 3.
Available:
http://bioimaging.dbi.udel.edu/sites/bioimaging.dbi.udel.edu/files/manuals/Aurion%20Im
munogold%20Labeling%20Protocols.pdf

42. McCartney L, Marcus SE and Knox JP. Monoclonal antibodies to plant cell wall
xylans and arabinoxylans. J Histochem Cytochem. 2005; 53: 543-546.

43. Pettolino FA, Hoogenraad NJ, Ferguson C, Bacic A, Johnson E and Stone BA. A (1—
4)-B-mannan-specific monoclonal antibody and its use in the immunocytochemical
location of galactomannans. Planta. 2001; 214: 235-242.

44. Verhertbruggen Y, Marcus SE, Haeger A, Ordaz-Ortiz JJ and Knox JP. An extended
set of monoclonal antibodies to pectic homogalacturonan. Carbohydr Res. 2009; 344
1858-1862.

45. Smith JAC, Schulte PJ and Nobel PS. Water flow and water storage in Agave deserti:
osmotic implications of crassulacean acid metabolism. Plant Cell Environ. 1987; 10: 639-
648.

46. Riiggeberg M, Speck T, Paris O, Lapierre C, Pollet B, Koch G, et al. Stiffness gradients
in vascular bundles of the palm Washingtonia robusta. Proc Biol Sci. 2008; 275: 2221-
2229.

54



47. Franceschi V and Horner H. Calcium oxalate crystals in plants. Bot Rev. 1980; 46:
361-427.

48. Gharieb MM and Gadd GM. Influence of nitrogen source on the solubilization of
natural gypsum (CaSQO,. 2H,0) and the formation of calcium oxalate by different oxalic
and citric acid-producing fungi. Mycol Res. 1999; 103: 473-481.

49. Arnott HJ. Plant calcification. In: Zipkin I, editor. Biological mineralization. John
Wiley and Sons, New York. 1973. pp.609-627.

50. Wattendorff J. Ultrastructure of the suberized styloid crystal cells in Agave leaves.
Planta. 1976; 128: 163-165.

51. Adler PR, Sanderson MA, Boateng AA, Weimer PJ and Jung H-JG. Biomass Yield and
biofuel quality of switchgrass harvested in fall or spring. Agron J. 2006; 98: 1518-1525.
52. Sun XZ, Hoskin SO, Muetzel S, Molano G and Clark H. Effects of forage chicory
(Cichorium intybus) and perennial ryegrass (Lolium perenne) on methane emissions in
vitro and from sheep. Anim Feed Sci Tech. 2011; 166-167: 391-397.

53. Whistler Roy L. Solubility of polysaccharides and their behavior in solution. In: Isbell
HS, editor. Carbohydates in Solution. American Chemical Society, Washington DC; 1973.
pp. 242-255.

54. Xiao C and Anderson CT. Roles of pectin in biomass yield and processing for biofuels.
Front Plant Sci. 2013; 4.

55. Gille S and Pauly M. O-acetylation of plant cell wall polysaccharides. Front Plant Sci.
2012; 3: 12.

56. van Zyl C, Prior BA and du Preez JC. Acetic acid inhibition of D-xylose fermentation
by Pichia stipitis. Enzyme MicrobTechnol. 1991; 13: 82-86.

57. Huber GW, Iborra S, Corma A. Synthesis of tranporation fuels from biomass:
Chemistry, catalysts, and engineering. Chem Rev. 2006; 106:4044-4098.

58. Kabel MA, van den Borne H, Vincken J-P, Voragen AGJ and Schols HA. Structural
differences of xylans affect their interaction with cellulose. Carbohydr Polym. 2007; 69:
94-105.

59. Alvira P, Tomés-Pej6 E, Ballesteros M, Negro MJ. Pretreatment technologies for an
efficient bioethanol production process based on enzymatic hydrolysis: A review.
Bioresour Technol. 2010; 101: 4851-4861.

60. Nigam JN. Ethanol production from wheat straw hemicellulose hydrolysate by Pichia
stipitis. J Biotechnol. 2001; 87: 17-27.

61. Yasuda S, Fukushima K and Kakehi A. Formation and chemical structures of acid-
soluble lignin I: sulfuric acid treatment time and acid-soluble lignin content of hardwood. J
Wood Sci. 2001; 47: 69-72.

62. Bauer S and Ibafiez AB. Rapid determination of cellulose. Biotechnol Bioeng. 2014;
111: 2355-2357.

63. Lopez-Bafiuelos RH, Moscoso FJ, Ortega-Gudifio P, Mendizabal E, Rodrigue D and
Gonzélez-Nufiez R. Rotational molding of polyethylene composites based on Agave fibers.
Polym Eng Sci. 2012; 52: 2489-2497.

64. Singha A and Rana RK. Preparation and properties of Agave fiber-reinforced
polystyrene composites. J Thermoplast Compos Mater. 2013; 26: 513-526.

65. Mylsamy K and Rajendran I. Investigation on physio-chemical and mechanical
properties of raw and alkali-treated Agave americana fiber. J Reinf Plast Comp. 2010; 29:
2925-2935.

66. Vieira MC, Heinze T, Antonio-Cruz R and Mendoza-Martinez AM. Cellulose
derivatives from cellulosic material isolated from Agave lechuguilla and fourcroydes.
Cellulose. 2002; 9: 203-212.

55



67. Kelley SS, Rowell RM, Davis M, Jurich CK and Ibach R. Rapid analysis of the
chemical composition of agricultural fibers using near infrared spectroscopy and pyrolysis
molecular beam mass spectrometry. Biomass Bioenergy. 2004; 27: 77-88.

68. Lin Y and Tanaka S. Ethanol fermentation from biomass resources: current state and
prospects. Appl Microbiol Biotechnol. 2006; 69: 627-642.

69. Meneses FJ, Henschke PA and Jiranek V. A survey of industrial strains of
Saccharomyces cerevisiae reveals numerous altered patterns of maltose and sucrose
utilisation. J Inst Brew. 2002; 108: 310-321.

70. Arrizon J, Morel S, Gschaedler A and Monsan P. Fructanase and fructosyltransferase
activity of non-Saccharomyces yeasts isolated from fermenting musts of Mezcal. Bioresour
Technol. 2012; 110: 560-565.

71. Arrizon J, Morel S, Gschaedler A and Monsan P. Purification and substrate
specificities of a fructanase from Kluyveromyces marxianus isolated from the fermentation
process of Mezcal. Bioresour Technol. 2011; 102: 3298-3303.

72. Richard P and Hilditch S. D-galacturonic acid catabolism in microorganisms and its
biotechnological relevance. Appl Microbiol Biotechnol. 2009; 82: 597-604.

73. U.S. Department of Energy Efficiency and & Renewable Energy. Theoretical ethanol
yield calculator. 2003. Available:
http://lwww1.eere.energy.gov/bioenergy/ethanol_yield_calculator.html.

74. Manitoba Agriculture, Food and Rural Development. Guidelines for estimating wheat
straw biomass production costs 2014. 2014;1. Available:
http://www.gov.mb.ca/agriculture/business-and-economics/financial-
management/pubs/cop_agrienergy_wheatstrawbiomassaverageresidue.pdf

75. Smith GA, Bagby MO, Lewellan RT, Doney DL, Moore PH, Hills FJ, et al. Evaluation
of sweet sorghum for fermentable sugar production potential. Crop Sci. 1987; 27: 788-793.
76. Zhao YL, Dolat A, Steinberger Y, Wang X, Osman A and Xie GH. Biomass yield and
changes in chemical composition of sweet sorghum cultivars grown for biofuel. Field
Crops Res. 2009; 111: 55-64.

77. McLaughlin SB and Kszos LA. Development of switchgrass (Panicum virgatum) as a
bioenergy feedstock in the United States. Biomass Bioenergy. 2005; 28: 515-535.

78. Schmer MR, Vogel KP, Mitchell RB and Perrin RK. Net energy of cellulosic ethanol
from switchgrass. Proc Natl Acad Sci. 2008; 105: 464-469.

79. Favaro L, Basaglia M, Trento A, Van Rensburg E, Garcia-Aparicio M, Van Zyl WH, et
al. Exploring grape marc as trove for new thermotolerant and inhibitor-tolerant
Saccharomyces cerevisiae strains for second-generation bioethanol production. Biotechnol
Biofuels. 2013; 6: 168.

56



Material

Analysis

Acetic nitric reagent

Measured component

Gas chromatography

Whole dry leaf

Extract supernatant

Burn at 500°C

Industry-standard kit

HPLC

with water

A4

Extract with

ethanol supernatant

Ethanol precipitation

1M H,50,, HPLC

IM H,50, HPLC

\4

Burn at 500°C

Dried extracted leaf

HPLC
tant
13.5M H,50, j—upermatant | HPLC
LAP-004
v
Burn at 500°C
(ash correct) ‘L

Acid-insoluble lignin

Crystalline cellulose
Protein, elements
Ash

Fructan, starch, B-glucan
Glucose, sucrose, fructose
Pectin-enriched polysaccharides

Monosaccharides

Monosaccharides

Ash
Monosaccharides (recovery adjusted)
Acetate groups

Acid-soluble lignin

Figure P1-1 Flowchart outlining the steps taken to process and analyze

Agave leaves
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Figure P1-2 Agave processing and moisture content

Whole leaves were crushed, producing juice and wet bagasse fractions (a).

These fractions were dried separately to calculate moisture content. Data is

presented as percentage of fresh (wet) starting mass (% w/w). The values

shown in gray are used to calculate total moisture content. The distribution of

leaf fresh mass (% w/w) in A. americana and A. tequilana (b).
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Figure P1-3 Different fractions of Agave material

Two year old A. tequilana plants in Australia (a). Partially dried leaves
reduced to smaller particle sizes using a ball mill (b). Juice extracted from
leaves using an experimental shredder (c). Dried fibers after extraction from

wet bagasse (d).
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Figure P1-4 Agave leaf morphology

Transverse section of A. tequilana leaf stained with toluidine blue (a).
Crystals are situated at the junction between some parenchyma cells within
the tissue and at the site of stomata at the epidermis. Vascular bundles and
fibers in A. tequilana (b) and A. americana leaf (c) stained with basic fuchsin.
Sclerenchymatous fiber cap (sfc); bundle sheath (bs); parenchyma cells (pc);
guard cells (gc); cubic shaped crystals (csc); rod shaped crystals (rsc);

vascular bundle (vb).
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Figure P1-5 Agave tissue has pectinaceous crystal clusters localized at cell

junctions

Transmission electron microscopy (TEM) image of crystals between junctions
of cells (a). Labeling of methyl-esterified homogalacturonan (pectin) with

LM20, was identified in outer sheath of the crystals (b).
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Figure P1-6 Cell wall polysaccharides detected by immunolabelling and

transmission electron microscopy

Xylem tissue labeled with LM19, an antibody for partially methyl-esterified
homogalacturonan (a-b) (pectin, [44]). Parenchyma cells labeled with LM20,
an antibody for methyl-esterified homogalacturonans (c-d) [44]. Phloem
tissue labeled with LM11 indicating the presence of arabinoxylan [42] (e-f).
Leaf inner epidermal cells labeled with an antibody for (1—4)-f-mannan

indicating the presence of mannan (g-h) [43]. Scale bars = 1um.
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Figure P1-7 Cellulose, the most predominant polymer in Agave leaf tissue

is degraded by cellulases

Liberation of the monomer glucose in the alcohol insoluble residue of A.
americana (AA) and A. tequilana (AT) was measured over 48 h. The rate of
saccharification is expressed as a percentage of cellulose converted into

glucose (n=3).
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Tvoe of iuice Fructose Glucose Sucrose Total
Tissue ype ot (/L) (/L) (/L) (g/L)
Raw 13.0+1.3 227+33 33£0.7 39.0
A. americana leaves
Treated 20.8+4.0 26.9x4.7 - 47.7
Raw 10,0+ 0.4 17.7+0.2 23+0.1 30.0
A. tequilana leaves
Treated 202+ 1.6 209+29 - 41.1
Raw 9.4+0.6 15.1+04 14.2+0.1 38.7
A. tequilana stem
Treated 71.2+£5.6 32.8+2.1 - 104
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Sucrose
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Figure P1-8 Quantification of juice sugars from A. americana leaves and

A. tequilana leaves and stem

The amount of glucose, fructose and sucrose present in both raw and TFA-
treated juice samples (a). Data are presented as g/L. Additional peaks for
which there are no known standards were detected in the chromatograms of
raw juice (b). A. tequilana stem juice is used as a representative of all three,
very similar, chromatograms for the raw and treated samples. Chromatogram
of TFA-treated A. tequilana stem juice (c). Chromatogram of fructanase-

treated A. tequilana stem juice (d).
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Table P1-1 Comparison of potential biofuel feedstocks

Non-cellulosic

Species Common Tissue Cellulose olysaccharides Lignin
P name (% wiw) poly (% wiw)
(% wiw)
Zea mays Corn Stover without cobs | 31-38 19-25 17-21
Trltl_cum Wheat Whole plant 33 23 17
aestivum
Sac;:ggrum Sugarcane Bagasse 32-43 12-26 23-28
So_rghum Sorghum Whole plant 23 14 11
bicolor
Panicum g ischgrass| ~ Whole plant 30-35 2428 17-20
virgatum
Populus Hybrid Whole tree without 41-43 17-20 2428
spp. poplar leaves
Agave Agave Whole_ re3|due_from 31 17 17
spp. tequila brewing

Cellulose is the major source of glucose in feedstocks. Non-cellulosic

polysaccharides contribute some fermentable hexose (glucose and galactose)

and pentose (xylose and arabinose) sugars. Lignin is considered an inhibitory

compound in cell wall degradation and fermentation. Data are presented as

percentage of dry weight (% w/w). Data may be accessed through the United

States Department of Energy, Energy Efficiency & Renewable Energy,

Biomass Feedstock Composition and Property Database, 2013 [5].
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Table P1-2 Composition of A. americana and A. tequilana leaves

A. americana A. tequilana
(% wiw) (% wiw)
Soluble extracts 555+29 458+2.5
*WSC 29.1+5.9 153+£3.0
Glucose 135+ 3.6 4.6+0.8
Fructose 78+14 2.8+0.6
Fructan 3.4+£25 49+25
Sucrose 44+05 3.0x11
*Polysaccharides 40+0.2 126+1.1
Hydrolyzed monosaccharides 22%0.3 2.4+0.2
Ethanol-insoluble (pectin-enriched) 18+04 102+1.1
*Ethanol-soluble monosaccharides 6.0+ 1.6 1.3+£0.2
Ash (non-structural inorganics) 6.4+14 151+1.6
Other 10.0 1.5
Insoluble components 445+29 54125
*Monosaccharides 21.3+1.7 26.1 £ 3.6
Glucose 120+1.38 164 +2.3
Starch 57x14 1.4+0.3
Xylose 2907 44+0.7
Galacturonic acid 28%0.2 3.1+0.7
Galactose 2.7x0.6 1.4+£0.1
Arabinose 09+0.1 0.8x0.1
Lignin 8.3+£0.9 127+1.1
Acid-insoluble 43+1.0 91+14
Acid-soluble 40+0.7 3.6x0.3
Protein 6.2+2.0 58+0.7
Acetate groups 1.0+£0.2 0.7+£0.2
Ash (structural inorganics) 21+10 55+1.1
Other 5.6 3.3

The soluble extracts and insoluble residue,

comprising  structural

carbohydrates and other cell wall components, were quantified (n=6). Data

are presented as percentage of dry weight (% w/w). * indicates the values

used to calculate total sugar content: 60.4% w/w for A. americana and 55.3%

w/w for A. tequilana. Italics indicate values derived from calculation rather
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than direct measurement. Components of ‘Other’ (otherwise unaccounted for
mass) are likely to be lipids, waxes and organic acids in the soluble fraction or

unhydrolyzed crystalline cellulose and pectin in the insoluble fraction.
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Table P1-3 Polysaccharides detected by linkage analysis in Agave leaf

Polysaccharide A. americana A. tequilana
(mol %) (mol %)

Arabinan 5.5 4.7
Type | arabinogalactan 7.4 2.3
Type Il arabinogalactan 24 1.5
Arabinoxylan 13.4 16.4
Cellulose 31.9 45.3
Heteromannan 6.6 6.0
Homogalacturonan 17.6 6.5
Rhamnogalactan I/11 0.7 0.3
Xyloglucan 10.6 12.7
Unassigned 3.9 4.3
Total 100.0 100.0

Polysaccharides detected in alcohol-insoluble residues (AIR) of A. americana
and A. tequilana leaves (n=3). Data are presented as relative percent molarity
(mol %). Individual linkages were classified as described in Table P1-S1.
Unassigned linkages include the linkages measured where the polysaccharide

of origin was not clear.
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Table P1-4 Carbohydrates in fiber-enriched fractions from Agave leaves

Component A. americana A. tequilana
(% wiw) (% wiw)
Crystalline cellulose 472+23 495+1.9
Non-cellulosic polysaccharides 22.4+£0.8 158+1.3
Arabinose 06+0.1 0.3+0.1
Glucose 86+0.3 2.7+0.6
Xylose 9409 114+1.0
Other monosaccharides® 38+0.1 1.4+0.1

Data are presented as a percentage of dry weight (% w/w). ~Includes

mannose, rhamnose, glucuronic acid, galacturonic acid and galactose.
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Table P1-5 Fermentation of Agave tequilana juice using Saccharomyces

cerevisiae
Ethanol yield (96 hr)
S. cerevisiae Yield Conversion Conversion
strain (g/L) (% of total sugars) (% of monomers)
139 114+ 0.6 54% 74%
636 13.8+0.5 66% 90%

Two strains of S. cerevisiae were used to ferment untreated Agave leaf juice

with a starting sugar concentration of 41.4 g/ L and WSC concentration of

30.0 g/L. Conversion efficiencies are based on a maximum conversion rate of

sugar to ethanol of 51.1% wi/w.
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Table P1-6 Theoretical ethanol yields for lignocellulosic feedstocks

Biomass Source of sugars Ethanol yield Productivity Ethanol yield
g (L) (t/halyr) (L/halyr)
Corn Stover without cobs 362-456" el 1086—1369
Wheat Straw 406" 2.6!%) 1055
Sugarcane Bagasse 318-500" 100 3179-4996
Sorghum Whole plant 268" 24-32.5!8687] 6430—8708
Switchgrass Whole plant 392-457" 5.2—2318889] 2036-10508
Poplar Whole tree, no leaves 419-456" 5-1108 2096-5011
Agave Whole residue 347" 10-3408 3474-11811
Whole plant,
A. americana | extrapolated from leaf 437 10-341] 436814851
sugar content
Whole plant,
A.tequilana | extrapolated from leaf 401 10-3408 4009-13636
sugar content
A. tequilana Whole leaf 401" 5.7-19" 2273-7728
leaves ’
A alme”cana Juice’ 34’ 34-115.7¢ 1165-3961
eaves
A tleq“"a”a Juice! 30 23.4-79.7¢ 691-2350
eaves

*Calculations were based on the compositional values listed in Table P1-1

[5]. "Calculations based on data obtained in this study. “Assumes that 56.7%

dry w/w of the whole 3 year old plants is leaf material [8]. TAssumes that

juice accounted for 69% of plant wet weight; A. americana leaf was 88.5%

w/w water; and A. tequilana leaf was 83.3% w/w water. * Tonnes of wet

weight rather than dry weight. Units for data are given in table headings.

Constants for ethanol calculations are consistent with the National Renewable

Energy Laboratory Theoretical Ethanol Yield Calculator [73]: 1.111 kg
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monomeric C6 sugar per 1 kg polymeric C6 polymer (glucan, fructan); 1.1363
kg monomeric C5 sugar per 1 kg polymeric C5 polymer (xylan, arabinan);
0.51 kg of ethanol produced from 1 kg of sugar; 0.7892 g/L relative density of

ethanol. Productivity per hectare is based on previous studies [18,74-78].
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Supporting Information

Table P1-S1 Monosaccharide linkage analysis data for Agave leaves (mol %)

) TR A.americana | A. tequilana (mol
Polysaccharide Derivative linkage (mol %) %)
Arabinan 1,5- Ara (f) 4.8+0.8 44+0.2
1,2,5- Ara (f) 0.7+£0.2 0.3+£0.2
Type | arabinogalactan 1,4-Gal (p) 6.5+2.1 2.3%+0.7
1,4,6-Gal (p) 09+05 0.0
Type Il arabinogalactan 1,6-Gal (p) 02+0.1 0200
1,3,6-Gal (p) 1.1+04 0.7+£0.3
t-Gal 1.1+0.2 07102
Glucuronarabinoxylan 1,4-Xyl (p) 99+23 11620
1,2,4-Xyl (p) 06+0.2 11+0.2
1,3,4-Xyl (p) 02+0.1 05+0.2
1,2,3,4-Xyl (p) 06+04 1.2+0.6
t-Ara 21+1.2 19+0.2
Cellulose 1,4-Glc(p) 31.9+21 453142
Heteromannan 1,4-Man (p) 3.3%+0.3 3.0+0.3
1,4-Glc (p) 3.3+04 3.0+£0.3
Homogalacturonan 1,4-Gal A (p) 168+1.1 59+19
t-Gal A (p) 09+04 06+0.1
Rhamnogalactan I/11 1,2,4-Rha (p) 0.7+0.3 0.3+0.0
Xyloglucan 1,4,6-Glc (p) 3.1+0.3 3.7+04
1,4-Glc (p) 31+2.1 37+42
1,2-Xyl (p 1.1+0.3 1.3+0.2
1,2-Gal (p) 0.7+£0.1 06+0.1
t-Fuc (p) 0.7+£05 09+0.3
t-Xyl (p) 2.0+0.6 2.6+0.2

Analysis completed on alcohol insoluble residues (AIR). Data are presented

as relative percent molarity (mol %).
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Table P1-S2 Elemental analysis of Agave juice and whole leaf

Element Whole leaf Juice
A. americana® | A.tequilana® | A.americana® | A.tequilana®
(mg/kg) (mg/kg) (mg/kg) (mg/kg)

Aluminium (Al) 5 24 0 1
Calcium (Ca) 16733 3400 873 3800
Iron (Fe) 36 70 1 47
Magnesium (Mg) 10667 10007 883 1190
Phosphorus (P) 1073 4767 54 720
Potassium (K) 20700 20400 2033 2500
Sodium (Na) 20 81 4 17
Sulfur (S) 657 693 42 72
Zinc (Zn) 18 21 4 6
Total 49909 39463 3895 8353

Data are presented as mg/kg of material. ‘Average of two biological

replicates. 2Average of three biological replicates.
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11.2 Paper II: Highlights

The chemical composition of white and red grape marc was determined

Marc carbohydrates were characterized using enzymes, HPLC and MALDI-TOF-MS
Dilute acid pre-treatments liberated glucose more efficiently than thermal treatments
White marc contains 40% fermentable water-soluble carbohydrates

Theoretical ethanol yields were calculated based on chemical composition
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Abstract

Global grape production could generate up to 13 Mt/yr of wasted biomass. The
compositions of Cabernet Sauvignon (red marc) and Sauvignon Blanc (white marc) were
analyzed with a view to using marc as raw material for biofuel production. On a dry weight
basis, 31-54% w/w of the grape marc consisted of carbohydrate, of which 47—80% was
soluble in aqueous media. Ethanol insoluble residues consisted mainly of polyphenols,
pectic polysaccharides, heteroxylans and cellulose. Acid and thermal pre-treatments were
investigated for their effects on subsequent cellulose saccharification. A 0.5 M sulfuric
acid pre-treatment yielded a 10% increase in the amount of liberated glucose after
enzymatic saccharification. The theoretical amount of bioethanol that could be produced
by fermentation of grape marc was up to 400 L/t. However, bioethanol from only soluble
carbohydrates could yield 270 L/t, leaving a polyphenol enriched fraction that may be used

in animal feed or as fertilizer.

Keywords: bioethanol; grape marc; polysaccharide; pre-treatment; saccharification

Abbreviations

A:X; arabinose:xylose ratio; AIR: alcohol-insoluble residue; Ara: arabinose; ASE:
accelerated solvent extractor; CDTA: Cyclohexane-1,2,-diamine tetraacetate; Fuc: fucose;
Gal: galactose; GalA: galacturonic acid; Glc: glucose; GIcA: glucuronic acid; HILIC:
hydrophilic interaction chromatography; HMF: 5-(Hydroxymethyl)furfural; HPLC: high-
performance liquid chromatography; Man: mannose; mol%: relative percent molarity; MS:
mass spectrometry; Na,COjs: sodium carbonate; NCPs: noncellulosic polysaccharides; Rha:
rhamnose; WSC: water soluble carbohydrates; Xyl: xylose
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Introduction

The carbohydrates in plant biomass can be used as a raw material for producing liquid
biofuels and valuable biochemicals. However, plant material is heterogeneous and
recalcitrant to degradation. Further, the carbohydrates may take a variety of chemical
forms, including polysaccharides, oligosaccharides, monosaccharides, or form glyco-
conjugates like glycoproteins and glycolipids. To overcome the structural complexity of
plant biomass, research has focused on modifying plants to make the carbohydrates more
available [1]. Alternatively, physical or chemical pre-treatments combined with enzymatic
hydrolysis have been used to facilitate the liberation of fermentable sugars [2]. However,
these additional processing steps are energetically and financially costly, and potentially
create bottlenecks in large scale production [3]. Thus the need to identify dedicated
biomass sources that are structurally favorable in their native form, require negligible
processing, and are socially and environmentally advantageous is essential to the

progression and prosperity of the biofuels industry.

One way to circumvent the issues imposed by using classic lignocellulosic
feedstocks is to identify waste materials that are produced in abundance, have been
accumulated for other uses, can be sourced cheaply and have carbohydrates in a form
amenable to fermenting microorganisms. One such potential source of raw material is
grape marc. Grape marc (or pomace) is the waste that remains after the juice is collected
from the pressing of grapes for wine production; it includes grape skin, pulp, seeds, stems
and residual juice. The composition of grape marc is related to the grape variety, the
method of processing, environmental conditions and the ratio of skin:seeds:stem.

The global production of grapes is 67.1 Mt/yr with China, the United States of

America and Italy being the leading producers [4]. It has been estimated that 18-20% of
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the grapes used for wine making remains as waste marc, which could generate up to ~13.4
Mt (fresh weight) of waste biomass [5]. Currently, the global accumulation of grape marc
is lower at 4.8 Mt/yr (average of last ten years; [4]) and is considered to have limited
economic value. Grape marc is generally disposed of at a cost to the winery but may be
utilized as filler in livestock feed, fermented to make the alcoholic beverage grappa,
reapplied as fertilizer or used as a source of phenolic compounds.

In recent years, grape marc has been proposed as a raw material for bioenergy
production [6] and has been used to generate butanol and biogas [7,8]. Grape marc may
also be used to produce biofuel at the winery site and the evolution of local biofuel
processing plants will obviate costs associated with transport of the biomass. However,
further information about the composition of grape marc is required to allow estimates to
be made of biofuel yields and hence facilitate cost-benefit analyses of different types of
marc for biofuel production.

Here the composition-of grape marc derived from two grape varieties, Cabernet
Sauvignon and Sauvignon Blanc was investigated. Various pre-treatments were analyzed
for their effect on depolymerisation of non-cellulosic polysaccharides, and the residual
cellulosic biomass was subsequently hydrolyzed using crude cellulase preparations.
Finally, the chemical composition of grape marc was compared with other known agro-
industrial waste materials, and these data were extrapolated to estimate theoretical ethanol

yields.

Material and Methods

Collection and preparation of plant material

Material was collected after the pressing of Cabernet Sauvignon and Sauvignon
Blanc grapes in both April 2012 and March 2013 at the University of Adelaide Waite

Campus vineyards (Adelaide, Australia), n=2 for each variety. Amounts of 30 g (three
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technical replicates) were separated into seed, skin and stem fractions. The weight of each
fraction was recorded and the mass distribution calculated.

Whole grape marc was lyophilized (Labconco-Freezone, Kansas City, MO, USA)
to determine moisture composition. Lyophilized grape marc was ground in a Retsch mill

MM400 (Retsch GmbH; Haan, Germany) at 30 Hz for 3 min for compositional analyses.

Extraction and analysis of soluble and insoluble components

Grape marc samples were extracted with three water cycles followed by three 95%
v/v ethanol cycles at 100°C using an Accelerated Solvent Extractor (ASE300, Dionex) [9].
Briefly, ASE (accelerated solvent extractor) stainless steel extraction cells (11 mL) were
fitted with dried (105°C) and pre-weighed Whatman GF/C 55 mm glass microfiber filters
(Sigma-Aldrich, United States) and 1 g dried marc was added. Extraction settings were
modified to 60 s nitrogen purges following extraction, 5 min static time and 120% rinse
volume. Following extraction, the biomass was dried overnight at 105°C. The percentage
of material extracted was calculated based on the difference between the initial weight
(before the water and ethanol extractions) and final weight (after extraction).

The carbohydrates and lignin content in the ASE extracted biomass was quantified
according to [10]. Briefly, the material (30 mg) was incubated with 13.5 M H,SO, at room
temperature for 1 h, followed by dilution to 0.75 M H,SO, and autoclaving at 121°C
(Tuttnauer 3850 ELC Benchtop Sterilizer). The solubilized material and the residual
biomass were separated by centrifugation for 10 min at 10 000 g. The supernatant was
analyzed for monosaccharides [11]. A sugar recovery standard for monosaccharides was
carried through the acid hydrolysis to compensate for degradation of monomers during the
hydrolysis step. The acetate content in the supernatant was analyzed at 60°C using an
Aminex HPX-87H column (300 x 7.8 mm) (Bio Rad; California, United States) on an

1100 series liquid chromatography instrument. Elution was performed isocratically with
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2.5 mM H,SO, at a rate of 0.5 mL/min. The residual biomass was assayed for acid-
insoluble lignin [10].

Small scale extractions of grape marc were conducted to determine the water
soluble carbohydrate content. Briefly, 50 mg of dried, ball milled grape marc was extracted
with equal volumes (1.0 mL) of water, 95% v/v ethanol, and 70% v/v ethanol. Extraction
for each solvent was conducted at 80°C for 15 min followed by centrifugation at 10 000 g
for 10 min and the supernatant collected. Glucose and fructose in water extracts were
measured by hydrophilic interaction chromatography (HILIC), using a Prevail
Carbohydrate ES column (150 x 4.6 mm) (Alltech; Illinois, United States) on an Agilent
1200 series liquid chromatography instrument equipped with an evaporative light
scattering detector (Alltech ELSD 800). The mobile phase conditions were modified from
those used by [12] and consisted of water (A) and 90% acetonitrile (B) at a flow rate of 1.0
mL/min at 20°C. Soluble pectins in the water extracts were precipitated and quantified
according to [13]. Additional monosaccharides present in the water and ethanol extracts
were analyzed using HPLC [11], following centrifugal evaporation (Savant SC110 Speed
Vac, Thermofisher; Massachusetts, United States) and hydrolysis using 1 M sulfuric acid
(H,S0,) for 3 h at 100°C.

Starch was measured in samples using a commercial assay (Total Starch-
Megazyme: AOAC Method 996.11; International Ireland Ltd., Wicklow, Ireland),
following the method for samples that contain glucose and/or maltodextrins. The elemental
content of ball milled grape marc (300 mg) was measured using a closed tube nitric
acid/hydrogen peroxide digest and radial view inductively coupled plasma-optical
emission spectrometry method [14]. The nitrogen value was converted to an estimate of the

protein content using the nitrogen factor (NF) 6.25.

Isolation of polysaccharides
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Raw grape marc was extracted overnight at 37°C with 70% aqueous ethanol. The
homogenates were filtered using Miracloth (Calbiochem), and alcohol-insoluble residues
(AIRs) were washed with 70% v/v ethanol and 100% v/v acetone. The AIR material was
collected after drying at room temperature overnight under constant airflow. To isolate
polysaccharides from the marc, the AIR material was fractionated by sequential extraction
(Figure P2-1) with 50 mM CDTA (pH 6.5) (cyclohexane-1,2,-diamine tetraacetate) and
Na,CO;3 (sodium carbonate) + 25 mM NaBH, (sodium borohydride) according to [15].
Both of these extraction steps were used to extract pectic polysaccharides. Next, 1 M KOH
+ 25 mM NaBH,; was used to release heteroxylans and other non-cellulosic cell wall
polysaccharides. Finally, 4 M KOH + 25 mM NaBH, resulted in the extraction of a
xyloglucan fraction. Following polysaccharide isolation, the fractions were dialyzed and
lyophilized (Labconco-Freezone, Kansas City, MO, USA) and hydrolyzed with 1 M H,SO,
at 100°C for 3 h. The liberated monosaccharides were quantified by HPLC (Figure P2-1)

[11].

Enzymatic hydrolysis and MS profiling

Three of the whole marc fractions were treated with different enzymes for cell wall
analysis (Figure P2-1). The CDTA fraction (1 mg) was treated with endo-
polygalacturonanase M2 (50U) from Aspergillus aculeatus (Megazyme, Ireland) with 100
mM NaOAc (pH 4) for 16 h at 37° C. The 1 M KOH fraction (1 mg) was treated with
endo-1,4-B-xylanase M6 (45U) from rumen microbacteria (Megazyme) with 100 mM
NaOAc (pH 6) for 16 h at 37°C. The 4 M KOH fraction (1 mg) was treated with
recombinant xyloglucan-specific endo-B-glucanase (10U) from Paenibacillus spp
(Megazyme) with 100 mM NaOAc (pH 5.5) for 16 h at 37°C, or endo-1,4-p-xylanase M6

(45V) (as described earlier). The enzymes were inactivated by boiling for 2 min.

86



The molecular weights of the sodium adducts of oligosaccharides [M+Na]"* or [M-
H] were determined using a BioTOF UltraFlex 11 (Bruker Daltonics) mass spectrometer
(MS), in positive or negative ion modes. The enzyme hydrolyzates containing
oligosaccharides were mixed with 2,5-dihydroxybenzoic acid (10 mg/mL) and 10 mM
NaCl in the ratio of 5:5:3 (v/v/v). In MS mode, the spectra were accumulated over an

average of 2000 laser shots [16].

Crystalline cellulose

Crystalline cellulose was measured in non-pre-treated and pre-treated grape marc
using a modified [17] method as described in [18]. For non-pre-treated samples, the
soluble carbohydrates were removed prior to cellulose analysis: dried homogenized grape
marc (50 mg) was incubated three times with 70% v/v ethanol at 55°C for 1 h. The
material was washed with 1 mL acetone for 2 min at room temperature and dried overnight
under vacuum.

The cellulose content was determined in triplicate using 5 mg of dry non-pre-
treated grape marc or pre-treated grape marc boiled in 3 mL acetic-nitric reagent for 30
min. Samples were cooled to room temperature, centrifuged (2 500 rpm/10 min) and the
supernatant discarded. The residual material was washed twice with 8 mL water, followed
by 4 mL acetone, and dried under vacuum. To hydrolyze the cellulose, 1 mL H,SO,4 (12.5
M) was added, and incubated for 1 h at room temperature. The liberated glucose content
was quantified using the anthrone method outlined in [18] using a spectrophotometer
(Thermo Fischer, Waltham, MA, USA) set at a wavelength of 620 nm. Filter paper (20
mg) was carried through the experiment as a control and a standard curve was calculated
from known concentrations of glucose (0-50 ug). The cellulose content was calculated by
multiplying the glucose value for each sample by the total reaction volume and the

hydration factor of 0.9.
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Pre-treatment conditions

Whole marc samples (1 g) were homogenized using an Arthur H Thomas Co
Scientific grinder (Philadelphia, PA, USA) equipped with a 2 mm sieve. Dried, milled
grape marc was added to acid or water in a 1:10 (solid:liquid) ratio. Pre-treatments at
100°C were conducted in an oven and pre-treatments at 121°C were completed in an
autoclave at a maximum pressure of 210 kPa (Tuttnauer 3850 ELC Benchtop Sterilizer).
The four different pre-treatment conditions were: 1) 1 h, 121°C, 0.5 M H,SOq; 2) 3 h,
100°C, 1 M H,SQq; 3) 1 h, 121°C, H,0; 4) 3 h, 100°C, H,0. Following pre-treatment, the
slurry was cooled to room temperature and filtered using Whatman GF/C 55 mm glass
microfiber filters (Sigma-Aldrich, United States). The undissolved biomass was washed to
neutral pH, the cellulose content measured and the material was carried through the
saccharification procedure. For comparison, non-extracted (raw, dried and ball milled)

grape marc was carried through the NREL compositional analysis method [10].

Enzymatic saccharification

The enzyme activity of a Celluclast 1.5 L (cellulase from Trichoderma reesei;
endoglucanase activity > 700 units/g) and Novozyme 188 (cellobiase from Aspergillus
niger; cellobiase activity > 250 unit/g) (Sigma-Aldrich; St Louis, MO, USA) cocktail
mixed 1:1 was measured according to [19]. Microscale saccharifications were completed
using an enzyme concentration of 60 filter paper units and 0.02 g cellulose for non-treated
(AIR) and pre-treated samples [18]. The glucose concentration was measured over 48 h

using a Yellow Springs Instrument (YSI) glucose analyzer (Yellow Springs, OH, USA).

Assumptions for calculating theoretical ethanol yields

Standard constants for ethanol calculations were used: 1.111 kg monomeric C6
sugar per 1 kg polymeric C6 polymer (glucan); 1.1363 kg monomeric C5 sugar per 1 kg

polymeric C5 polymer (xylan, arabinan); 0.51 kg of ethanol produced from 1 kg of sugar.
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Results and Discussion

Characterization of grape marc raw materials and soluble
carbohydrates

After the grapes are crushed and processed for winemaking, approximately 20% of
the starting material remains as a moisture-dense waste material [5]. The composition of
this heterogeneous material is affected by the percentage of seed, skin and stem in the total
mass (Figure P2-2). For both varieties, the majority of the weight (up to 80% in Sauvignon
Blanc grape marc, Figure P2-2) is attributable to grape skins, with seeds and stems present
to a lesser degree. The moisture content of this waste material was 59-67% w/w (Figure
P2-2).

The residual carbohydrates that remain in the marc after crushing the grapes are
predominantly water soluble monosaccharides, oligosaccharides and polysaccharides and
water insoluble structural polysaccharides from the cell wall. The soluble carbohydrates
can be extracted with minimal energetic input and may be directly used as a raw substrate
for fermentation, whereas cell wall polysaccharides need to be liberated through pre-
treatment and saccharification. The water soluble carbohydrates (WSC) in white marc
accounts for approximately one-third of the dry weight (37.6% w/w) and 70% of the total
carbohydrate content (Table P2-1). Red grape marc has a much lower percentage of
soluble carbohydrates, at 4.6% w/w. The comparatively low amount of WSC detected in
the red marc may be due to the processing of the grapes during wine making, as red marc
stays in contact with the juice for several days (maceration period) to enhance color and
sensory attributes of the wine. During this period, the grapes are subjected to a mild, but
prolonged, extraction in which phenolic compounds are released and carbohydrates are

partially fermented.
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Grape marc is also enriched in soluble pectins. Previous studies have shown that
the galacturonan content in the mesocarp of grape berries increases from 26-46% of cell
wall polysaccharides and becomes more soluble as ripening progresses [20]. Soluble
pectins were quantified in the water extracts of the grape marc and contributed 4% and 9%

wi/w of the mass of Sauvignon Blanc and Cabernet Sauvignon, respectively (Table P2-1).

Cell wall polysaccharides: characterization, abundance and spatial
distribution

Following the extraction (ASE) of soluble components, an insoluble residue
(largely cell wall material) remained. This extracted material contains predominantly
polysaccharides and the phenolic polymer lignin. The hydrolysis of the polysaccharides
was achieved using concentrated sulfuric acid (13.5 M), resulting in liberated
monosaccharides, and acetyl groups; the remaining biomass was classified as acid-
insoluble lignin [10].

Monosaccharides liberated from the insoluble material represent a small proportion
of the total mass for grape marc at 11-17% w/w (Table P2-1). Glucose (Glc) is the most
predominant monosaccharide (5-6% w/w). Xylose (Xyl), galacturonic acid (GalA),
mannose (Man), galactose (Gal) and arabinose (Ara) are detected to lesser extents. Red
grape marc has a higher proportion of cell wall polysaccharides (53% of total
carbohydrates measured) compared with white marc (20%) (Table P2-1).The structural
complexity of polysaccharides impacts processing methods and costs, but monosaccharide
profiling alone does not provide structural information about the polysaccharides present.
Intact polysaccharides from the alcohol-insoluble grape marc residue (AIR) were therefore
fractionated [15] and the relative proportion of monomers quantified (Table P2-2).

The CDTA and Na,COjs; pectic polysaccharide-enriched fractions contained
predominantly GalA, Ara and Gal with a minor proportion of Rha. These components

could be derived from pectic polysaccharide, such as rhamnogalacturonans. However, the
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MALDI-TOF-MS analysis of the galacturonanase digest provided no molecular ion
detection in the CDTA and Na,COs fractions (data not shown). The lack of detection for
oligomers may be attributed to a highly branched rhamnogalacturonan structure in grape
marc causing a steric hindrance of the enzyme, or alternatively, the size of digest fragments
being above the MALDI-TOF-MS detection threshold. Also, higher levels of glucose and
mannose were detected in the Cabernet Sauvignon fractions (Table P2-2), which may be
attributed to contamination of Glc and Man enriched yeast cell wall polysaccharides, as the
red marc has gone through a partial fermentation step.

The other two fractions (KOH) were enriched in heteroxylans and xyloglucans. The
high abundance of Ara, Glc and Xyl in the 1 M KOH fraction was attributed to
heterogenous polymers such as xyloglucan or arabinoxylan (Table P2-2). The Ara may
have originated from arabinoxylan, in which case the arabinose:xylose (A:X) ratio for red
marc is 1.3 and 0.7 for white marc. The variation in A:X ratio between varieties has been
observed in previous studies, where the A:X ratio was 0.7 for Muscat Gordo Blanco and
1.3 for Ohanez grape mesocarp [21]. However, when 1 M KOH fractions were treated with
endo-1,4-p-xylanase M6, no molecular ions were detected using MALDI-TOF-MS (data
not shown). Xylanase M6 enzymatically cleaves between two consecutive unsubstituted
xylose residues along the xylan backbone, thus the lack of cleavage indicates that these
heteroxylans are highly substituted, consistent with the A:X ratios of 1.3 and 0.7. It is
unlikely that (glucurono)arabinoxylan or glucuronoxylan is present in this fraction as no
glucuronic acid (GIcA) was detected. Whereas in contrast, the 4 M KOH fractions releases
two oligosaccharides with m/z 759 and m/z 1023, putatively assigned as Xyl,MeGIcA; and
XylsMeGIcAg, respectively (data not shown).

The polysaccharides isolated in the 4 M KOH fraction were composed of 52-56%
mol xylose and 23% mol glucose, with lesser amounts of galactose, mannose, fucose and

arabinose. These monosaccharides are characteristic of xyloglucans with the exception of
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mannose, which may be an artifact from yeast mannan contamination [22]. Previous
reports indicate the predominant non-cellulosic polysaccharide in grape berries are
xyloglucans, accounting for 10% of the polysaccharides in grape berry mesocarp [21].

The xyloglucan extracted in the 4 M KOH fraction of the marc was treated with
xyloglucan-specific endo-(1,4)-B-D-glucanase and analyzed using MALDI-TOF-MS for
structural differences in xyloglucan fine structure [16]. The structure of the hydrolyzate
products are similar to those found in xyloglucans from other dicots: XXG (m/z 791),
XXGG (m/z 953), XXXG (m/z 1085); XLXG/XXLG (m/z 1247); XXFG (m/z 1393);
XLLG (m/z 1409); XLFG (m/z 1555), where X represents the Xyl(al,6)Glc unit, L
represents Gal(B1,2)Xyl(al,6)Glc, F represents Fuc(al,2)Gal(B1,2)Xyl(al,6)Glc and G
represents the backbone Glc in B1,4-linkage [23].

The isolated grape marc xyloglucans examined here consisted predominantly of
XXXG backbones with a lower proportion of XXGG and XXG oligomers, which may
have been generated from XXXG during cell wall maturation and restructuring [22]. The
backbones also contained the fucosylated oligomers XLFG and XXFG, with

XLXG/XXLG and XLLG substituents present at a lower intensity.

Analysis of non-fermentable cell wall components in grape marc

Compared with other dedicated biofuel or waste materials, the amount of lignin
present in grape marc is relatively high [24,25]. The acid- insoluble lignin content
contributes 11% and 32% w/w of white and red marc mass, respectively (Table P2-1).
However, the high lignin content of grape marc has been attributed to the presence of
condensed tannins (22% dry matter in red marc) and resistant proteins present as insoluble
protein-tannin complexes or as Maillard products [26]. Thus presence of these compounds
could interfere with the quantification of insoluble lignin, resulting in overestimations, but

may still be informative when making processing decisions.
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In a biofuel context, mineral content is an important consideration, for example,
specific elemental levels are essential in the maintenance and progression of fermentation
as yeast cannot function effectively outside a narrow range of environmental conditions
[27]. The total concentration of elements in red marc is 27% w/w higher than that
measured in white marc. Potassium was detected in the highest abundance in both varieties
and represented 75% w/w of the total elemental content (Table P2-3). Phosphorus,
calcium, and sulfur are the next most abundant and collectively contribute an additional

20% w/w.

Comparison of acid and thermal pre-treatments

Pre-treatment is the initial step to convert lignocellulosic biomass from its native
recalcitrant state into a form that can be more readily hydrolyzed by enzymes [2]. In this
study, the effectiveness of four pre-treatments was assessed by comparison with grape
marc hydrolyzed following [10].

Pre-treatment can generate a number of compounds inhibitory to fermenting
organisms, such 5-(Hydroxymethyl)furfural (HMF; from hexose carbohydrate degradation)
and formic or levulinic acids (from the breakdown of HMF) [28]. As inhibitory compounds
were not quantified in this study, moderate pre-treatment conditions were chosen that
would minimize the formation of these secondary byproducts [29]. The four pre-treatments
conditions were: Acid/autoclave (1 h, 121°C, 0.5 M H,S0O,); Acid/oven (3 h, 100°C, 1 M
H,SO,); Water/autoclave (1 h, 121°C, H,0; and Water/oven (3 h, 100°C, H,0).

Glucose was the most abundant monosaccharide liberated in all pre-treatments
(Table P2-4). Only acid treatments liberated other monomers, predominantly xylose and
arabinose, from non-cellulosic polysaccharides (NCPs), consistent with previous studies in
which heated water treatment was not severe enough to facilitate NCP solubilization [30].

The acid/autoclave treatment liberated the highest proportion of monosaccharides for both
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varieties: 58% of the total carbohydrates measured using the NREL method were liberated
from the red marc and 84% from the white marc (Table P2-4). The dilute acid (0.5 M) at
higher temperature and pressure was the most effective pre-treatment.

There are advantages to using thermal rather than acid pre-treatments such as lower
chemical costs, no need to neutralize the resultant hydrolyzate, and reduced production of
inhibitory compounds [2]. However, there is a trade off in the increased energy
consumption and lower recovery of fermentable sugars. In red marc, only 15—18% of the
total glucose was liberated using thermal pre-treatments (2.1% w/w; Table P2-1) and
85—87% in white marc, indicating that the cellulose in white marc may be less structured
and more amenable to hydrolysis. No NCPs were hydrolyzed using thermal pre-treatments,
possibly due to the complexity of grape rhamnogalacturonan and xyloglucan. These data
suggest that little or no cell wall breakdown occurred with thermal pre-treatments,
rendering 35-93% of the carbohydrates in a structural, unfermentable form, thus

significantly decreasing ethanol yields.

Effects of pre-treatment on the saccharification of cellulose

Pre-treatment not only liberates fermentable monomers but also weakens hydrogen
bonding within and between glucan chains, which enhances the rate of polysaccharide
breakdown into fermentable sugars in the presence of enzymes. Saccharification tests were
performed on non-treated AIR, acid/autoclaved and water/autoclaved grape marc based on
identical cellulose loadings following pre-treatment. The liberation of glucose from
cellulose was monitored over 48 h of enzymatic digestion using a cellobiase preparation
(cellobiase activity > 250 units/g) from Aspergillus niger and a commercial cellulase
cocktail (endoglucanase activity > 700 units/g) isolated from Trichoderma reesei.

The acid/autoclave-treated grape marc exhibited the highest conversion of cellulose

to glucose and for all pre-treatments, the amount of glucose released was higher for white
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marc than for red marc at all time points (Figure P2-3). The greatest amount of glucose
liberated was observed for acid/autoclave-treated Sauvignon Blanc samples, with 28% of
cellulose hydrolyzed. Thermal pre-treatment did not increase the rate of glucose liberation
from white marc compared with non-treated samples, with only 18% glucose present in the
hydrolyzate (Figure P2-3a). Similar findings have been recorded for sweet sorghum
bagasse, in which water did not significantly improve the rate of cellulose hydrolysis yield
(11.8%) over 96 h compared with the control (12.6%) [31].

However, for red marc, the amount of glucose released was correlated to the
severity of the pre-treatment, and both pre-treatments resulted in higher saccharification
rates than untreated samples. The maximum glucose liberated from Cabernet Sauvignon
was 17% in acid-treated samples, 15% in thermal-treated samples and 13% in non-treated
samples over 48 h (Figure P2-3b).The slower and lower rate of glucose release observed in
Cabernet Sauvignon samples compared to Sauvignon Blanc may be attributed to a higher
ratio of fucosylated xyloglucan oligomers (XXFG; 1393 and XLFG; 1555) present in this
tissue. The presence of fucosylated xyloglucans has been proposed to facilitate binding to
cellulose, thus reinforcing the recalcitrant nature of the cell walls and making the cellulose
polymers less accessible to enzymatic hydrolysis [32].

Overall, the acid pre-treatments were more efficient at degrading grape marc
polysaccharides (Table P2-4) as well as modifying or weakening the hydrogen bonding of
the crystalline cellulose polymers, making them more accessible to enzyme attack. Pre-
treatments that increase the number of enzyme binding sites on cellulose microfibrils may
increase biofuel yields, although studies have shown that saccharification may be a
limiting factor when converting from small to large scale production [3]. As a result, it
may be more economically favorable to identify and capitalize on the WSC present in

dedicated sources of biomass for biofuel production, such as grape marc.
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Theoretical ethanol yields from grape marc based on compositional
data

The agro-industrial waste grape marc has been compared with other lignocellulosic
waste materials based on global production, crop/residue ratio, chemical composition, and
yield of ethanol per tonne (Table P2-5). On a dry w/w basis, 31% of the marc from
Cabernet Sauvignon is carbohydrates (15% soluble and 17% insoluble) with more from
Sauvignon Blanc at 54% w/w (43% soluble and 11% insoluble) (Table P2-1).

The global production and subsequently the residue:crop ratio for grapes are lower
than feedstocks such as Zea mays (corn), Oryza sativa (rice) and Triticum aestivum (wheat)
(Table P2-5). However, grape marc is a discarded waste residue from an established
industry, and would not be grown as a dedicated biofuel feedstock. Thus the utilization of
grape marc for bioethanol production is still value-adding, even if lower yields (biomass
and ethanol) are achieved. Ethanol yields of 211 L/t can potentially be generated from red
marc and 400 L/t from white marc, which is slightly lower than yields predicted for other
lignocellulosic biofuel feedstocks such as sugarcane bagasse (Saccharum spp.; 463 L/t),
rice straw (370—536 L/t) and sorghum straw (Sorghum bicolor; 428 L/t) (Table P2-5).
Alternatively, just the WSC in white marc can be extracted and fermented directly,
yielding up to 270 L/t. The utilization of only WSC can minimize processing costs
associated with liberating fermentable sugars from the cell wall, leaving a polyphenol
enriched fraction that may be used in animal feed, applied as a fertilizer or exploited as a
source of phenolic compounds. An integrated processing system for grape marc would not
only enable multiple products to be refined from the same waste material, increasing its

value, but would be environmentally, socially and economically advantageous.
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Conclusions

Grape marc is a waste material that is rich in carbohydrates. The majority of these
carbohydrates are soluble monosaccharides (glucose and fructose) and structurally
complex polysaccharides (pectins, heteroxylans, xyloglucan and cellulose). The soluble
carbohydrates can be directly converted to ethanol through fermentation, yielding up to
270 L/tonne. Alternatively, ethanol yields may be increased by utilizing the whole
material, which benefits from acid pre-treatment followed by enzymatic hydrolysis.
Overall, these data suggest that on a weight for weight basis, grape marc has the potential
to be a competitive, value-adding waste material for biofuel production, contributing up to

400 L/t ethanol.
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Figure P2-1 Flowchart outlining the sequential fractionation of grape

marc (AIR) to isolate polysaccharides for characterization
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Figure P2-2 Grape marc is a heterogeneous material composed

predominantly of grape skin
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Fresh grape marc from the varieties Cabernet Sauvignon and Sauvignon

Blanc (collected in 2012 and 2013) were separated into three fractions. The

water content of whole marc was measured for each sample. Data is presented

as percent fresh weight (w/w), n=3.
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Figure P2-3 Pre-treatment of grape marc increases the biochemical

conversion of cellulose in the presence of cellulases

Liberation of the monomer glucose in Sauvignon Blanc marc (A) and
Cabernet Sauvignon (B) was measured over 48 h. Grape samples were treated
with 0.5 M sulfuric acid or water at elevated temperatures (1 h, 121°C). The
rate of saccharification of pre-treated grape marc is compared to non-pre-
treated AIR grape marc and expressed as a percentage of cellulose converted

into glucose.
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Table P2-1 Mass balance of Cabernet Sauvignon and Sauvignon Blanc

grape marc
Cabernet Sauvignon Blanc
Sauvignon (% (% wiw)
wiw)
Extractables 20.7+1.0 60.5+4.7
Soluble carbohydrates 14.8 43.0
*WSC 46+15 37.6+6.8
Glucose 2.1+0.7 18.6 + 3.7
Fructose 25+0.8 19.0+3.2
*Polysaccharides 8.7+0.2 3711
Hydrolyzed monosaccharides 02+0.3 02+0.2
Ethanol insoluble (pectin-enriched) 8505 35+04
*Ethanol soluble monosaccharides 15+£16 1.7+£0.2
Insoluble components (AIR) 63.9 30.6
*Monosaccharides 16.6 +0.3 10.9+0.9
Glucose 6.0£0.4 5205
Starch 2.7+0.3 4013
Xylose 4.3+0.9 2.4+0.3
Galacturonic acid 19+£0.2 14+£04
Mannose 1.6+0.3 06+0.1
Galactose 1.0+£0.1 06+0.1
Arabinose 1.8+£0.1 0.7+0.1
Acid-insoluble lignin 325+21 105+2.3
Protein 10.8£0.3 7.2+0.8
Acetate groups 1.0+£0.1 0.8x0.1
Ash (structural inorganics) 3.0+0.38 1.2+0.2
Total mass balance 85.0 91.0
Total carbohydrates 31.4 53.9

The composition of the soluble extracts and alcohol-insoluble residues (n=2).

Data are presented as percentage dry weight (% w/w). The soluble

carbohydrates include water and ethanol soluble sugars and minerals. Other

extractables may include lignin, waxes or soluble proteins. The alcohol-

insoluble residue is separated into structural carbohydrates (detected as




monosaccharides), total polyphenols, protein, acetate groups and ash.
*Indicates values used to calculate carbohydrate sugar content: 31.4% w/w for
Cabernet Sauvignon and 53.9% w/w for Sauvignon Blanc. Bold text indicates
values derived from calculation. Unaccounted- for mass is likely to include
volatile compounds, lipids, waxes and unhydrolyzed polysaccharides (pectin

or crystalline cellulose).
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Table P2-2 Composition of extracted fractions from grape marc

Neutral monosaccharides (mol %)*

Uronic acids (mol %)*

Ara Fuc Gal Glc Man Rha Xyl TOTAL GalA GIcA TOTAL
Cabernet
Sauvignon
CDTA? 212 0.0 155 107 199 3.8 7.7 78.8 21.2 0.0 21.2
Na,CO5* 342 00 138 17.0 8.0 6.4 6.6 86.0 14.0 0.0 14.0
1 M KOH* 26.7 0.0 9.1 28.7 133 0.0 20.2 98.0 2.0 0.0 2
4 M KOH? 7.1 2.3 6.8 223 1.2 0.0 52.1 97.8 0.0 2.2 2.2
Sauvignon
Blanc
CDTA? 301 0.0 216 25 5.6 5.6 7.7 73.1 24.8 2.1 26.9
Na,CO5* 486 0.0 158 6.1 0.0 8.6 5.3 84.4 15.6 0.0 15.6
1 M KOH* 257 0.0 8.2 229 15 0.0 36.5 94.8 5.2 0.0 5.2
4 M KOH? 6.0 1.7 7.5 226 6.5 0.0 55.7 100.0 0.0 0.0 0

! Average of duplicate determinations presented as relative mol %.

2Acid hydrolyzed trans-cyclohexane-1,2-diamine-tetraacetate (CDTA) extract.
Acid hydrolyzed Na,COs5 + 25 mM NaBH, extract.

*Acid hydrolyzed 1 M KOH + 25 mM NaBH, extract.
>Acid hydrolyzed 4 M KOH + 25 mM NaBH, extract.




Table P2-3 Elemental analysis of grape marc

Cabernet Sauvignon Blanc

Sauvignon (mg/kg) (mg/kg)
Aluminium (Al) 31+17 13+ 14
Calcium (Ca) 3867 + 611 2170 + 549
Iron (Fe) 85+21 60 + 27
Magnesium (Mg) 987 + 76 710 + 46
Phosphorus (P) 2733+ 351 2367 £ 58
Potassium (K) 27333 + 2309 20267 + 3164
Sodium (Na) 58 + 15 61 + 15
Sulfur (S) 1370 + 44 1027 + 60
Zinc (Zn) 15+3 914
Total 36479 + 2267 26684 + 2567

Data is presented as mg/kg of dry material, n=2.
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Table P2-4 Compositional changes in hydrolyzate after pre-treatment

Biomass Method Glucose Xylose | Arabinose Other! Total
NREL 11.0+20 |[40+09| 18+02 | 6.4+09 | 232
Acid/ 53+16 [3.1+04| 16+01 | 3.4+04 | 134
autoclave 48% 78% 89% 53% 58%
Acid/ 41+15 [31+06| 16+01 | 39+06 | 127
cla/oven
Cabernet 37% 78% 89% 61% 55%
Sauvignon
Water/ 20+12 | 0+0.0 0+0.0 0+0.0 2.0
autoclave 18% 0% 0% 0% 9%
1.7+11 | 000 0+0.0 0+0.0 1.7
Water/oven
15% 0% 0% 0% 7%
NREL 245+26 |23+03| 1.1+02 | 39+04 | 318
Acid/ 221+42 | 13+04| 1.0+03 | 22+04 | 26.6
autoclave 90% 57% 91% 56% 84%
Acid/ 190+25 [1.6+02| 10+03 | 1.9+02 | 235
i cla/oven
Sauvignon 78% 70% 91% 49% 74%
Blanc
Water/ 213+49 | 0+0.0 0+0.0 0+0.0 21.3
autoclave 87% 0% 0% 0% 67%
20.8+4.6 | 0+0.0 0+0.0 0+0.0 20.8
Water/oven
85% 0% 0% 0% 65%

Four pre-treatments were used and compared to the standard NREL acid

hydrolysis method [10]. Data are presented as percent dry weight (% w/w),

n=2. The pre-treatment conditions were: Acid/autoclave (1 h, 121°C, 0.5 M

H,SO,); Acid/oven (3 h, 100°C, 1 M H,SO,); Water/autoclave (1 h, 121°C,

H,0); and Water/oven (3 h, 100°C, H,0).'Other includes additional

monosaccharides (galactose,

galacturonic acid).

mannose,

rhamnose, glucuronic acid and
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Table P2-5 Theoretical yields of ethanol for agro-industrial waste

Composition (dry % w/w)

Feedstock G(;oba_l Residue/| \aste ™ Ethanol
production| crop | pjomass |Cellulose o yield (LA)
(Mt)? ratio® (C6) NCPs (C5)| Lignin
com 768 1 | Stover |40-43°¢| 21-25%¢ | 17-19°¢| 441-492
(Zea mays)
Barley 140 12 | Straw | 38° 37° | 9-16°° | 544
(Hordeum vulgare)
Rice 655 1.4 | Straw | 32-47% | 19-27% | 7-12°° | 370-536
(Oryza sativa)
Wheat
(Triticum 636 1.3 Straw |30-45°%| 20-30% |16-20°| 362—543
aestivum)
Sorghum 59 13 | Straw | 32' 27" | 7-15° | 428
(Sorghum bicolor)
Sugarcane 1560 0.6 |Bagasse| 40° 24° | 15-25"¢| 463
(Saccharum spp.)
Cabernet Red
Sauvignon 0.3° marc: 20.8 8.4 325 211
(Vitis vinifera) whole
White
67 0.3¢ marc: 48.2 7.3 10.5 400
Sauvignon Blanc whole
(Vitis vinifera) White
—~ marc: | 37.6 - - 2170
WSC

Average of world production from 2002-2012 °[4] expressed as Mt

(megatonnes) and the ratio of residue/crop °[24] indicate the global

availability of raw waste material for bioethanol production. *67 Mt of grapes

(red and white) is produced annually. The theoretical ethanol yields for

agricultural industrial waste materials were calculated based on compositional

data from other studies: °[25]; °[33]; [34]; "[35]; °[5].
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Figure P2-S1 Maldi-TOF-MS spectra of xyloglucan oligomers from grape marc

The [M+Na]" ions in the spectrum correspond to xyloglucan oligosaccharides

that were liberated from 4 M KOH fractions using xyloglucan endo-(1,4)-B-D-

glucanase: (A) Cabernet Sauvignon 2012; (B) Cabernet Sauvignon 2013; (C)

Sauvignon Blanc 2012; (D) Sauvignon Blanc 2013. G, Glucose; X, Xylose; L,

Galactose-Xylose-Glucose; F, Fucose-Galactose-Xylose-Glucose.
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Figure P2-S2 Basic repeating unit of xyloglucans

Nomenclature of the xyloglucan sidechains are as follows, X represents the
Xyl(al,6)Glc unit, L represents Gal(p1,2)Xyl(al,6)Glc, F represents
Fuc(al,2)Gal(B1,2)Xyl(al,6)Glc and G represents the backbone Glc in B1,4-

linkage [23].
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11.3 Paper I1l: Highlights

A. tequilana leaf juice is rich in soluble carbohydrates yielding 4729 kg/haly

The standard method of autoclaving Agave juice does not significantly increase yields
Non-Saccharomyces yeast converts leaf carbohydrates to ethanol at 78% efficiency
Co-fermentation of leaf and stem juice benefits from using native yeast, K. marxianus

Predicted ethanol yields are up to 3411 L/ha/y for A. tequilana (4.5 y old)
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Abstract

During tequila production, up to 75% w/w of the Agave plant is discarded when leaves are
removed from the stem. The discarded leaves represent an extensive amount of
unexploited biomass that was used here for bioethanol production in no-input
fermentations, where no acid or enzymatic hydrolysis, supplementation of nutrients or
standardization of carbohydrate content occur. Conversion rates of the carbohydrates in
juice extracted from Agave leaves are unaffected by sterilization, but ethanol yields are
reduced if fermentation is reliant solely on endogenous microorganisms. Non-
Saccharomyces yeasts, including Kluyveromyces marxianus and Candida akabanensis,
proved to be more robust than standard Saccharomyces spp and converted up to 78% of the
carbohydrates in the leaf juice to ethanol. This conversion efficiency could be further
increased to 85% by combining leaf and stem juice, as when a whole plant is crushed and

directly fermented, and was estimated to yield up to 15 350 L/ha of ethanol.

Keywords: Agave tequilana, ethanol, fermentation, non-Saccharomyces

Abbreviations:

CAM, Crassulacean acid metabolism; TSS, total soluble solids; YPD, yeast extract-

peptone-dextrose
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Introduction

The advent of plant-based ethanol production using fermentation can be traced back to as
early as 6000sc [1]. Alcoholic fermentation involves the release of energy from
carbohydrates by microorganisms, usually under low oxygen conditions, and yields ethanol
and carbon dioxide. Historically, the production of alcoholic beverages has been reliant on
a consortium of commensal microflora to convert the plant-derived carbohydrates into
ethanol [2]. However, these spontaneous (or natural) fermentations often yield
unreproducible and unpredictable end-products. In more recent times, industry has
optimized the fermentation process to generate more predictable and consistent high value
end-products, such as wine, beer and spirits.

In principle the same techniques apply for the production of alcohol for
transportation fuel, however the goal is not to produce a high value end-product but rather
a cheaply produced “drop-in” fuel, which is both profitable and cost competitive with
fossil fuels. In recent years, waste from feedstocks used for the manufacture of various
beverages has been attracting attention as potential biomass sources for bioethanol and
biochemical production. Agave tequilana plants, which are traditionally used for making
tequila in Mexico, produce large volumes of juice that is rich in fermentable carbohydrates.
At the time of harvest, the leaves are discarded and extensive processing is performed upon
the stem biomass to generate a fermentable juice. Such processing steps include cooking
the stem for extended periods to hydrolyse polymers, milling the cooked stems to extract
the juice or “honey”, converting the sugars in the honey to alcohol by fermentation and
finally double distilling the fermentation broth to produce pure tequila, which may be aged
for a further three to twelve months in oak barrels [3]. The fibrous biomass that remains
following milling of the stems is commonly referred to as the bagasse. This discarded

bagasse contributes 40% (wet w/w) of the stem mass [3]. Thus, under this processing
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regime only about 25% of the above-ground biomass of the Agave plants is utilized. In a
biofuel context, this processing scheme provides opportunities for converting a substantial
amount of aggregated vegetative tissue to ethanol or other low molecular mass alcohols.

To date, available information is related to the fermentation of juice extracted from
cooked Agave stems, which is reflective of the processes used in the tequila industry
(Table P3-1). Agave stem tissue is enriched with fructans, which are soluble polymers of
fructose with mainly fructosyl-fructose linkages linked to a terminal glucose molecule that
acts as storage polymers in 15% of flowering plant species [4]. In these published studies
the effects of a range of parameters, including incubation temperatures and differing
fermenting microorganisms, has been investigated (Table P3-1). Standard methods for
Agave fermentation include sterilizing the juice, spiking it with monosaccharides and
nutrients (usually to boost nitrogen content) and/or adding polysaccharide-specific
enzymes to optimize fermentation conditions (Table P3-1). However, the costs incurred by
optimizing the nutrient content of the juice is frequently overlooked [5] and may not be
economically viable for the production of cheap biofuel. In addition, little is known about
the composition and fermentation of juice extracted from the discarded Agave leaves. To
obtain a realistic, base-line view of utilizing novel fructan-enriched biomass such as Agave
for potential large-scale bioethanol production, information about fermentations using no
or minimal inputs other than leaf and stem juice is required.

In the present study ethanol yields achieved from Agave leaf juice on a small scale
was investigated using different processing methods and fermenting microorganisms. Four
different fermentation schemes were used for Agave leaf juice, none of which included
supplementation or standardization of the carbohydrate or nutrient content. The production
of ethanol by native or commercially available fermenting organisms was assayed from
raw and sterilized leaf juice substrates and compared with fermentation rates of either pure

stem juice or combined stem and leaf juice. The observed rates of carbohydrate to ethanol
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conversion (%) based on this fermentation data were extrapolated to predict the maximum
ethanol yields that could be achieved using Agave waste on a large scale. Thus, a toolset of
methods and information specific to the small-scale fermentation of Agave juice has been
developed and is likely to be useful in a commercial context for forecasting the potential

yields of bioethanol from novel biomass sources such as Agave leaves.
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Material and Methods

Collection of Agave tequilana plants

A. tequilana plants (n=3) were harvested in Ayr, Queensland, Australia (19° 31’ 49.9" S;
147° 24' 51.5" E). At the time of harvest, the 4.5 y old plants were separated into leaves,
roots, stem and offshoots, and the fractions were weighed. A commercial shredder (Cutter-
Grinder CG03; South Australia, Australia) was used to extract the juice from a subset of
each fraction. The juice was collected and transported to the University of Adelaide on dry

ice and stored at -20°C.

Total carbohydrate content in Agave juice

The carbohydrate content in raw and processed (autoclaved, triflouroacetic acid (TFA)- or
fructanase-treated; Fructan HK-Megazyme: AOAC Method 999.03; International Ireland
Ltd., Wicklow, Ireland ) A. tequilana juice from leaves, stem and offshoots was quantified
by hydrophilic interaction chromatography (HILIC) as previously described [6]. A sugar
recovery standard for water-soluble carbohydrates (fructose, glucose and sucrose) was
carried through the acid hydrolysis to calculate the degradation rates of released

monosaccharides, which were used to correct HILIC data.

pH, Brix, total soluble solids (TSS) and mineral content

The pH of the juice was determined using a 900-P pH-mv-Temperature meter (TPS Pty
Ltd, Australia). Brix readings of the juice samples were measured with a refractometer
(Atago Co., Japan). The total soluble solids (TSS) and mineral content of juice samples

were determined as previously described [6].

Selection and screening of microorganisms

Fermenting microorganisms were obtained from the United States Department of

Agriculture Agricultural Research Service (ARS) Culture Collection, National Center for
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Agricultural Utilization Research (Peoria, IL, USA) [7]. The strains were streaked on 2%
w/v agar (YPD) plates containing 1% wi/v yeast extract, 2% wi/v peptone and 2% w/v D-
glucose, and incubated at 28°C for 48 h. Single colonies were picked and inoculated into
YPD medium and shaken (120 rpm) overnight at 28°C. Cultures were diluted to an ODggo
of 0.5 for thermo-tolerance spot assays. Serial 5-fold dilutions were spotted on YPD plates

and incubated for 24 h at 28°C, 32°C, 37°C or 42°C, n=2.

Fermentation conditions

Juice samples were centrifuged at 5000 rpm for 5 min to remove excess leaf tissue.
Autoclaving of juice was completed at 121°C at a maximum pressure of 210 kPa
(Tuttnauer 3850 ELC Benchtop Sterilizer; Brinkmann Instruments, New York, USA). Leaf
and stem juice were combined in a volume ratio of 3:1 (leaf:stem), to a final volume of 100
mL, representative of the whole plant being fermented simultaneously.

Native microorganisms in raw Agave leaf and stem juice were streaked (0.05 mL
aliquots) on solid YPD plates and grown at 28°C. A representative microbial culture of the
endogenous species found within the Agave juice was made by harvesting these plates
using a sterile loop. This formed an inoculum that was used to re-inoculate 100 mL of
autoclaved juice samples, representative of juice samples that had become contaminated
following sterilization.

The yeasts obtained from the ARS Culture Collection grown in YPD cultures were
also used to inoculate 100 mL of raw juice samples at a cell density of 5 x 10° cells/mL.
All fermentations were completed in sterile Erlenmeyer flasks (250 mL in size) with side
arm sampling ports sealed with water-filled airlocks. The fermentation flasks were shaken
at 150 rpm and at 28°C. The yeast cells were removed from the fermentation broth by

centrifugation (1m/ 10 000 g) and the supernatant stored at -20°C until analysis.
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Analysis of substrate and fermentation products

The concentrations of organic acids, glycerol and ethanol in the fermentation broth were
quantified by High Performance Liquid Chromatography (HPLC) as previously described
[8]. Analysis was completed using an Aminex HPX-87H cation exchange column (Bio-
Rad Laboratories) on a HPLC 1100 series (Agilent Technologies, Germany) with a mobile
phase of 2.5 mM sulphuric acid (H,SQO,4). Calibration curves relating concentration to
optical density or refractive index were fitted using ChemStation software (Agilent,

California, USA).

Maximum ethanol yields

Maximum ethanol conversion yields were calculated using the assumption that 0.511 kg of

ethanol is produced from 1 kg of sugar [9]; and that Agave juice has a density of 1.25 g/L.

Statistical analysis

Two-way ANOVA and Tukey’s multiple comparisons tests were completed using

the program GraphPad Prism (GraphPad Software, CA, USA).

Results and Discussion

Composition of Agave tequilana

A whole Agave plant, including the main unit (mother plant) and its attached offshoots,
generated 360 kg of raw biomass that could be used for biofuel production. The harvested
biomass was separated into different anatomical fractions (leaves, stem and offshoots) to
create multiple production streams from one feedstock (Figure P3-1). For 4.5 year old A.
tequilana plants, 73% w/w of the above-ground biomass was attributable to leaves and
27% w/w to the stem (Table P3-2). By crushing the leaves, 68% w/w of the leaf mass

could be extracted as a weakly acidic fermentable juice (Table P3-2).
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The acidity of Agave juice (pH 4.6-5.0; Table P3-S1) is a characteristic of plants
that use the Crassulacean acid metabolism (CAM) photosynthesis pathway, in which
organic acids such as malic acid are stored in the vacuoles of cells during the night [10].
The two abundant organic acids measured by HPLC in the leaf juice were acetic and malic
acid (Table PS-S2). High concentrations of weak acids such as acetic acid or low
concentrations in the presence of other compounds (i.e furfural) have been shown to reduce
biomass accumulation and production of ethanol, resulting in a need for superior strain
selection [11]. A small percentage of the total mass of the juice was attributed to minerals
at 1-2% w/w (Table P3-S1).

Total soluble solids (TSS) and °Brix can be used to estimate sugar content in a
liquid solution (Table P3-2). The measured carbohydrate content for A. tequilana leaf
(~9.6% wi/v) and stem juice (~17.3% wi/v) using the two methods, TSS and °Brix, were
comparable. However, when juice was analysed using HPLC, it became clear that these
methods overestimated the amount of carbohydrates in leaf and offshoot juice (Table P3-
2).

Juice samples were treated with TFA or fructanase to cleave higher molecular
weight carbohydrates, predominantly fructans, into monosaccharides for quantification. A.
tequilana plants are considered to be high accumulators of branched fructans and neo-
fructans [12]. However, only 10—15 g/L of the carbohydrates in Agave tequilana leaf and
offshoot juice is attributed to fructans (Table P3-3). Whilst over 85% of the carbohydrates
in stem juice are complex fructans, many microorganisms cannot ferment these in their
native branched forms and thus a hydrolysis or cooking step is required [13]. Although
such methods are considered to be efficient for the complete hydrolysis of fructans in both
leaf and stem tissue, they can be costly and unfavourable for downstream processing [13,
14]. In addition, fructose is highly unstable relative to other monosaccharides such as

glucose, even under moderate pre-treatment conditions, and is converted into compounds,
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such as hydroxymethylfurfural, which are toxic to fermenting microorganisms [14]. As a
result, acid and enzymatic pre-treatments were not further explored in this study.

Alternatively, autoclaving is considered a low-cost, low-input pre-treatment for
Agave juice. In leaf juice samples, no detectable change in monosaccharides was observed
in autoclaved juice when compared with raw juice (Table P3-3). Conversely, autoclaving
increased measurable monosaccharides in stem juice by 50 g/L (Table P3-3). In addition,
higher levels of the intermediate hydrolysis product sucrose were present; indicating that
partial breakdown of the complex fructans was achieved where one sucrose moiety was
liberated per molecule of inulin [14].

In the tequila industry, cooking the stem at elevated temperatures for an extended
period is the standard method for fructan hydrolysis, for production of aromatic
compounds and for softening of the recalcitrant tissue before milling [3]. Autoclaving can
similarly be used to treat the juice prior to fermentation (Table P3-1), but there are
inconsistent reports in the literature regarding the efficiency or necessity of the autoclaving
step. Some studies indicate that autoclaving Agave juice partially hydrolyses fructans [15].
Other studies imply that autoclaving is employed strictly as a sterilization step and does not
modify the structure or composition of carbohydrates in the juice [16], whilst others claim
for complete hydrolysis (98%) of fructans to occur, the samples must be heated at about
80°C for more than 25 hrs [12]. Findings herein indicate that the efficiency of fructan
hydrolysis by a simple thermal pre-treatment (autoclaving) is substrate-dependent, as there
was no difference in the monosaccharide content between raw and autoclaved leaf juice
but the amount of monosaccharides in the stem juice increased following autoclaving.

Although immature offshoots contributed a substantial amount of the total biomass
(38% wiw; Table P3-2), they were at varying stages of development, potentially rendering

biomass weights, carbohydrate content and ultimately ethanol yields unpredictable. As a
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result, it may be more advantageous to harvest only the mother plant and to leave the

offshoots to grow for future harvests, thus offshoots were not further analysed in this study.

Spontaneous fermentation of Agave juice is induced by endogenous
species

In commercial tequila production, natural (spontaneous) fermentation is a common
practice [17]. However, in a biofuel context natural fermentations are unlikely to be
favourable and partial fermentation of the carbohydrates can occur prematurely during
transport of feedstocks to processing facilities, thus reducing ethanol yields (Figure P3-S1).
Here, the spontaneous fermentation of A. tequilana leaf and stem juice was tested by
allowing raw leaf and stem juice to ferment for 120 h without the addition of any extra
microorganisms. Both juice sources gave similar yields of ethanol: 9.0 g/L for leaf juice
and 14.6 g/L for stem juice (Figure P3-2a). However, the fermentation profiles of these
two substrates over 120 h were quite different (Figure P3-2a). The highest accumulation of
ethanol in the stem juice was observed at 48 h and decreased over the next 24 h. This
reduction in ethanol concentration may be due to native organisms metabolising ethanol in
periods of stress or when monosaccharides are not immediately available. In contrast the
concentration of ethanol in the spontaneous leaf juice fermentations increased consistently
over 96 h and then plateaus.

In terms of the conversion of total carbohydrates to ethanol (Figure P3-2b), the
performance efficiency of native organisms was higher in leaf samples. The higher
conversion efficiency in leaf juice may be due to the majority of the carbohydrates being
fermentable mono- or oligosaccharides, whereas in stem juice they are complex fructans
(Table P3-3). The final ethanol yield for both spontaneous fermentations was similar
(10—15 g/L), which is indicative of similarities between the membership of the microbial
mixture both at the start and throughout the fermentation. The endogenous microorganisms

found within these Agave samples may have a low tolerance to ethanol resulting in
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incomplete fermentation (only 32% and 17% conversion of leaf and stem carbohydrates to
ethanol, respectively), although other factors may be hindering the rate of conversion.

Spontaneous fermentations are heterogeneous microbiological and biochemical
processes in which populations increase and decrease as selective pressures are induced,
ultimately resulting in the dominance of species with superior catabolism rates and/or
tolerance to the alcoholic end-products [2]. Microorganisms isolated from the early stages
of Agave stem fermentations have been shown to contain a rich mixture of yeast species.
For example, 192 yeasts were identified from alcoholic fermentation of A. salmiana juice
when it was streaked on nutrient agar plates [18]. However, as fermentations progress, the
number of species and their abundance can change. Some studies indicate that the diversity
diminishes over the course of the fermentation [19], whereas in other studies, a more
diverse mixture of microorganisms was observed due to the introduction of contaminants
[18]. In both studies Saccharomyces was found to be the predominant strain at the onset of
fermentation. A negative interaction between S. cerevisiae and non-Saccharomyces yeast
strains has been proposed, which may be one of the factors contributing to the reduced
efficiency of spontaneous fermentations [20].

In addition, active Killer yeast (and bacterial) genera, such as Kluyveromyces
marxianus var. drosophilarum and Pichia membranaefaciens, are frequently present in the
spontaneous fermentation of plant biomass, including Agave, resulting in sluggish or stuck
fermentations [21,22]. Strains that exhibit these Killer properties tend to colonize
fermentations early and produce zymocidal substances that can reduce beneficial yeast
populations [23]. The rise and fall of populations during the course of the fermentation
could explain the sporadic changes in ethanol content observed in the fermentation profiles
of unmodified Agave leaf and stem juice. Prolonged spontaneous fermentations of Agave

juice, if not monitored, could therefore inadvertently result in reduced ethanol yields. Such
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information will be instructive when considering the processing, transport, handling and

storage of Agave biomass and juice.

Screening and selection of microorganisms

As microorganisms exhibit a narrow range of tolerances to environmental conditions,
identifying fermenting organisms that are particularly adapted to the substrate is crucial. In
this work, five yeast strains were obtained from the ARS Culture (NRRL) Collection [7]
for fermentation studies (Table P3-4). The selected yeast had been isolated directly from
Agave, other succulents or carbohydrate-rich plant tissue such as grape or sugarcane
molasses. The ability of three strains to ferment the primary carbohydrates in Agave juice
(glucose, sucrose and inulin) as sole carbon sources had previously been tested (CBS-
KNAW Fungal Biodiversity Centre, [24]; Table P3-4). For the other two yeasts, data
specific to the strains were not available, but species level information regarding
fermentation performance was considered (Table P3-4).

Of the yeast selected, three species had some capacity to ferment the primary
carbohydrate in Agave tissue, inulin (fructans), K. marxianus (Km15918), Candida
akabanensis (Ca7846) and Saccharomyces cerevisiae (Sc636 and Sc139) (CBS-KNAW
Fungal Biodiversity Centre, [24]; Table P3-4). In addition, isolates of Kluyveromyces
marxianus have been shown to produce fructan-hydrolysing enzymes [25]. The yeast
Pichia kluyveri was also selected as it has been reported to display high fermentation
efficiency in tequila making [26].

To investigate thermal tolerance and to determine the optimal growth temperature,
each yeast was diluted to a standardized cell concentration and spotted on YPD plates
placed at four different temperatures (28°C, 32°C, 37°C and 42°C). All yeast strains grew
similarly at temperatures at or below 32°C (Table P3-S3). However, one yeast,

Kluyveromyces marxianus (Km1598), tolerated temperatures above 37°C. This strain was
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isolated from Agave that is able to thrive in arid regions and which can tolerate
temperatures above 60°C [27]. Such information suggests that further analysis of the
metagenome of Agave may identify novel, superior microorganisms for the production of
bioethanol. For example, although less than 1% of microorganisms present in many natural
environments can be cultured in vitro [28], endogenous microorganisms from Agave juice
exhibited growth over a wide range of temperatures (28—42°C; data not shown). Yeast
isolated from Agave also have the advantage of being tolerant to toxic compounds (i.e.
furans) present in the juice and are less likely to become inactive during fermentation as

they are more adapt to the substrate [29].

Comparison of microbial strains and treatment of A. tequilana leaf
juice

In large-scale biofuel production, where rapid and reliable fermentations are essential, the
use of robust and reliable pure yeast inocula of known performance is common practice,
rather than spontaneous fermentation [2]. Here, five yeasts (Table P3-4) were selected for
the fermentation of raw and autoclaved Agave leaf juice. Subsequently, yeast strains with
the highest fermentation performance were cultured in autoclaved leaf juice after the re-
introduction of endogenous microbes (Table P3-5).

S. cerevisiae is one of the most widely utilized yeasts for alcoholic fermentations
such as wine making and brewing, yet the ethanol yields achieved from Agave leaf juice
(raw or autoclaved) using two Saccharomyces isolates (Sc636 and Sc139) were lower
compared with the yields achieved using the less commonly studied yeasts Ca7846,
Km1598 and Pk17228 (Table P3-5). The poorer fermentation performance of the
Saccharomyces isolates is likely to be attributable to the high levels of fructose present in
the substrate, as Saccharomyces yeast species preferentially use glucose (although the level
of preference varies) when in a heterogeneous culture with other monosaccharides such as

fructose [30]. When glucose is transported across the plasma membrane in these mixed
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cultures and ethanol is accumulated, the tautomeric equilibrium of fructose is shifted,
converting it from fructopryranose to fructofuranose [31]. This shift in conformation has
been suggested to lower the rate of fructose transport, further limiting its uptake by the
yeast [30]. The accumulation of carbohydrates that are not metabolized by the yeast results
in slowed or arrested fermentations, ultimately decreasing ethanol vyields. Further
reductions in ethanol yields have been reported for Saccharomyces inocula when used in
Agave fermentations if the yeast were not isolated from Agave [32]. Therefore, for optimal
fermentation microorganisms that are adapted to or can tolerate and metabolise fructose-

containing polymers are required for the fermentation of Agave.

Higher ethanol vyields were achieved using non-Saccharomyces yeasts than
Saccharomyces yeasts. The increase in ethanol yields using these strains may be attributed
to their superior ability to degrade fructose and fructan polymers, or possibly their
tolerance to compounds inherent to the substrate (i.e. malic acid) or the production of
ethanol and inhibitory by-products. For example, K. marxianus is known to produce
fructan-specific enzymes, which enables the yeast to simultaneously hydrolyse fructans
and ferment the liberated monosaccharides [25], resulting in higher ethanol yields (Table
P3-5). Alcohol vyields achieved using the non-Saccharomyces yeasts P. kluyveri and K.
marxianus were similar, consistent with previous reports [26]. The most efficient isolate
used was Ca7846 (78% conversion; Table P3-5), but this has been the first study to
investigate its use for bioethanol production and little is known about its fermentation
capabilities.

There is no benefit to autoclaving Agave leaf juice prior to fermentation. No
significant differences between ethanol yields (g/L) or conversion rates (% of conversion
of carbohydrates to ethanol) of Agave juice were observed between non-Saccharomyces
strains when cultured into raw or autoclaved Agave leaf juice (Table P3-5). In addition, the

accumulation and production of organic acids (acetic, citric, acetic and malic acid) and
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glycerol in non-Saccharomyces fermentations of raw and autoclaved juice was similar
(Table P3-S2), indicating that acid production and consumption patterns of the yeast are
not influenced by autoclaving the juice. However, when endogenous microorganisms were
re-introduced into autoclaved juice substrates, the ethanol yields were lower for all non-
Saccharomyces yeasts tested than vyields from fermentations where endogenous
microorganisms were not re-introduced. The strain Km1598, which was originally isolated
from Agave sisalana (Table P3-4), had the lowest rate of conversion in the presence of
native microbes (raw and re-introduced) compared with Ca7846 and Pk17228.

Overall, the efficiency of the fermentations were influenced more by the yeast
species present (Table P3-5) than by the treatment of the juice. There were no statistically
significant differences observed between the ethanol yields achieved using raw or
autoclaved leaf juice for any isolate. However, there was a clear and statistically significant
distinction between fermentation performance of Saccharomyces and non-Saccharomyces
yeast in both raw and autoclaved leaf juice (Table P3-5).

The current research has revealed that ethanol yields are likely to be compromised
if Agave leaf juice is not autoclaved prior to fermentation and demonstrated the impact on
ethanol yields when autoclaved juice becomes contaminated with native organisms
following sterilization. The highest rate of conversion of carbohydrates to ethanol observed
was 61%, using Pk17228 (Table P3-5). However, this value is lower than the rate observed
when culturing raw leaf juice (69% conversion for Pk17228; Table P3-5). This reduction in
ethanol yields is likely to be due to the compositional and chemical changes that occur as a
result of autoclaving. One means by which autoclaving changes the composition of Agave
juice is by degrading vitamins and thereby inducing a nutrient-limited environment [16].
Deficient vitamin levels can reduce cell growth rate, biomass production, decrease viability
and ultimately effect fermentation performance [33]. In addition, it can result in the

degradation of nitrogen containing compounds (i.e. ammonium), which is an essential

129



macronutrient required by microorganisms for the maintenance of stationary phase
fermentation [33]. An unbalanced nitrogen level may result in stuck fermentations which
may significantly reduce ethanol yields.

It should be noted that by culturing the endogenous microbes present in Agave juice
on YPD plates, only a proportion of the microbial population was represented and
therefore this inoculum was not identical to the breadth of microorganisms found in raw
Agave juice. However, as in the tequila industry, even a small diversity of microbial
contaminants can have a profound effect on the fermentation performance and end-
products generated [19]. Contaminants from Agave will inevitably be present in Agave
processing facilities. The current study provides founding data from which strategies to

manage Agave storage and handling may be developed.

Fermentation of Agave stem juice and co-fermentation

Microbes that naturally deconstruct plant walls may provide the best enzymes for
bioconversion of energy crops [34]. To explore this concept the fermentation of autoclaved
Agave stem juice was investigated using Km1598, a strain which was originally isolated
from Agave. A maximum conversion rate of 64% was achieved by 48 h (Figure P3-3a).
This conversion rate was lower than previously reported for K. marxianus (94-96%
efficiency after 72 h; Table P3-1), but the stem juice used for this study was not cooked for
an extended period to hydrolyze the fructans [17].

When stem juice and leaf juice were combined, 85% conversion to ethanol was
achieved (Figure P3-3b). The leaf and stem juice were combined in a volume leaf:stem
ratio of 3:1, which was representative of a scenario where whole plants are crushed as one
unit, without the leaves and stem being separated. This approach is advantageous as
reduces the time and labour required for processing and harvesting of Agave plants,

potentially reducing production costs.
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Ethanol yield predictions

The theoretical ethanol yields for A. tequilana rival other currently studied lignocellulosic
feedstocks [35]. Juice derived from A. tequilana stems had a higher proportion of
carbohydrates than leaf juice (13.7% w/w or 17.1% wi/v respectively; Table P3-2), but in
total the juice from the leaves contributed more total carbohydrates, 5.3 kg per plant than
stem, 3.5 kg per plant. Therefore, a higher ethanol yield was calculated for A. tequilana
leaf juice, 2412 L/halyr relative to stem juice, 1602 L/ha/yr (Table P3-6). When combined
the fermentation of juice collected from only the mother plants in an Agave plantation
would yield up to 4014 L/ha/yr ethanol, leaving the offshoots to keep growing in the field
for future harvests. However, the conversion of carbohydrates into ethanol is mediated via
a complex chemical and enzymatic pathway and actual fermentation data is required to
validate the estimates of the value of this biomass as a substrate for fermentation.

There was a range in the conversion of carbohydrates to ethanol in the fermentation
of Agave leaf juice, 48—78% (Table P3-5). This correlates to yields of 1157-1881 L/ha/yr
ethanol (Table P3-6). Therefore, the fermentation of A. tequilana leaves, which are
currently discarded in the beverage industry, could add significant value to existing Agave
industries. Agave production specifically for biofuel may also be profitable, particularly as
Agave can be produced in agriculturally marginal regions. If grown specifically for biofuel
production at a density of 4000 plants/ha, the juice derived from 4.5 y old A. tequilana

plants (stem and leaf) could produce ethanol yields of 15 350 L/ha.

Conclusion

This data generated in this study challenges current practices in bioethanol production of
supplementing and pre-treating Agave juice prior to fermentation. Leaf juice substrates do

not benefit from autoclaving prior to inoculation, and the choice of fermenting organisms
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IS more important than pre-treatment. The best fermenters studied were isolated from
succulents. A third species, Candida akabanensis, was successfully used for the first time
in fermentation studies of Agave juice, suggesting that further exploration of non-
traditional Saccharomyces species could improve bioethanol vyields. Actual and
extrapolated ethanol yields from Agave leaf juice confirm that this biomass has significant

potential for bioethanol production.
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Figure P3-1 Diagram outlining the fractions that can be generated from

processing of Agave plants

Whole units of Agave plants (A) were harvested, and divided into offshoots
(B), leaves (C) and stem (D). Each of these fractions can be further processed
to generate a cellulose-enriched fibrous bagasse (E), a fermentable juice (F)

and residual biomass (G).
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Figure P3-2 Spontaneous fermentation of A. tequilana juice

Raw Agave leaf and stem juice was fermented using only the native
organisms present within the substrate; n=3. The production of ethanol (g/L)
was higher in stem juice (A). However, when the conversion of carbohydrates
to ethanol was considered the microflora of the leaf juice appeared to be more
efficient (B). The total carbohydrate content in the leaf and stem juice was

determined by HPLC (Table P3-3).
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Conversion of Agave stem juice
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Figure P3-3 Conversion rates of total carbohydrates to ethanol using

Agave stem juice

Kinetic profile of the fermentation of Kluyveromyces marxianus (Km1598) in
autoclaved A. tequilana stem juice over time, 96 h, n=3 (A) and in combined
leaf and stem juice (B). The autoclaved leaf and stem juice were combined in
volumes equivalent to the mass distribution of a whole plant, namely 75%
leaves and 25% stem, and fermented using K. marxianus (B). The
fermentation of combined Agave juice from stem and leaf yielded 85%

conversion of carbohydrates to ethanol.
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Table P3-1 Selected fermenting strains and conditions using Agave tequilana as reported in literature

Fermentation

% conversion of

Citati

Substrate Fermenting strain conditions Sterilization Sugar adjustments Added nutrients carbohydrates to ethanol on
YPD supplemented
Kluyveromyces with high fructose | Ammonium phosphate | 94-96
Cooked A marxianus UMPe-1 20-28°C/72 h 121°C for 15 min Agave syrup (60 mg/L) %; K.marxianus
A . [17]
tequilana stem Saccharomyces PH: 4-5 Filtered Adjusted to Ammonium salts 70-76%;
cerevisiae Panl 120 g/L (20 mg/L) S. cerevisiae
fermentable sugars
Ammonium sulfate
(220 mg N/I) 49%; supplemented with
_A._tequnana stem _ 30°C/80 h 121°C for 15 min Adjusted to 100 g/L or ammonium sulfate
juice source from | Kloeckera africana K1 i ; Mixture of amino [36]
R pH: n/a . (reducing sugars) ) .
tequila distillery Filtered acids, final 94%; supplemented with
concentration of 220 Asparagine
mg N/I
Amm(_)nium SL_JIfate or 78%: K. africana
. ) . Diammonium
Cooked A. Kloeckera africana K1 . ) 121°C for 15 min Adju?‘tﬁd to 12 phosphate 92-100%:
tequilana stem 30°C/24 Brix with water (95 (1glL) S. cerevisiae [37]
(98°C for 12 h) Saccha_lr_omyces pH: 4.2 Filtered g/L reducing or
cerevisiae S1 sugars) . .
Yeast extract Higher for fermentations
(2 g/L) supplemented with N
Ammonium sulfate
30°C/ length n/a (1gL) .
i * 9 88%; no significant
Cooked A. h pH: 2.5-4 diusted / .
tequilana stem Saccharomyces 121°C for 15 min | AAdlusted to 100 g/L - improvement due to pH, | g
(100°C for 36 h) | Cerevisiae (S10rS2) | ontrolled using (reducing sugars) | Ammonium phosphate yields improved using
monobasic aeration
NaOH
(4g/L)
Kloeckera africana K1
52%; K. africana
Cpoked A Kloeckera apiculate o 121°C for 15 min Adjusted to 12° .
tequilana stems 35°C/72h - Ammonium sulfate o .
(95-100°C for 4 K2 OH: 4.2 Brix (95 g/L (1g/L) 43%; K. apiculate [16]
h) Saccharomyces o Filtered reducing sugars)
cerevisiae 82-90%; S. cerevisiae

(S1, S2 and S3)




6ET

A. fourcroydes
leaf juice
combined with
industrial
molasses”

Kluyveromyces
marxianus Cicy-Ki

and/or

Saccharomyces
cerevisiae

35°C/48 h
pH: 4.7

121°Cfor 1 h

Adjusted to 12°
Brix* using varying
ratios of juice +
molasses

*Sugar
concentration in g/L
not given

Ammonium sulfate
(1.549/L)

5.2% v/v ethanol; 25/75
mix of
K. marxianus/ S.
cerevisiae

[15]

publications: [15-17, 36-38]. “No information was provided regarding the source of molasses.

The definition of stem is used interchangeably with the terms pine, head, must and pifia. Data was sourced from the following




Table P3-2 Mass distribution and carbohydrate content of Agave tequilana

juice
Average % juice Total soluble
mass ger collected per | carbohydrates °Brix TSS
lant (F;( ) fraction in juice (Wiv) (% wiv)
PRt | i) (% wi)*
Mother plant
Leaf 163 + 24 68 6.0 96+22 | 9.3+21
Stem 60 + 15 43 17.1 173+£3.8 | 17.4+3.7
Offshoots 137 £ 50 27 4.0 79+£03 | 75205

The weight of biomass derived from Agave tequilana plants was recorded at the

time of harvest (fresh wt; kg). The mother plant (4.5 y old) was separated into

leaves, stem and root fractions and the younger plants (offshoots) removed. The

majority of the above-ground mass of mother plants is attributed to the leaves at

73% w/w. Three different methods were used to determine the carbohydrate

content in Agave juice; *HPLC (Table P3-3), Brix and total soluble solids (TSS).

The density for all Agave juice samples is assumed to be 1.25.




Table P3-3 Analysis of Agave juice to quantify total carbohydrate content

Tissue Treatment of Fructose Glucose Sucrose Total
juice (9/L) (9/L) (g/L) (9/L)

Raw 12.7+27 256 +4.9 6.0+45 44.3

L eaves TFA 23.9+6.0 359+7.38 - 59.8
Fructanase 22.4+6.8 33.2+10.0 — 55.6
Autoclaved 15.2+4.4 25645 46+1.0 454

Raw 6.2+1.2 11.3+3.2 8.0+5.6 25.5

TFA 129.8 +32.5 39.8+94 - 169.6

Stem I-p ctanase 132.0+33.9 | 387%8.1 - 170.8
Autoclaved 34.3+29 157+1.1 252+7.2 75.2

Raw 104+ 34 151+4.6 21+0.2 27.6
Offshoots TFA 209+7.3 17.3+3.6 - 38.2
Fructanase 225+8.1 17.7+3.4 — 40.2
Autoclaved 12.2 +0.6 144+45 27+1.3 29.4

The amount of detectable soluble carbohydrates (glucose, fructose and sucrose)
in Agave juice (leaf, stem and offshoots) is dependent on the treatment method
employed: raw, TFA-treated, fructanase-treated and autoclaved juice samples.

Data are presented as g/L; leaves and stem n=3; offshoots n=2.




Table P3-4 Selected microorganisms for fermentation of Agave juice

Fermentation Tolerance
Source Accession Organism Glucose | Sucrose | Inulin Ethanol
number
Rotting Agave 1598* Kluyveromyces + + + Growth
sisalana (CBS: 745) marxianus
leaves
Rottin
o 9 17228 - -
punita ‘ Pichia kluyveri + n/a n/a Growth
. (CBS: 7274)
stricta
Jamaica 7846 Candida + + +/- | Weak/delayed
sugarcane akabanensis
Molasses 636 Sacchar_or_nyces + +/- weak Variable
cerevisiae
Fermenting 139 Saccharomyces
grapes (CBS: 1539) cerevisiae * * n/a Growth

Five yeast were used for the fermentation of Agave juice. Organisms were

sourced from the ARS Culture Collection (NRRL) [7]. Accession numbers for

strains in NRRL database are listed first, followed by the corresponding number

in the CBS database. Fermentation and tolerance data for microorganisms was

obtained from CBS-KNAW Fungal Biodiversity Centre, [24]; bold text indicates

data for the specific strain was available in the database. *Km1598 has been

reported to secrete fructan hydrolysing enzymes [25].




Table P3-5 Comparison of ethanol yields achieved from fermentation of A.

tequilana leaf juice

Ethanol yield(72 hr)

' _ Conversion
Treatment Mlcro_blal Yield (g/L) (% wiw of total
strain sugars converted to
ethanol )

Km1598 23034 66.7+ 0.4

PK17228 234+0.1 68.7 + 10.2

NOT‘a”tOIC"'?‘Ved ¥ Ca7846 24.8+6.0 713465

nocutation Sc636 137403 481+ 15

5¢139 146+ 2.4 48.9+3.7

Km1598 261+ 64 75174

PK17228 257+ 4.2 749+ 48

AI‘;]B"CCJf‘a‘;egn* Ca7846 26.9+ 1.9 784+ 63

Sc636 195+ 0.4 57.0+7.6

Sc139 16.8+5.1 48.2+7.2

Km1598* 168+ 17 54.6+4.9

. dg:;gﬁ'f‘rﬁi t e | PKLT228* 18.9+ 2.0 61.4+6.1

Ca7846* 18.3+ 2.0 50.2 + 6.7

Comparison of ethanol yields (g/L) and conversion efficiency (%) of five
different yeast strains when cultured in raw and autoclaved A. tequilana leaf
juice; n=2. In addition indigenous microbes were re-introduced into autoclaved
leaf juice and fermented using non-Saccharomyces yeast; *n=3. Ethanol
conversion are based on the carbohydrate content of TFA-treated leaf juice

quantified by HPLC (Table P3-3).



144"

Table P3-6 Predicted ethanol yields for Agave tequilana

Leaf 78820 4729 2412 48-78 11581881
Stem 18347 3142 1602 64 1025

Whole Mother 4014 85 3411
plant

Calculations are based on 4000 Agave plants ha™ using a juice density of 1.25. The productivity and carbohydrate content of
Agave tequilana is calculated using real-harvest data (Table P3-2) and HPLC data (Table P3-3). » Maximum ethanol yields
assume 100% efficiency of carbohydrate conversion to ethanol at 0.511 g ethanol/g sugar [9]. The total ethanol yield is divided
by the age of plant (4.5 y old) and expressed as the value per year. Actual conversion rates were determined in this study to be
48—78% using leaf juice (Table P3-5) and 64% using stem juice (Figure P3-3a) but 85% when juice from the whole plant was
used (Figure P3-3b). Italics indicate values derived from an additive calculation rather than direct measurement. *The predicted
ethanol yields are based on the maximum ethanol yields that could be generated from each fraction and the conversion rates

achieved in this study.



Supporting Information

Table P3-S1 pH and minerals in Agave tequilana juice

Minerals %

Tissue pH (wiw)

A.tequilana leaves' | 46+0.1 | 15%0.8

A.tequilana stems® | 49+01 | 0.8+0.1

Offshoots? 5.0+0.1 20+0.1

Variation in the pH and mineral content was observed between the different juice

samples collected from Agave tequilana.
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Table P3-S2 Metabolite concentrations in raw, autoclaved and fermented (72 h) A. tequilana leaf juice

Acid compounds (g/L)

Treatment of juice Strain Acetic Citric Lactic Malic Glycerol
Raw leaf juice’ - 145+9.5 39+18 32+1.1 15.8 4.9 -
_ 7846 175+104 6.4+4.2 17.4+2.8 18.4+8.0 1.2+0.1
Fermented: non-
autoclaved leaf juice + 1598 16.0+£9.1 55+3.2 125+0.8 16.7+6.4 21+0.6
inoculation?
17228 16.8+9.1 6.7+2.1 21.0+£11.7 16.7 +5.6 1.6+0.2
Autoclaved leaf juice’ - 5620 3.7+14 9.2+5.1 156 +5.9 -
7846 17.7+11.8 6.5+3.8 30.1+2.6 21.3+59 1.0+0.5
Fermented: autoclaved | qq 183+101 | 6.6%4.0 181+18 | 200+87 | 24+£07
leaf juice + inoculation
17228 18.3+114 6.6 1.6 21.7 5.7 21.5+10.7 1.2+09

Metabolite concentrations are presented as a mean + SD of *three replicates; “two repl




Figure P3-S1 Agave juice naturally ferments

Fermentation of Agave stem juice was observed 6 h after the plant was harvested.
Left beaker contains the starting juice and the right beaker contains juice left at

room temperature for 6 h.
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Table P3-S3 Thermo-tolerance of selected commercial yeast

Source Strain Organism 28°C 32°C 37°C 42°C
Kluyveromyces
Agave or other | 1598 mivrxiana,s * * * +
succulent 17228 | Pichia kluyveri + + + -
. Candida
High sugar 7846 akabanensis + +
content
(sugarcane) 636 Saccharomyces N N . B
cerevisiae
High
glucose/fructose | 139 Sai‘;?g;&?;?es + + + -
content (grapes)

Relative thermo-tolerance of five yeast strains obtained from the ARS (NRRL)
Culture Collection (2015) assessed by spotting a standardized cell concentration

on YPD plates with incubation at 28, 32, 37 and 42°C.




12.0 Thesis Conclusions and Key Findings

The research described in this thesis explores the potential of utilizing agro-industrial
residues derived from Agave and Vitis vinifera for biofuel production. Overall, Agave plants
exhibit characteristics that are favorable for the production of hydrocarbon fuels: they have
high biomass yields, are adapted to growing in sub-optimal regions under challenging
environmental conditions, have low cost production systems and are not used for animal or
human food. The current research demonstrates that Agave plants have compositional features
that further increase their suitability, such as a low lignin content, high accumulation rates of
soluble carbohydrates, easily hydrolyzed cellulose polymers and high ethanol yields
(theoretical and actual) relative to other commonly studied lignocellulosic feedstocks (paper |
and I11). In contrast, grape marc carbohydrates are complex and the homogenized material is
rich in the phenolic polymer lignin, making marc an unfavorable feedstock for bioethanol
production in its raw form (paper Il). However, because grape marc is generated as a waste
product from a well-established industry, it could still generate a value-adding stream of
income for grape growers and the wine industry, as currently the disposal of grape marc waste
is incurred at a cost to vineyards.

The optimal conversion methods for Agave leaves and grape marc were determined by
biochemical analyses, deconstructive processing and anaerobic fermentations. There were four
focus areas: refining the techniques used for biomass processing; increasing monosaccharide
availability; identifying efficient low cost pre-treatments; and ensuring complete utilization of

sugars during fermentation.



12.1 Refining the techniques used for biomass processing

The impact of processing and fermenting Agave plants in different fractions or as a
whole was investigated in this thesis. The data indicate that harvesting techniques will
influence final biofuel yields. For the two selected feedstocks separation of the more
recalcitrant tissue from fermentable sugars during harvesting could increase the efficiency of
converting the biomass to ethanol. For example, the compositional data (paper 1) indicated that
Agave juice is rich in fermentable sugars that can be converted directly to ethanol with no
additional inputs of nutrients or carbohydrates, using standard S. cerevisiae strains.
Mechanically crushing the leaves to collect these fermentable sugars leaves a residual
cellulosic bagasse fraction that could be utilized in an alternative processing stream for
bioethanol or biochemical production.

In paper | and Ill, the processing of Agave biomass and juice is explored to assess
ethanol yields under different harvesting scenarios. Predicted ethanol yields using extracted
leaf juice from 3 yr old plants, 2350 L/ha/yr (paper 1), is similar to the values predicted from
4.5 yr old plant, 2412 L/halyr (paper I11). Allowing Agave plants to grow for another 1.5 yr did
not significantly change the amount of extractable carbohydrates (48 g/L compared to 56 g/L);
however the amount of biomass per hectare was increased. As a result, the total ethanol
(predicted) that can be achieved using 3 yr old Agave leaf juice was lower (7 050 L/ha; paper
I) than that of 4.5 yr old plants (10 854 L/ha; paper Ill). Ethanol yields can be further
increased if Agave plants are grown specifically for biofuel production at a density of 4000
plants/ha, in which the juice derived from whole plants (stem and leaf; 4.5 yr) could generate

yields of 15 350 L/ha.



Alcoholic fermentations involve complex chemical and enzymatic reactions either
step-wise or simultaneously until conversion is complete, slows or is inhibited. As a result,
conversion of carbohydrates to ethanol (1 g sugar converted to 0.51 g ethanol) is unlikely to be
achieved at maximum efficiency and real-production and fermentation data is required. For
the fermentation of Agave juice the production of ethanol was influenced more by the choice
of fermenting organisms than the juice pre-treatment (paper I11). This study demonstrated that
ethanol yields are reduced if fermentation is reliant solely on endogenous microorganisms or if
pre-treated juice becomes contaminated with a mixture of microbes that originated from the
biomass itself. In paper I, the fermentation performance of two Saccharomyces yeast was
investigated when cultured in autoclaved Agave leaf juice from 3 yr old plants. When the same
yeast (5c139 and Sc636) were cultured in juice from 4.5 yr old plants (paper I11) the ethanol
yields produced were lower, (66% of the predicted yield paper | compared to 57%, paper III).
This variation in the fermentation performance is likely substrate induced and may be
attributed to an increase in fructan complexity as the plants matures or a lack of nutrients.
Further investigations showed that non-Saccharomyces yeast including Kluyveromyces
marxianus and Candida akabanensis, are more robust than standard Saccharomyces, resulting
in higher yields of ethanol.

It should be noted that the conversion efficiency (carbohydrate to ethanol) was greater,
85%, when leaf and stem juice were combined (paper IlI). Therefore, direct fermentation of
the whole plant may produce higher yields than separating juice from different fractions and
limit the time and cost incurred at the time of harvest or crushing. On-site crushing of Agave
biomass may reduce the costs associated with transporting this moisture dense (up to 90%

water) plant material from the field to the processing facility. However, proper storage and



handling of the juice is critical to preventing the occurrence of spontaneous or natural

fermentations, which compromise ethanol yields (paper I11).

12.2 Increasing monosaccharide availability and identifying efficient
pre-treatments

A valuable source of carbohydrate is retained in the solid mass that remains after the
crushing of Agave leaves or the extraction of soluble carbohydrates from grape marc. The
compositional data reported in paper | indicated that the residual fibrous bagasse from Agave
is a recalcitrant, complex matrix of cellulose and non-cellulosic polysaccharides. Complete
hydrolysis of the cell wall components for both biomass sources was achieved using
concentrated sulphuric acid. However, this methodology is not suitable for large-scale
production. An alternative methodology was tested using unpurified cellulase preparations to
hydrolyze cellulose polymers to glucose monomers. Liberation of glucose was achieved at
nearly 40% efficiency using non-pretreated Agave leaf tissue, but this method could be further
optimized if enzymatic hydrolysis were combined with a pre-treatment step (such as a dilute
acid treatment.

Fructose is highly unstable relative to other monosaccharides such as glucose, even
under moderate pre-treatment conditions, and is degraded into compounds which are toxic to
many fermenting microorganisms [107, 108]. As a result, autoclaving was tested as a low-
cost, low-input pre-treatment for Agave juice. In leaf juice samples no detectable change in
monosaccharide extraction or composition is observed in autoclaved juice when compared
with the raw juice (Table P3-3; paper I11), and thus this standard practice of autoclaving Agave
juice (paper I11) offers no benefit unless a sterilization step is specifically required. In contrast

to the data for Agave leaf juice, autoclaving was found to increase the amount of
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monosaccharides in stem juice by 50 g/L (Table P3-3; paper IlI), and this may be related to
loosening of the bonds within and between fructans by this moderate thermal pre-treatment.
Grape marc was found to be predominantly composed of non-cellulosic
polysaccharides (homogalacturonan, xyloglucan and arabinoxylan) and the non-fermentable
polymer lignin (paper I1). To circumvent the need for costly processing of grape marc, soluble
carbohydrates may be extracted using aqueous solutions (paper Il). By extracting the soluble
carbohydrates, one third of the dry weight of white marc (Sauvignon Blanc) could be directly
fermented to ethanol. Fermenting these easily extracted carbohydrates could yield up to 270
L/tonne ethanol. After extraction of the soluble carbohydrates the recalcitrant biomass that
remains may be pre-treated. The use of dilute acid pre-treatments increased the liberation of
monosaccharides trapped in the cell wall remnants, relative to raw non-pretreated grape marc
(paper I1). Subsequent rates of hydrolysis were higher for grape marc samples that had been
acid-treated. The thermal pre-treatments tested were ineffective at facilitating the
solubilization of non-cellulosic polysaccharides and had no significant impact on the
saccharification rate of grape marc. Another value adding prospect compatible with this
process may be extracting the phenolic components (i.e. anythocyanins) from the grape marc

(section 14.3).

12.3 Ensuring complete utilization of carbohydrates during
fermentation

Historically, bioethanol studies have focused on the optimization of converting
homogenous polymers such as starch and cellulose to hydrocarbon fuels using glucophilic

yeast. The conversion of heterogeneous polymers and the identification of microorganisms
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suitable for these substrates is an area of research still in its infancy. As a result, small-scale
production of ethanol from Agave juice was investigated by exploring different processing
methods and microorganisms (paper | and I11). Raw Agave leaf juice was converted to ethanol
at rates similar to those of autoclaved juice, indicating that this pre-treatment step had no
benefit. The yeast strains isolated directly from the substrate (i.e. Kluyveromyces marxianus)
were superior, in regards to their efficiency of fermentation of Agave juice, relative to the
commonly used strain S. cerevisiae. However, spontaneous fermentation of the juice by

endogenous microbes resulted in unreliable ethanol yields.

13.0 Future Directions

13.1 Trialing the scalability of bioethanol production from
lignocellulosic residues

The scalability of using Agave or grape marc biomass to make bioethanol, that is the
conversion potential of small amounts (grams) to large quantities (tonnes) of feedstock, was
not investigated in this study. Further studies should combine data generated herein with other
published literature to develop a technoeconomical model of Agave and grape marc processing
for biofuel and biochemical production. Such a study would allow a more direct comparison to
other lignocellulosic biomasses and help to identify “superior” biomass sources. In addition, it
would highlight areas of production requiring further research and advancement.
Technoeconomical modeling could be expanded to include a life cycle analysis (LCA) based
on industry scale data from harvest, composition, conversion, and fermentation information.
An LCA is needed to provide information about the environmental impact of using these

feedstocks for bioethanol production from “cradle to grave” [109]. Field and industrial scale



production data need to be combined to identify bottlenecks in the production process. This
information could underpin the development of large-scale bioethanol production that is

energetically and financially profitable.

13.2 Investigating alternative conversion methods

It is unlikely that all cell wall components will be converted to ethanol in any
particular process. However, there is scope for maximizing yields by optimizing fermentation
and tailoring microorganisms to suit the substrate. For example, if Agave leaves are crushed at
the time of harvest to extract the juice, a bagasse fraction remains that is rich in recalcitrant
polymers such as cellulose. As a result, the carbohydrates in these polymers are inaccessible to
fermenting microorganisms unless additional pre-treatment steps or enzymes are added.
Alternatively, if whole leaves are fermented the selected microorganisms would need to be
able to hydrolyze and ferment a complex cocktail of polymers such as fructans, non-cellulosic
polysaccharides, cellulose and soluble carbohydrates simultaneously. In both scenarios a
portion of the biomass and thus carbohydrates is likely to be unused. It has been suggested that
for lignocellulosic biomass to play an important role in the future of chemical energy
production, all cell wall components must be converted at maximum efficiency [14].
Considering this, future studies could test the conversion efficiency of grape marc and Agave
using alternative methods that may be more robust, such as hydrothermal liquefaction (HTL).

Hydrothermal liquefaction is a thermochemical process, in which all the
macromolecules of the biomass are reduced and/or degraded into smaller molecules,
ultimately producing bio-oil [110]. The chemical properties of the bio-oil are dependent on the
compositions of the starting biomass because each compound is converted into a distinct range
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of hydrocarbon compounds [110]. However, pre-treatments are not required to remove the
lignin or to make the carbohydrates more accessible, as is standard for fermentation assays. In
HTL, lignin remains in the residue fraction and non-cellulosic polysaccharides are readily
decomposed [111]. HTL may be beneficial for conversion of feedstocks with complex non-
cellulosic polysaccharides such as grape marc that would alternatively require costly
processing to obtain competitive ethanol yields. Unlike other processing methods, such as
pyrolysis, HTL is suitable for biomasses with high moisture contents, such as Agave and grape
marc, without the need for costly drying steps [111]. In addition, the use of moisture dense
feedstocks is beneficial as the exogenous water required for thermochemical processing is
reduced.

Further studies should also investigate the composition and complexity of each
individual component in grape marc: seed, stem and skin. This study considered grape marc as
a homogenized material, but depending on the harvest, storage, processing, and fermentation
methods used both in the vineyard and winery the composition of this material may differ
greatly. For instance, lignin or other non-fermentable compounds may be prevalent in a
specific component (i.e. stems) and depending if the grapes were hand harvested or
mechanically harvested the proportion of stems present would vary. Differences in pressing
and crushing regimes are also likely to affect juice release and therefore the residual sugar in
the marc. Further studies should investigate and compare the composition of grape marc and
residual sugar content under various processing conditions. In addition, further studies should
investigate how the length of fermentation (of red grape marc) affects the amount of ethanol
that can be produced from this waste material. Such information would highlight areas of
processing that require optimization and provide insight into the potential value of grape marc

as a biofuel feedstock.



13.3 Mining the microbiome of lignocellulosic feedstocks

Plant biomass contains a trove of microorganisms that have symbiotic, commensal,
competitive or parasitic interactions with each other, with the vegetative tissue, with root
systems and/or with the soil. The study of microbial populations is hampered by the fact that
less than 1% of microorganisms present in many natural environments can be cultured in vitro
[112] and more advanced methodologies, such as Next-Generation Sequencing (NGS) are
required to analyze the total prokaryotic and eukaryotic diversity within plant microbe
populations. In brief, microbiome metagenomic analysis has two main levels of resolution,
namely taxonomic profiling of microbial populations and microbiome shotgun sequencing of
the genome of an entire microbial population.

Further studies should take into consideration the microbiome of Agave and grape
marc with regards to employing appropriate harvesting, storage, transport and fermentation
methods. It has been purposed that fungi that naturally deconstruct plant cell walls may
provide the best enzymes for bioconversion of energy crops. For example, a recent study
demonstrated that fungi isolated from decaying leaves of energy grasses were superior to the
most widely used industrial bioconversion fungus Trichoderma reesei when applied to
Miscanthus [113]. Thus, mining the natural microflora of Agave and grape marc could result
in the isolation of microbes that outperform commercially available strains, where directly
fermenting the biomass in its native form could obviate the need for inoculation.

Microbes from fructose-rich biomasses such as grape marc or Agave may be beneficial
in alternative industries. For example, slow and incomplete consumption of sugars by yeast
during grape fermentation is a prominent problem in wine making [114]. It has been suggested

that a high concentration of fructose relative to glucose and depletion in nutrients result in
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yeast having difficulty maintaining metabolic activity, and this results in sluggish, stuck or
incomplete ferments [89]. Fructose competitively inhibits glucose uptake [89], so identifying
microbes that can efficiently metabolize fructose may be beneficial in preventing stuck grape

fermentations.



14.0 Appendices

14.1 Appendix A: Unpublished data paper |

Comparison of water-extraction methods

Four water-extraction methods were compared using leaves harvested from A.
tequilana, as outlined in the Materials and Methods section (Table A-1). The extraction of
glucose, fructose and sucrose was quantified by HILIC (paper 1). The sums of WSC extracted
under the selected conditions were similar and ranged from 10.3-11.0% w/w. Although
variation was observed between the different treatments, this is negligible (Table A-1). The
conditions (15 min, 80°C) used for Treatment 1 are the same as those used for fructan
extraction according to Megazyme (paper 1), and were thus chosen as the standard WSC
(monosaccharides, disaccharides and fructans) method employed for Agave compositional

analyses.



Table A-1 Comparison of four WSC extraction methods using A. tequilana leaves

Treatment Glucose Fructose Sucrose Sum WSC
(% wiw) (% wiw) (% wiw) (% wiw)

1 46+0.9 28x0.5 30x10 103+1.0

2 50x10 3.0x£0.8 2612 10.7+£0.9

3 4.3+0.7 3505 30x12 109+14

4 4.8+0.9 3.0+0.6 32x1.1 11.0+1.2

The WSC content in A. tequilana leaves was extracted using four different
methods and the carbohydrate content (glucose, fructose and sucrose) was

quantified by HILIC; n=6.




Quantification of monolignols: S/G ratio

Agave leaves are considered to be low in lignin content (paper 1) and highly
pectinaceous (Figure A-1; Method described in section 10.2) when compared to other
lignocellulosic feedstocks. Lignin is composed of p-coumaryl alcohol (H), coniferyl alcohol
(G), and sinapyl alcohol (S) monomers which are methoxylated to varying degrees [115]. The
composition of lignin varies between species, cell types, and individual cell wall layers and is
influenced by developmental and environmental cues [116]. However, the monolignol
pathway is highly conserved across the evolution of vascular plants [117]. In this study the
quantification of monolignols was conducted by thioacidolysis and gas chromatography/mass

spectrometry as described in section 10.3 (Materials and Methods).
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Figure A-1 Distribution of pectin labelling in an A. tequilana leaf section

Section labelled with LM19 against partially methyl-esterified homogalacturonan
(pectin). Pectic polysaccharides were detected in most cell types in the leaf with
the heaviest labelling observed in the sclerenchymatous fiber caps (s.f.c). Bundle
sheath (bs); parenchyma cells (pc); guard cells (gc); cube shaped crystals (csc).

Scale bar =100um.



The S/G ratio for monolignols is important as it can be used as an indicator of how
strong the carbon-carbon linkages are within and between lignin and other polysaccharides.
For example, G units form highly condensed lignin that requires extensive processing and the
use of expensive chemicals to remove [118]. Conversely, S units are linked via more labile
ether bonds and are more easily degradable compared to linkages between G subunits [118].
Variability in the S/G ratio was observed between leaf and stem tissue of A. tequilana (Table
A-2). The S/G ratio for A tequilana leaves and leaf bagasse was similar (4.7 and 4.9,
respectively) and contained a higher proportion of S units (83%) when compared with the
monolignol profile of stem bagasse (2.6; 72% S monolignols). Previously it has been shown
that the negative influence lignin has on the conversion of plant biomass is less pronounced if
the lignin is composed of a higher S/G ratio [119]. As a result, it can be concluded that the
liberation of carbohydrates entrapped in the cell wall of Agave leaves may be more easily

hydrolyzed than stem biomass.



Table A-2 Comparison of monolignol ratios (S/G) in A. tequilana biomass

Sample S/G ratio % S
Dried leaves 4.7+0.2 82
Leaf bagasse 49+0.1 83

Stem bagasse 26x0.1 72

The monolignols sinapyl alcohol (S) and coniferyl alcohols (G) were quantified

in Agave leaves and bagasse (leaf and stem) by thioacidolysis and gas

chromatography/mass spectrometry, n=2.



Compositional analysis of leaf and stem bagasse

In paper I, the compositions of Agave juice and isolated fibers were characterized, but
whole bagasse tissue, which includes fibers, residual juice, pith tissue and the waxy skin, was
not considered. The composition of bagasse tissue collected from both A. tequilana leaf
pressings and stem a pressing was investigated (Table A-3). Characterization of the soluble
and insoluble components of the bagasse tissue was completed as outlined in paper I. For both
samples there was a similar ratio of cell wall carbohydrates (about 37% w/w), extractables
(about 20% wi/w), and non-fermentable components (i.e. lignin, acetyl and minerals; about
25% wi/w). However, within these categories, a higher percentage of glucan (25% w/w) and
lignin (13% w/w) was measured in the leaf bagasse. Alternatively the stem bagasse was richer

in xylan (14% w/w) and minerals (15% w/w) (Table A-3).



Table A-3 Mass balance of A. tequilana leaf and stem bagasse

Leaf bagasse Stem bagasse
(% wiw) (% wiw)
*Extractable components 21.0+3.1 243+1.6
*Insoluble components 63.3+5.1 59.2+1.7
Carbohydrates 37.3+3.6 33204
Glucan 253%25 175+04
Xylan 106+£1.1 13.6£0.2
Arabinan 1.4+0.1 21101
Acetyl 21+0.3 24+0.1
Lignin 12.7+£1.2 8.8+1.3
Minerals (structural inorganics) 11.2+£0.2 148+0.3
Biomass accounted for (%0) 84 84

Data are presented as percentage dry weight (% w/w), n=2. Extractable

components were not quantified in this study but include soluble carbohydrates,

minerals, lipids, and proteins. The alcohol-insoluble residue was composed of

carbohydrates, acetyl, lignin and minerals. * indicates values used to calculate the

total biomass accounted for. Unaccounted- for mass is likely to include volatile

compounds, lipids, waxes and unhydrolyzed polysaccharides.




14.2 Appendix B: Compositional analysis of Agave sisalana leaves

The species A. sisalana was also considered in this study, but these plants were not at
the same stage of maturity as A. americana and A. tequilana and thus the data were not
included in paper I. Historically, the agronomical practices and harvesting of the leaves from
this feedstock were specialized for sisal (fiber) industries. However, approximately 0.6 M ha
of land previously dedicated to plant-based fiber industries has fallen out of production,
creating an opportunity for alternative markets for this underutilized biomass source [12].
Current predictions indicate that 6.1 billion L/yr of ethanol could be produced if areas
previously sown with Agave were reestablished as a dedicated bioenergy feedstock [12]. To
determine the practicality of using this feedstock for biofuel production, compositional
characterization of the biomass is necessary.

Similar to the findings for A. americana and A. tequilana the majority of the mass of
dry A. sisalana leaves was attributed to components that are soluble in aqueous solutions
(Figure B-1). The most abundant monosaccharide detected in the alcohol insoluble residue
(AIR) following acid hydrolysis was glucose (9% w/w). The non-fermentable components
lignin (9.0 % wi/w), acetyl (1.0 % w/w), minerals (7.1% w/w) and protein (7.0% w/w) also
contributed to the total composition of this feedstock.

Linkage analysis, as described in paper I, was employed to distinguish the structure
and relative percentage of cell wall polysaccharides present in the biomass. Cellulose was the
most predominant polymer detected contributing 52 mol % (Table B-1). The non-cellulosic
polysaccharides arabinoxylan and xyloglucan likewise contributed significantly, at 14 mol %
and 11 mol %, respectively. One of the major differences observed between the compositions

of A. sisalana compared to other species studied in paper | was a lower percentage of
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homogalacturonan. However, methyl-esterified homogalacturonans were detected using
antibody labelling (LM20) and TEM on the surface and the outer sheath of oxalate crystals
that accumulated in the parenchyma tissue (Figure B-2). The distribution of arabinoxylan
(LM11), (1,4)-B-mannan) and pectic polysaccharides (LM19 and LM20) were also identified
in A. sisalana leaf sections by immuno-labelling and transmission electron microscopy (Figure
B-3), and appeared similar to those of A. americana and A. tequilana. .

In addition, lower levels of soluble carbohydrates were detected in juice collected from
A. sisalana leaves compared to the species examined in paper I. The carbohydrates present in
A. sisalana juice were predominantly glucose, fructose and sucrose (Figure B-4). An enzyme
specific for the hydrolysis of fructans (fructanase) was used to cleave higher molecular weight
oligomers into its constituent fructose and glucose. Following enzymatic hydrolysis the total
amount of detectable monosaccharides using HPLC was 28 g/L. However, only about 2 g/L of
carbohydrate was attributed to these higher molecular weight polymers, rendering the extra
processing step unnecessary. The lower levels of fructans detected in A. sisalana juice may be
a characteristic inherit to this Agave species, which historically has not been selected for its
fructans, but for its cellulose enriched-fibers (Table B-2). Alternatively, the low abundance of
carbohydrates present in the juice may be attributed to the age of the plants, as fructans
accumulate and become more complex as the plants age [120]. The method used for the
quantification of the carbohydrates present in the juice and from isolated fibers is described in

paper |.



A. sisalana leaves

E— Arabinose

I
Galactose
GlcAc
Cell wall
carbohydrates
Glucose

T

Lignin 2
Acetyl

Figure B-1 Mass balance of A. sisalana leaves: soluble and insoluble
components

Data are presented as percentage of dry weight (% w/w), n=5.
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Table B-1 Linkage analysis of A. sisalana leaves

Polysaccharide Mol % of | perivative linkage | ™Mol %0 per
polysaccharide linkage
1,5-Ara (f) 49+0.8
Arabinan 53+09 1,2,5-Ara (f) 0.3+£0.1
t-Ara 01+0.1
Type | arabinogalactan 0.7+0.6 1,4-Gal (p) 0.7+0.6
1,6-Gal (p) 05+0.1
Type Il arabinogalactan 1.1+£0.1 1,3,6-Gal (p) 0.1+0.1
t-Gal 05+£0.1
1,4-Xyl (p) 94+14
1,2,4-Xyl (p) 0.8+0.3
Arabinoxylan 140+ 3.2 1,3,4-Xyl (p) 0604
1,2,3,4-Xyl (p) 14+1.4
t-Ara 1.8+0.5

Cellulose 52420 1,4-Glc(p) 319+21
1,4-Man (p) 35+0.3
Heteromannan 70+04 1,4-Glc (p) 35403
1,4-Gal A (p) 40x0.6
Homogalacturonan 45+0.5 t-Gal A (p) 06+01
Rhamnogalactan 1/11 0.3+0.1 1,2,4-Rha (p) 0.3+0.1
1,4,6-Glc (p) 39+0.2
1,4-Glc (p) 1.3+24
1,2-Xyl (p 1.3+0.1
Xyloglucan 10.7+35 12-Gal (p) 0.6+ 0.2
t-Fuc (p) 1.2+05
t-Xyl (p) 24+0.4

Unassigned 39%0.6

Linkage analysis was used to quantify the cell wall polysaccharides in A. sisalana
leaves (n=3). Data are presented as relative percent molarity (mol %). Linkages
are assigned according to [121]. Unassigned linkages include the linkages

measured where the polysaccharide of origin was not clear.




Figure B-2 A. sisalana leaves are enriched with calcium oxalate crystals

Transmission electron microscopy (TEM) image of oxalate crystal clusters
located in the parenchyma cells (A). Labelling of methyl-esterified
homogalacturonan (pectin) with LM20, was identified on the surface and the

outer sheath of the crystals (B). Scale bars = 1um.
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Figure B-3 Cell wall polysaccharides in A. sisalana leaves

Cell wall polysaccharides were detected by immuno-labelling and transmission
electron microscopy. Phloem tissue labelled with LM11, an antibody specific to
arabinoxylan (A). Inner epidermis tissue labelled with an antibody for (1—4)-p-
mannan (B). Parenchyma cells labelled with LMZ20, an antibody for methyl-
esterified homogalacturonans (C). Phloem tissue labelled with LM19, an
antibody recognizing partially methyl-esterified homogalacturonan (D). Scale

bars = 1um.
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Figure B-4 Quantification of mono- and di-saccharides in A. sisalana leaf

juice

The amount of glucose, fructose and sucrose present in both raw juice and

fructanase treated juice samples. Data are presented as g/L, n=5.
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Table B-2 Composition of fibers isolated from A. sisalana leaves

Crystalli )
fystaliine Glucose Xylose Arabinose Otherl
cellulose

544+23 3.0+0.6 12.5+0.7 0.4+0.2 2.5

. 1
Values are presented as an average of three replicates. Other cell wall
components include: mannose, rhamnose, glucuronic acid, galacturonic acid and

galactose.



14.3 Appendix C: Unpublished data paper |1

Grapes contained significant amounts of polyphenolic compounds (Figure C-1) and
pectic polysaccharides (Figure C-2). During the processing of grapes for wine making small
amounts of polyphenolics are liberated from the skin, pulp and seeds [122]. However, it has
been shown that approximately 60-65% of phenolic compounds remain in the grape pomace
after red wine production [123]. Polyphenolic compounds include phenolic acids, flavonoids,
anthocyanins and proanthocyanins [124]. The total phenolic content was measured using a
modified Folin-Ciocalteau method (described in the section 10.4 Materials and Methods;
[103]) and quantified as ferulic acid equivalents (FAE) (Figure C-1). The same extraction
method was used for the quantification of anthocyanins in the grape marc using HPLC (Figure
C-1).

Cabernet Sauvignon grape marc had a total phenolic content of 45.5 mg/g (FAE),
which is about 30 mg/g lower than the previously reported value of 74.8 mg/g [125] but
significantly higher than the value obtained in other studies, which were ~20 mg/g GAE [123].
The difference may be attributed to variation in growing conditions and/or methodology used
(mg/g gallic acid equivalent vs. mg/g ferulic acid equivalents). This variation observed
between studies (varieties of grape marc, extraction methods, and quantification) has
previously been reported [126]. The average phenolic content for the two vintages of
Sauvignon Blanc was lower at 27.0 mg/g (FAE), similar to findings elsewhere [123]. These
compounds may be used as a precursor in phytochemical synthesis, an additive or food
supplement (they have anti-oxidizing properties), a colorant in food products, or prescribed for
disease prevention and suppression of existing medical conditions in humans (postprandial

hyperglycemia), further increasing the value of this raw material [127-132].
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The spatial distribution of pectic polysaccharides was observed by immuno-electron
microscopy in white marc (Figure C-2). Sections of seed, skin and stem were labeled with
antibodies specific to partially- (LM19) and fully-methyl esterified (LM20) pectic
polysaccharides. The distribution of labeling varied between tissue types, but labeling of both
types of pectins was observed in all fractions (Figure P2-2), with a higher concentration of
labeling detected in berry skin. Previous studies have shown that the galacturonan content in
the mesocarp of grape berries increases from 26—-46% of cell wall polysaccharides and
becomes more soluble as ripening progresses [21]. Souble pectins were quantified in the water
extracts of the grape marc and contributed 4% and 9% wi/w of the mass of Sauvignon Blanc
and Cabernet Sauvignon, respectively (Table P2-1). Pectic polysaccharides were also detected
in seed, skin and stem pieces of red marc (data not shown). The distribution of pectic
polysaccharides in grape marc was investigated following the method described in section

10.5.
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Figure C-1 Total phenolic and anthocyanin content in grape marc

The total phenolic content for Cabernet Sauvignon (CS) and Sauvignon Blanc
(SB) grape marc expressed as ferulic acid equivalents (mg/g) n=2. The total
anthocyanin content was determined using HPLC and is expressed as malvin-3-
glucoside equivalent (%). Cabernet Sauvignon was extracted twice for

quantification of anthocyanins, CS*.
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Figure C-2 Distribution of pectin labeling in Sauvignon Blanc grape marc

178



Partially (A) and fully (B) methyl-esterified homogalacturonan (pectins) were
detected in the internal walls and epidermis of transverse sections of grape skin,
respectively. Heavy labeling of pectic polysaccharides was detected using LM19
in the middle layer of Sauvignon Blanc seed sections (C) and the inner wall of the
stem (E). Methyl-esterified homogalacturonans were labeled with LM20 in seed
endosperm (D) and the internal schlerenchyma of stem sections (F). Scale bars =

1um.



14.4 Appendix D: Additional data paper 111

At the time of harvest, the masses of the A. tequilana plants (4.5 y old) were recorded
(as described in paper Il1). The total biomass per plant was subsequently split into different
anatomical fractions, namely leaves, roots and stems. In addition, the mass of the attached
offshoots was recorded. Although all plants analysed in this study were cultivated in the same
environment and were at the same stage of maturity, variability in the accumulation of
biomass was observed between plants (Table D-1). In addition, the carbohydrate content in the
juice extracted from each plant (paper 1l1) and the composition of the mineral content (ash)

was variable between the tissues (Figure D-1; method described in paper I11).



Table D-1 Mass distribution is variable between plants of A. tequilana (4.5y
old)

Plant 1 Plant 2 Plant 3
(k) (k) (ka)
Mother plant 2375 277.0 210.8
Leaves 173.2 184.0 137.0
Stem 45.0 73.6 62.4
Roots 19.3 19.4 114
Offshoots 189.1 107.0 110.2
Total 426.6 384.0 321.0

Weights were taken of each plant at the time of harvest (fresh wt; kg). The total
mass ranged from 321-430 kg per plant the majority of which was attributed to
the leaves. The offshoots, which were attached to the mother plant, contributed a
substantial amount of biomass (107—190 kg/plant); however the offshoots were

all at varying stages of development making ethanol yields more unpredictable.



Figure D-1 Variation in the mineral content of extracted Agave juice

The composition of the minerals present in Agave juice appears variable between
different tissue types; leaf juice (A), stem juice (B) and juice extracted from

offshoots (C).



For the conversion of carbohydrates derived from A. tequilana to ethanol, different
processing conditions and selected microorganisms were trialed under anaerobic fermentation
conditions. Microorganisms were sourced from the ARS (NRRL) Culture Collection for
fermentation studies [133]. The ten selected yeast (Table D-2) had been isolated either from
Agave or substrates with high fructose content such as molasses and grapes. However the
fermentative performance of yeast is substrate dependent, because yeast are unable to function
effectively outside a narrow range of parameters and thus the fermentation performance of the
yeast on pure carbon sources found in Agave juice was considered (Table D-2). In addition,
ethanol can exert inhibitory effects on the yeast, such as increasing plasma membrane
disruption, disrupting passive proton flux, damaging intracellular enzymes and causing cell
death [87,91,92]. As a result, to obtain maximum ethanol yields careful selection of
microorganisms is essential for the fermentation of Agave juice. A subset of five yeast was

selected for the fermentation studies (Table D-2).



Table D-2 Microorganisms sourced from ARS Culture Collection for

fermentation of Agave juice

Fermentation Tolerance
Source Strain Organism Glucose | Sucrose | Inulin Ethanol
Kluyveromyces
1598 marxianus + + +/ Weak/delayed
17228 | Pichia kluyveri + +/- - Growth
Agave or other
succulent 10965 Pichia weak - - Growth
cactophila
12018 Pichia - - - Growth
deserticola
. Candida
High sugar 7846 akabanensis + + +/- | Weak/delayed
content
(sugarcane) 63 | Saccharomyces + +/- | weak | Variable
cerevisiae
139 Sacchar_o myces + +/- weak Variable
cerevisiae
High poge | Klwveromyces | ) +- - Variable
glucose/fructose lactis
content (grapes) | 1774 | Pichia kluyveri + +/- - Growth
17672 Pic.hia weak weak - Growth
mexicana

Ten microorganisms were selected for the fermentation of Agave juice.

Organisms were sourced from the ARS (NRRL) Culture Collection [133].

Fermentation and tolerance for microorganisms was previously studied CBS-

KNAW Fungal Biodiversity Centre [134]. Bold text indicates the five strains that

were selected for further fermentation studies.




The ten selected yeasts were screened to determine their thermo-tolerance as described
in paper 11l (Figure D-2) and spotted on pure carbohydrates to test ability to utilize selectec
carbohydrates (Figure D-3). Another indicator for fermentation performance (and rate) is the
accumulation of yeast biomass under fermentation conditions [135]. When cultured in glucose
the non-Saccharomyces yeasts (Km1598, Pk17228 and Ca7846) were found to accumulate
biomass more rapidly than Saccharomyces yeast (5c636 and Sc139) (Figure D-4). The method
used to investigate biomass accumulation of yeast is outlined in section 10.6 Materials and
Methods. It was noted that when the selected strains were cultured in autoclaved Agave juice
(method described in paper I11) the fermentation performance (conversion of carbohydrates to
ethanol) of the non-Saccharomyces strains was superior to Saccharomyces yeast at all time

points measured (24—72 h) (Figure D-5).
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Figure D-2 Identifying the optimal growth temperature for selected

microorganisms

A standardized cell count for each strain was inoculated into liquid culture (YPD)
and grown at four different temperatures (28, 32, 37 and 42°C) to investigate
mesophilic tolerance and to identify optimal growth conditions. An increase in
cell density (OD reading) was observed for all strains grown at ambient
temperature up to 28°C, and growth held stable or moderately increased when
grown at 32°C. However, above 32°C there was a significant decrease in the
turbidity of cultures. Only one strain was identified to have a stable growth
pattern over the range of temperatures investigated (28—42°C), Km1598, which

was originally isolated from rotting Agave sisalana [133].
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Kluyveromyces marxianus &=
Candida ethanolica "'
Candida akabanesis
Kluyveromyces lactic

Pichia kluyveri

Pichia kluyveri |

Figure D-3 Example of carbon source utilization by selected yeast strains

Selected microorganisms were spotted by serial dilution on induction medium
supplemented with a sole carbon source. Growth was observed for all strains on
glucose at 28°C (A). However, when plates were stored at 4°C contamination
(pink colour) was visible in the spots of Candida ethanolica (B). Contamination

is likely to be due to the yeast Rhodotorula.
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Figure D-4 Dry weight of cell pellets of selected strains after 24 h growth

The accumulation of biomass after growth at 28°C and in the presence of a sole

carbohydrate (glucose) was measured for selected strains; n= 2.
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Figure D-5 Fermentation profiles of selected yeast in autoclaved A. tequilana

leaf juice

At all the time points assayed (24, 48 and 72 hrs) the rate of ethanol production
was greater in fermentations using non-Saccharomyces yeast (Km1598, Pk17228

and Ca7846) compared to Saccharomyces yeast (Sc636 and Sc139).
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Abstract

Plant biomass from different species is heterogeneous, and this diversity in composition
can be mined to identify materials of value to fuel and chemical industries. Agave produces
high yields of energy-rich biomass, and the sugar-rich stem tissue has traditionally been
used to make alcoholic beverages. Here, the compositions of Agave americana and Agave
tequilana leaves are determined, particularly in the context of bioethanol production. Agave
leaf cell wall polysaccharide content was characterized by linkage analysis, non-cellulosic
polysaccharides such as pectins were observed by immuno-microscopy, and leaf juice
composition was determined by liquid chromatography. Agave leaves are fruit-like—rich in
moisture, soluble sugars and pectin. The dry leaf fiber was composed of crystalline cellu-
lose (47-50% w/w) and non-cellulosic polysaccharides (16-22% w/w), and whole leaves
were low in lignin (9—13% w/w). Of the dry mass of whole Agave leaves, 85-95% consisted
of soluble sugars, cellulose, non-cellulosic polysaccharides, lignin, acetate, protein and
minerals. Juice pressed from the Agave leaves accounted for 69% of the fresh weight and
was rich in glucose and fructose. Hydrolysis of the fructan oligosaccharides doubled the
amount of fermentable fructose in A. tequilana leaf juice samples and the concentration of
fermentable hexose sugars was 41—48 g/L. In agricultural production systems such as the
tequila making, Agave leaves are discarded as waste. Theoretically, up to 4000 L/ha/yr of
bioethanol could be produced from juice extracted from waste Agave leaves. Using stan-
dard Saccharomyces cerevisiae strains to ferment Agave juice, we observed ethanol yields
that were 66% of the theoretical yields. These data indicate that Agave could rival currently
used bioethanol feedstocks, particularly if the fermentation organisms and conditions were
adapted to suit Agave leaf composition.

PLOS ONE | DOI:10.1371/journal.pone.0135382 August 25, 2015

1/23

190



@ PLOS | on

Agave as a Biofuel Feedstock

Table 1. Comparison of p

Introduction

Plant biomass is a source of chemical energy that can be converted to combustible transport
fuels and biochemicals by fermentation or chemical conversion of plant-derived sugars [1].
Currently, plant materials from farming-intensive food production systems, such as corn,
wheat grain or cane sugar, are being used to make bioethanol and biochemicals. In the future,
alternative sources of energy-rich plant material from low-input systems that are independent
from the food chain will be needed [2,3].

Plant biomass contains soluble and structural sugars: for example the vacuoles of storage
cells in the stem of sugarcane contain high concentrations of sucrose, a soluble disaccharide
and the cell walls in the trunks of willow trees contain a large amount of cellulose, a structural
sugar composed of glucose [4]. The composition of historical agriculture plant species have
been reported (Table 1; [5]); however, the relative importance of plant species is likely to
change as agricultural industries adapt to new markets and climate change. Research into novel
plants may reveal non-food sources of valuable raw materials. One example of a plant species
that is likely to gain importance is Agave. Historically Agave has been used for production of
alcoholic beverages, fibers, chemicals and sugar additives [6] and there is growing interest in
using Agave for biofuel production.

Alcoholic beverages such as tequila and mescal are made from the stem tissue of A. tequilana
plants that are 8-12 years old. Fructans in mature stem tissue are degraded by heat to release fer-
mentable fructose [7] and the leaves, which account for up to 66% dry weight of the biomass,
are discarded [8]. Agave is a productive water-use efficient plant that grows in regions with
extreme environments [9-11] and recent literature has considered the potential for using Agave
as a feedstock for bioethanol production [12-18]. However, the composition of Agave leaf tis-
sues from plants at an earlier stage in development has not been well characterized and may rep-
resent an energy-rich raw material that can be produced rapidly in a low-input system [19,20].

There are standard protocols for determining the composition of plant biomass, such as
the analytical procedures published by the United States Government National Renewable
Energy Laboratory (NREL) [21-26]. Biomass composition analyses may include determina-
tion of moisture content, total solids, acid-soluble and insoluble residues and the amount of
water soluble carbohydrates (WSC), starch, mineral, lignin, protein, crystalline cellulose and
non-cellulosic polysaccharides. In the context of using biomass to make biofuels and bio-
chemicals, it is of interest to determine not only the amount of fermentable sugars that can be

Species Common name Tissue Cellulose (% w/w) Non-cellulosic Lignin (% w/w)
polysaccharides (% w/w)

Zea mays Com Stover without cobs 31-38 19-25 17-21
Triticum aestivum Wheat Whole plant 33 23 17

Saccharum spp. Sugarcane Bagasse 3243 12-26 23-28
Sorghum bicolor Sorghum Whole plant 23 14 11

Panicum virgatum Switchgrass Whole plant 30-35 24-28 17-20

Populus spp. Hybrid poplar Whole tree without leaves 41-43 17-20 24-28
Agave spp. Agave Whole residue from tequila brewing 31 17 17

Cellulose is the major source of glucose in feedstocks. Non-cellulosic polysaccharides contribute some fermentable hexose (glucose and galactose) and
pentose (xylose and arabinose) sugars. Lignin is a non-sugar polymer that inhibits cell wall degradation and subsequent fermentation. Data are presented
as percentage of dry weight (% w/w). Data may be accessed through the United States Department of Energy, Energy Efficiency & Renewable Energy,
Biomass Feedstock Composition and Property Database, 2013 [5].

doi:10.1371/journal pone.0135382.1001
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extracted from plant biomass, but also the amount of inhibitory compounds that are formed
during processing which may interfere with conversion of the biomass to bioethanol [27]. For
example, acetic acid is generated from the hydrolysis of acetyl groups associated with non-cel-
lulosic polysaccharides. Weak acids like acetic can reduce yeast growth and ethanol yields by
prohibiting monosaccharide metabolism and causing intracellular anion accumulation [27].
In addition, the compositions and proportions of sugar present in soluble forms and structural
forms, and the recalcitrance of these structural sugars are important as they influence the pro-
cessing methods and costs. These data are also used to estimate the bioethanol yields for a
feedstock of interest.

Here, the composition of Agave leaves is determined, including a detailed analysis of the fer-
mentable and non-fermentable compounds in A. americana and A. tequilana. The efficiency of
enzymatic hydrolysis of Agave leaf cellulose and hydrolysis of fructans in juice samples is quan-
tified. Compositional data is then extrapolated to calculate theoretical ethanol yields and A.
tequilana leaf juice is fermented using two Saccharomyces cerevisiae strains. These composi-
tional and fermentation data can be used to inform the development of biotechnology to
exploit this energy-rich raw material.

Material and Methods
Plant material

A. tequilana and A. americana plants were approximately 2-3 y old at the time of harvest and
had begun to reproduce asexually. The heights of the plants from the base to the tip of the tallest
leaf were at least 2 m. Six plants of A. tequilana were harvested from Ayr (Queensland, Austra-
lia) and six plants of A. americana were harvested from the Adelaide Hills (South Australia,
Australia). From each individual plant stem tissue and at least three leaves were collected. Per-
mission for the described field studies were granted by either the crop manager or land owner.

The stem and leaves were separated at the time of harvest and fresh weights recorded. Juice
from the stem tissue of each A. tequilana plant was collected after shredding (Cutter-Grinder
CGO03, Jeffco) and three leaves per plant (A. americana and A. tequilana) were collected for
compositional analysis. A subset of the remaining leaves was pooled and two experimental
shredders were used to extract juice (Cutter-Grinder CG03, Jeffco and Food processor, Abode).
Wet bagasse was dried at 60°C to a constant moisture content. Juice and whole leaves were
transported to the University of Adelaide on dry ice and stored at -80°C. Prior to analysis, sam-
ples were cut into 200-400 mm? pieces, weighed, lyophilized (Labconco-Freezone, Missouri,
United States) and moisture loss was calculated. Dried leaf material was ground in a 25 mL
stainless steel grinding jar with one 7 mm steel ball. The grinding jars were shaken at 30 Hz for
3 min (Retsch mill MM400, Retsch GmbH; Haan, Germany). A flowchart of methods
employed for compositional analysis is included in Fig 1.

Fiber extraction. Whole leaves were frozen at -80°C and subsequently thawed at room
temperature. Fibers were pulled from three plants of each species and separated from the vege-
tative tissue manually. The fibers were further cleaned using forceps to remove any attached
pith tissue. Fibers (1-2 mm) were dried overnight at 60°C. Dried fibers were hydrolyzed using
1M sulfuric acid (H,SO,) for 3 h at 100°C [28], cooled and centrifuged at 28 000 g for 5 min.
The monosaccharides in the supernatant were analyzed using high-performance liquid chro-
matography (HPLC). Derivatisation and quantification of monosaccharides was completed
according to [29] with modifications to the gradient conditions. Elution was performed with
10% acetonitrile, 40mM ammonium acetate (A) and 70% acetonitrile (B) at a flow rate of 0.8
mL/min. The gradient for solvent B is as follows: 0-9.5 min, 8% B; 9.5-10 min, 17% B; 10-11.5
min, 100% B; 11.5-14.5 min, 8% B.
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Fig 1. Flowchart outlining the steps taken to process and analyze Agave leaves.

doi:10.1371/journal pone.0135382.g001

Measurement of leaf composition

Total soluble solids (TSS) in Agave juice. Aluminum pans (Fisher Scientific, Australia)
were dried at 60°C and their initial weight recorded. Juice samples were centrifuged at 10 000 g
for 10 min and 2 mL aliquots of supernatant were added to the pans and heated at 60°C for 48
h, leaving a solid residue in the pan. The final weight of the pan and solid residue was sub-
tracted from the initial weight to calculate the total soluble solids (TSS).

Crystalline cellulose. Crystalline cellulose in leaf tissue and fiber-enriched samples was
determined using a modified Updegraff method according to [30].

Elemental analysis and protein and mineral (ash) quantification. Samples for the ele-
mental analysis included 300 mg of dry, ball milled, whole leaf tissue or 1 mL of juice. Elements
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(Al, Ca, Fe, Mg, P, K, Na, S and Zn) were measured using a closed tube nitric acid/hydrogen
peroxide digest and radial view inductively couple plasma-optical emission spectrometry [31].
The total nitrogen content was measured by the Waite Analytical Services, University of

Adelaide using complete combustion gas chromatography (Carlo Erba Instrument) and 100
mg of biomass or 1 mL of juice. The nitrogen value was converted to an estimate of the protein
content using the nitrogen factor (NF) 6.25 [21]. Mineral content of extracted and non-
extracted material was calculated by heating samples to 500°C for 3 h [22].

Water- and ethanol-soluble carbohydrates in Agave leaves. Leaf samples were dried at
60°C and extracted sequentially in water, 95% v/v ethanol and 70% v/v ethanol at 80°C for 15
min using a 1:5 ratio of biomass to extraction liquid. The residual biomass was dried at 60°C.

The total fructan and (1,3;1,4)-B-glucan content in water extracts was measured using com-
mercial assay kits (Fructan HK-Megazyme: AOAC Method 999.03 and AACC Method 32.32
and AACC Method 76.13, Mixed-Linkage Beta-Glucan-Megazyme: AACC Method 32-23,
AOAC Method 995.16, EBC Methods 3.11.1, 4.16.1, 8.11.1 and ICC Standard Method No. 166;
International Ireland Ltd., Wicklow, Ireland), respectively.

Glucose, fructose and sucrose in water extracts were measured by hydrophilic interaction
chromatography (HILIC), using a Prevail Carbohydrate ES column (150 x 4.6 mm) (Alltech;
Illinois, United States) on an Agilent 1200 series liquid chromatography instrument equipped
with an evaporative light scattering detector (Alltech ELSD 800). The mobile phase consisted
of water (A) and 90% acetonitrile (B) at a flow rate of 1.0 mL/min at 20°C. The gradient for sol-
vent B is as follows: 0-18 min, 94.5% B; 18-19 min, 64.5% B; 19-20 min, 0% B; 20-30 min;
94.5% B. The pectin-enriched polysaccharide content in water extracts was determined using
an ethanol precipitation method according to [32].

Solvent was removed from water and ethanol extracts separately by centrifugal evaporation
(Savant SC110 Speed Vac, Thermofisher; Massachusetts, United States). The concentrated
material was hydrolyzed using 1M sulturic acid (H,S0,) for monosaccharide analysis using
HPLC, as previously described [29].

Measurement of structural carbohydrates, lignin and acetyl content. For compositional
analysis, samples were extracted using an Automated Extraction System (ASE) following [23].
Agave leaves (cut to 2—4 mm in size); aluminum pans and Whatman GF/C 55 mm glass micro-
fiber filters (Sigma-Aldrich, United States) were dried at 105°C. Extraction cells (11 mL) were
fitted with pre-weighed filter paper and 1 g of dried material added. Material was extracted
with three water cycles followed by three 190 proof ethanol cycles at 100°C (ASE300, Dionex).
Extraction settings were modified to 60 s nitrogen purges following extraction, 5 min static
time and 120% rinse volume. Following extraction the remaining alcohol insoluble residue
(AIR) and filter paper were placed in pre-weighed aluminum pans and dried at 105°C. Dried,
extracted biomass was ground using a Retsch mill MM400, as previously described. The per-
centage of extractables was calculated based on the difference between the initial weight (before
water and ethanol extraction) and final weight (after extraction).

Following extraction the alcohol insoluble residue was analyzed following [24]. Briefly, a 30
mg sample of dried ground material was treated with 13.5M sulfuric acid at room temperature
for 1 h. The samples were diluted to 0.75M acid and autoclaved at 121°C for 15 minand centri-
fuged for 10 min at 10 000 g. The supernatant was collected for monosaccharide, acid-soluble
lignin and acetate analyses. A sugar recovery standard for monosaccharides was carried
through the acid hydrolysis as outlined in [25]. Monosaccharides were measured following
derivatisation as previously described using HPLC. The acid-soluble lignin content was mea-
sured using a spectrophotometer (Thermo Fischer, Waltham, MA, USA) set at a wavelength of
205nm and calculated following LAP-004 using the extinction coefficient value 110 L/g-cm
[26]. The acetyl content in the supernatant was analyzed at 60°C using an Aminex HPX-87H
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column (300 x 7.8 mm) (Bio Rad; California, United States) on a 1100 series liquid chromatog-
raphy instrument. Elution was performed isocratically with 2.5mM H,SOy at a rate of 0.5 mL/
min [33]. Starch was measured in extracted samples following a commercial assay (Total
Starch-Megazyme: AOAC Method 996.11; International Ireland Ltd., Wicklow, Ireland).

The residual biomass was washed to a neutral pH and filtered through pre-dried and pre-
weighed Whatman GF/C 55 mm glass microfiber filters (Sigma-Aldrich, United States). The
filter paper and collected sample residue was heated to 105°C overnight and weighed (M1).
The material was ash corrected by heating at 500°C for 3 h and weighed (M2). The lignin con-
tent was calculated based on the difference between M2 -M1 divided by the initial weight.

Linkage analysis of cell wall residue in whole leaf. Lyophilized leaf material was ground
ina 25 mL stainless steel grinding jar with one 7 mm steel ball. The grinding jars were shaken at
30 Hz for 3 min (Retsch mill MM400, Retsch GmbH; Haan, Germany) until all cells were rup-
tured. Samples were extracted sequentially with 80% v/v ethanol on ice, and acetone and metha-
nol at room temperature. Samples were digested with o-amylase (B. licheniformis; EC 3.2.1.1) to
remove starch. Linkage analysis and carboxyl reduction of the material followed [34].

Enzymatic saccharification

For saccharification, Celluclast 1.5 L (cellulase preparation from Trichoderma reesei) and
Novozyme 188 (cellobiase preparation from Aspergillus niger) (Sigma-Aldrich; St Louis, MO,
USA) were mixed in equal volumes. Enzymatic activity of the cellulase cocktail was measured
according to the National Renewable Energy Laboratory (NREL) analytical procedure, Mea-
surement of Cellulase Activities (LAP 006) [35]. The saccharifications used an enzyme concen-
tration of 60 filter paper units (FPU). Alcohol insoluble cell walls were prepared according to
[36]. Modifications to the micro scale saccharification were made using equivalent amounts of
0.02 g cellulose for all samples (NREL; LAP 009) and the total reaction volume reduced to 1.5
mL [37,38]. The glucose concentration was measured using a Yellow Springs Instrument (YSI)
glucose analyzer (Yellow Springs, OH, USA) over 48 h,n = 3.

Analysis of hydrolyzed juice fraction

Samples of diluted, centrifuged, juice were treated with trifluoroacetic acid (TFA) to a final
concentration of 0.2M TFA or fructanase (Fructan HK-Megazyme: AOAC Method 999.03;
International Ireland Ltd., Wicklow, Ireland). For the TFA hydrolysis, juice and acid were
mixed in equal proportions and samples were heated at 80°C for 1 h. For enzymatic hydrolysis,
juice and enzyme mix were combined in equal proportions and samples incubated at room
temperature for 30 min, then heated to 100°C for 15 min to deactivate the enzyme. Carbohy-
drates in the raw and treated juice samples were measured by HILIC, using a Prevail Carbohy-
drate ES column (150 x 4.6 mm) as previously described.

Microscopy

Fresh tissue was fixed in a solution of 0.25% glutaraldehyde, 4% paraformaldehyde and 4%
sucrose in phosphate-buffered saline (PBS) for 24 h at 20°C. Samples were washed twice with
PBS, dehydrated in an ethanol series, infiltrated in LR White resin (ProSciTech Pty Ltd, Aus-
tralia), and polymerized in a gelatin capsules at 58°C for 48 h [39,40].

Light microscopy. Embedded Agave leaf tissue was sectioned at 1 um using a diamond
knife on a Leica Ultracut R microtome. Sections were collected and dried onto poly-L-Lysine-
coated microscope slides and stained with either toluidine blue (Sigma-Aldrich, United States)
or methylene blue/basic fuchsin (ProSciTech Pty Ltd, Australia). Sections were viewed using a
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Leica light microscope (Version 4.3) and images captured with a Zeiss M2 Axio Imager fitted
with an MRm Rev. 3 AxioCam.

Immuno-electron microscopy. Ultrathin sections of 70-90 nm were collected on collo-
dion-coated nickel grids and labeled following Aurion Immunogold Specific Localisation
Methods [41] using the primary antibodies LM19 (diluted 1/20), LM11 (diluted 1/500), LM20
(diluted 1/20) (Plant Probes, UK), or (1—4)-B-Mannan (diluted 1/50; Biosupplies, AU) [42—
44]. Diluted (1/30) secondary antibodies goat-anti-rat IgM (LM19, LM11 and LM20; Jackson
ImmunoResearch Labs Inc., USA) and goat-anti-mouse IgG (Mannan; ProSciTech, Australia)
were used. Labeled sections were examined and imaged using a Philips CM100 Transmission
Electron Microscope.

Preparation of inoculums, fermentation conditions and analysis

Two Saccharomyces cerevisiae strains (Y-139 and Y-636) were kindly provided by the ARS Cul-
ture (NRRL) Collection, National Center for Agricultural Utilization Research (Peoria, IL,
USA). Strains were streaked on 1% w/v yeast extract, 2% w/v peptone, 2% w/v glucose and 2%
w/vagar (YPD) plates. Plates were grown overnight at 28°C and a single colony picked. The
single colony was grown in YPD liquid broth (28°C) in a shaker incubator (120 rpm). The
YPD cultures were used to inoculate autoclaved Agave leaf juice at a cell density of 5 x 10° cells/
mL. Juice samples were autoclaved (121°C, 15 min) and centrifuged at 5000 rpm for 10 min to
remove excess leaf tissue. The fermentations were completed in Erlenmeyer flasks with side
arm sampling ports and sealed with water-filled airlocks. The fermentation flasks were placed
in a shaker (150 rpm) set at 28°C for 96 h. The cells were removed from the fermentation broth
by centrifugation (1m / 10 000 g) and the supernatant stored at -20°C until analysis. Ethanol
concentration was determined using an Aminex HPX-87H column (300 x 7.8 mm) (Bio Rad;
California, United States) as described above, following [33].

Results and Discussion
Processing of Agave biomass: leaf and stem fractions

One feature of Agave plants that differs from traditional biofuel feedstocks is its high moisture
content and inversely, its low water requirements. The seasonal water requirement of Agave
(300-800 mm/yr) is minor compared with other biomass sources such as sugarcane (Sac-
charum spp., 1500-2500 mm/yr) [18]. The lower water requirement for Agave is attributed to
its ability to store large volumes of water in its leaves (>83% w/w) (Fig 2). This water storage is
common for crassulacean acid metabolism (CAM) plant assimilatory organs and aids in buff-
ering the plant against periods of extended drought [45]. Such physiological characteristics
make Agave a favorable biofuel feedstock for dry, marginal regions. However, moisture content
directly contributes to biomass weight, which affects transport and processing costs. Separating
Agave juice from the biomass at the time of harvest may result in higher yields and lower input
costs such as transportation.

The above-ground portion of Agave plants can be separated into leaves and stems (Fig
3a). For 3 year old Agave plants, the ratio of leaf: stem dry weight is 4:1, but becomes more
variable with age [8]. Whole leaf and stem tissue may be dried and ground to remove excess
moisture and to reduce particle size (Fig 3b). Alternatively, crushing the leaves by mechanical
force releases 69% of the wet weight (Fig 2a) as a sugar-rich juice (Fig 3c). The biomass that
remains after crushing is a fibrous bagasse, which may be further dried to remove excess
moisture (Fig 3d).
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Fig 2. Agave processing and moisture content. Whole leaves were crushed, producing juice and wet bagasse fractions (a). These fractions were dried
separately to calculate moisture content. Data is presented as percentage of fresh (wet) starting mass (% w/w). The values shown in gray are used to
calculate total moisture content. The distribution of leaf fresh mass (% w/w) in A. americana and A. tequilana (b).

doi:10.1371/journal.pone.0135382.9002

Analysis of the whole leaf fraction

Pectic polysaccharides occur in crystal sheaths. The morphology of Agave cells and the
spatial localization of polysaccharides in the leaf tissue was investigated. Transverse sections of
A. tequiliana leaf were stained with toluidine blue to observe the morphology of the tissues (Fig
4a). Toluidine blue recognizes carboxyl groups on polysaccharides and proteins, and shows the
distribution, but not amount or structure, of polysaccharides. Staining was observed in and
around the parenchyma cells, with sclerenchymatous fiber cap cells staining very brightly. Fur-
ther examination revealed that the sclerenchymatous fiber caps around the vascular bundles in
A. tequilana (Fig 4b) had thicker cell walls than in A. americana (Fig 4c). These fiber caps sur-
rounding the xylem and phloem cells are the main structural support for the leaves [46], and
the thicker cell walls explain the more erect leaf morphology of A. tequilana plants.

Crystal clusters were identified at the junction between cells in Agave leaf tissue (Fig 5a).
Crystals have been identified in a range of photosynthetic organisms but the abundance, distri-
bution and crystal structure varies between organisms and within tissue types [47]. The accu-
mulation of crystals is correlated with oxalic acid production in plant tissue during normal
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Fig 3. Different fractions of Agave material. Two year old A. tequilana plants in Australia (a). Partially dried leaves reduced to smaller particle sizes using a
ball mill (b). Juice extracted from leaves using an experimental shredder (c). Dried fibers after extraction from wet bagasse (d).

doi:10.1371/journal.pone.0135382.9003

development and in fungal-plant symbiosis [48]. A pectin-specific antibody that detects
methyl-esterified homogalacturonan (LM20) [44] revealed the presence of pectic polysaccha-
rides in the sheath surrounding the crystals (Fig 5b). There is conflicting information about the
sheath surrounding the crystals in Agave plants; our results support a finding that polysaccha-
rides are present [49], but this is not consistent with another report indicating that no polysac-
charides are present in this sheath [50].

Labeling of partially (LM19; [44]) and fully (LM20; [44]) methyl-esterified homogalacturo-
nan was also observed in xylem parenchyma cell walls in both species (Fig 6a-6d)]. Both link-
age analysis and results from the water soluble fraction confirm that high levels of pectins are
present in Agave leaves. However, the amount of pectin-enriched polysaccharides in water
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Fig 4. Agave leaf morphology. Transverse section of A. tequilana leaf stained with toluidine blue (a). Crystals are situated at the junction between some
parenchyma cells within the tissue and at the site of stomata at the epidermis. Vascular bundles and fibers in A. tequilana (b) and A. americana leaf (c)
stained with basic fuchsin. Sclerenchymatous fiber cap (sfc); bundle sheath (bs); parenchyma cells (pc); guard cells (gc); cubic shaped crystals (csc); rod
shaped crystals (rsc); vascular bundle (vb)

doi:10.1371/journal.pone.0135382.9004

extracts of A. tequilana was five times higher than in A. americana (Table 2); whereas linkage
analysis indicated that homogalacturonan levels were considerably higher in A. americana
(17.6 mol%) than in A. tequilana (6.5 mol%; Table 3). These data indicate that pectins in A.
tequilana leaves may be more soluble than those in A. americana.

Fig 5. Agave tissue has pectinaceous crystal clusters localized at cell junctions. Transmission electron
microscopy (TEM) image of crystals between junctions of cells (a) in A. tequilana. Labeling of methyl-
esterified homogalacturonan (pectin) with LM20, was identified in the outer sheath of the crystals (b).

doi:10.1371/journal.pone.0135382.9005
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The distribution of other cell wall polysaccharides was investigated using antibodies specific
to xylan (LM11) [42] and (1—4)-B-mannan [43]. Xylan labeling was observed in the phloem
walls (Fig 6e and 6f), consistent with linkage data (Table 3) indicating that heteroxylan is pres-
ent in Agave cell walls. Mannan was detected to a similar extent in cell walls of parenchyma
and inner epidermal tissue in both species (Fig 6g and 6h), again consistent with the linkage
data (Table 3) that indicated heteromannan in both species.

The soluble fraction contains high levels of fermentable sugars. Sections of whole Agave
leaves were dried, milled into fine particles, and sequentially extracted with water and ethanol
to generate soluble and insoluble fractions. The water soluble carbohydrates (WSC), compris-
ing glucose, fructose, fructans and sucrose, ranged from 15-29% dry weight. In mature Agave
plants, fructans are the main storage carbohydrate in the stems [10]. Fructans were also the
predominant WSC found in A. tequilana leaves, but A. americana leaves were richer in glucose,
fructose and sucrose (Table 2). Total leaf WSC content was lower than the 36-64% w/w found
in 6 year old Agave stems [10], which have been traditionally selected and used for tequila pro-
duction, but was much higher than the 5% and 11% w/w found in the biofuel feedstock switch-
grass (Panicum virgatum) [51] and fructan-rich chicory (Cichorium intybus) [52], respectively.

Other soluble sugars were analyzed by hydrolyzing acid-labile polysaccharides into mono-
saccharides, which were subsequently identified by HPLC. For both species, these monosaccha-
rides comprised a very small proportion of the total mass (Table 2), which is not surprising as
the higher molecular weight polymers usually have limited solubility in aqueous solutions [53].
Unhydrolyzed polysaccharides were precipitated with ethanol to create a pectin-enriched frac-
tion [32], which, in A. tequilana, comprised over 10% of the dry weight of the leaves (Table 2).
From a biofuel perspective, pectins play mixed roles: soluble pectins can be hydrolyzed into
monosaccharides for fermentation [54], however acetate substituents on pectins can hinder
hydrolysis by blocking cleavage sites for lytic enzymes [55] and once liberated from the poly-
mer these compounds can be toxic to susceptible fermenting microorganisms such as Pichia
stipitis [56]. Alternatively, when thermochemical conversion processes such as catalytic pyroly-
sis are used instead of fermentation to produce a hydrocarbon based biofuel the amount of
non-carbohydrate cell wall components (i.e. acetyl) in the biomass is less important [57].

The insoluble fraction is predominantly cellulose with low levels of lignin. The remain-
ing insoluble residue, largely cell wall material, was dried, milled, and hydrolyzed with concen-
trated sulfuric acid. The resulting monosaccharide profiles of A. americana and A. tequilana
leaves were similar, with 12-16% w/w glucose, 3-4% w/w xylose, 3-4% w/w galacturonic acid,
1-3% w/w galactose and less than 1% w/w arabinose (Table 2). However, acid hydrolysis does
not permit identification of cell wall polysaccharides, so linkage analysis was used to obtain
structural information. Linkages were assigned to polysaccharides according to Pettolino et al.,
2012 [34] (S1 Table).

For both species, the majority of the material was composed of hexose (C6) sugars. Cellulose
was the most abundant polysaccharide, comprising 32-45 mol% of the cell walls (Table 3). A.
americana leaf cell walls had higher amounts of pectin-associated polysaccharides such as
Type I arabinogalactan and homogalacturonan. There was more heteroxylan in A. tequilana
than in A. americana but the heteroxylan in A. americana was less substituted than the hetero-
xylan in A. tequilana (51 Table). Xylans with low degrees of substitution are reported to bind
more strongly to cellulose [58]. The amounts of other cell wall polysaccharides were similar
between the two species (Table 3).

Starch, a (1,4)-c-glucan, was removed from the biomass samples prior to linkage analysis to
reduce interference with cellulose quantification. Starch was measured separately using a com-
mercial assay at 1-6% w/w (Table 2). The polysaccharide (1,3;1,4)-B-glucan was not detected
by enzymatic assays or by linkage analysis.
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Fig 6. Cell wall polysaccharides d d by immunolabeling and transmission electron microscopy.
Xylem tissue labeled with LM19, an antibody for partially methyl-esterified homogalacturonan (a-b) (pectin,
[44]). Parenchyma cells labeled with LM20, an antibody for methyl-esterified homogalacturonans (c-d) [44].
Phloem tissue labeled with LM11 indicating the presence of arabinoxylan [42] (e-f). Leaf inner epidermal cells
labeled with an antibody for (1—4)-B-mannan indicating the presence of mannan (g-h) [43]. Scale

bars = 1pm.

doi:10.1371/journal.pone.0135382.9006
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Table 2. Composition of A. americana and A. tequilana leaves.

A. americana (% wiw)

A. tequilana (% w/w)

Soluble extracts
*WSC

Glucose

Fructose

Fructan

Sucrose
*Polysaccharides

Hydrolyzed monosaccharides

Ethanol-insoluble (pectin-enriched)
*Ethanol-soluble monosaccharides
Ash (non-structural inorganics)
Other
Insoluble components
*Monosaccharides

Glucose

AStarch

Xylose

Galacturonic acid

Galactose

Arabinose
Lignin

Acid-insoluble

Acid-soluble
Protein
Acetate groups
Ash (structural inorganics)
Other

55.5+2.9
9.1+59
135436
78+14
34+25
44+05
40+02
22+03
1.8+04
60+16
64+14
10.0
445%29
21.3+1.7
120418
57+14
29+07
28+0.2
27+06
09+0.1
9.3+0.9
53+1.0
40+0.7
62+20
1.0+£0.2
21+1.0
4.6

458125
15.3£3.0
46+0.8
28%06
49£25
3.0£1.1
12611
24%0.2
102+ 1.1
1.3£0.2
15.1+16
1.5
541+25
26.1+3.6
16.4+23
1.4+03
44+07
31£07
1.4%0.1
0.8 £0.1
tlehre 3 st
9.1%14
36103
58107
0.7+0.2
5.5%1.1
3.3

The soluble extracts and insoluble residue, comprising structural carbohydrates and other cell wall components, were quantified (n = 6). Data are

presented as percentage of dry weight (% w/w).

* indicates the values used to calculate total sugar content: 60.4% w/w for A. americana and 55.3% w/w for A. tequilana. Italics indicate values derived

from calculation rather than direct measurement.

Alndicates values (starch) which were not included in the mass balance. Components of ‘Other’ (otherwise unaccounted for mass) are likely to be lipids

and waxes in the soluble fraction or unhydrolyzed crystalline cellulose and pectin in the insoluble fraction.

doi:10.1371/journal pone.0135382.t002

The total lignin content of the leaves was 9.3-12.7% w/w (Table 2). Compared with other
biofuel feedstock crops such as corn, sugarcane and poplar, which all have lignin contents

>17% wiw (Table 2), Agave is considered a low lignin feedstock. Lignin is a non-sugar aro-
matic polymer that binds strongly to cell wall polysaccharides via covalent and non-covalent

linkages. This barrier limits enzyme binding sites on the polymers and reduces the rate and effi-
ciency of hydrolysis [59]. Alternatively, lignin can be acid-soluble. High levels of soluble lignin

in the hydrolyzate can be an inhibitor to both yeast and bacteria, reducing the yield of ethanol
produced [60]. In Agave, 28-43% of the total lignin was acid-soluble (Table 2). Acid-soluble
lignin has been shown to be predominantly composed of syringyl lignin and, to a lesser degree,

secondary hydrophilic compounds [61].

Cellulose undergoes 40% saccharification without pre-treatments. The predominant

polysaccharide identified in both species of Agave using linkage analysis was cellulose
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Table 3. Polysaccharides detected by linkage analysis in Agave leaf.

Polysaccharide A. americana (mol%) A. tequilana (mol%)
Arabinan 5.5 4.7
Type | arabinogalactan 7.4 2.3
Type Il arabinogalactan 2.4 15
Arabinoxylan 13.4 16.4
Cellulose 31.9 45.3
Heteromannan 6.6 6.0
Homogalacturonan 17.6 6.5
Rhamnegalactan I/l 0.7 0.3
Xyloglucan 10.6 12.7
Unassigned 3.9 43
Total 100.0 100.0

Polysaccharides detected in alcohal-insoluble residues (AIR) of A. americana and A. tequilana leaves (n = 3). Data are presented as relative percent
molarity (mol%). Individual linkages were classified as described in S1 Table. Unassigned linkages include the linkages measured where the
polysaccharide of origin was not clear.

doi:10.1371/journal pone.0135382.1003

(Table 3). Due to its recalcitrance, cellulose quantification after hydrolysis with sulphuric acid
can be an underestimate [62]. As a result, a method optimized for the isolation and measure-
ment of cellulose was employed [30]. The amount of cellulose in whole tissue was slightly
lower in A. americana (15.7% w/w) than in A. tequilana (16.5% w/w).

Cellulose is embedded in muro within a complex matrix of non-cellulosic polysaccharides,
lignin and proteins. Saccharification tests were thus performed on the heterogeneous alcohol
insoluble residue (removing all free glucose from the matrix) on identical cellulose loadings
rather than on purified cellulose. The liberation of glucose was monitored over 48 h of enzy-
matic digestion using a cellulase cocktail. The extent of saccharification was similar for both spe-
cies (40-35%) but slightly higher for A. americana (Fig 7). The efficiency of cellulose breakdown

45.0

40.0

35.0

30.0

25.0

20.0 // ——AA

15.0 // ~B-AT

/4

5.0 //

Y34
0 6 12 24 48

Time (h)

Fig 7. Cellulose, the most predominant polymer in Agave leaf tissue is degraded by cellulases. Liberation of the monomer glucose from the alcohol
insoluble residue of A. americana (AA) and A. tequilana (AT) was measured over 48 h. The rate of saccharification is expressed as a percentage of cellulose
converted into glucose (n = 3).

doi:10.1371/journal pone.0135382.g007

% Glucose released
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and therefore the total ethanol yield from Agave may be increased if the biomass is further pro-
cessed using pre-treatments, thus loosening the bonds within and between cellulose chains.

Analysis of leaf juice and fiber fractions

Agave leaf juice is rich in fructans. The total moisture content of whole Agave leaves is
upwards of 89% (Fig 2). Pressing released 69% of the fresh weight as a sugar-rich juice that was
analyzed for glucose, fructose and sucrose content. The amounts of these directly fermentable
sugars were also measured in A. tequilana stem juice, which is commonly used for tequila pro-
duction. A. americana leaves and A. tequilana stems had similar amounts of free sugars in the
juice (38-39 g/L), with a lower level detected in A. tequilana leaves (Fig 8a). Glucose was the
most abundant sugar in all three samples although stem juice had a similar amount of sucrose.
Additional, unidentified oligosaccharides were also detected in the raw juice samples (Fig 8b),
indicating that these monosaccharide values were likely to be an underrepresentation of the
total sugar content.

Two methods were used to hydrolyze the unidentified oligosaccharides into monosaccha-
rides: 1) a non-specific acid hydrolysis using trifluoroacetic acid (TFA); and 2) specific enzy-
matic cleavage of fructans by a broad specificity fructanase. This fructanase exhibits both exo-
inulinase activity, which degrades sucrose and kestose (glucose-fructose-fructose), and endo-
inulinase activity, which liberates fructose from the non-reducing ends of long-chain fructans.
Both TFA (Fig 8c) and fructanase (Fig 8d) cleaved the unidentified oligosaccharides completely
into glucose and fructose, confirming that these oligosaccharides were fructans.

The total concentration of fermentable hexose sugars after hydrolysis in leaf samples was
41-48 g/L and increased to 104 g/L in A. tequilana stem juice. Fructose accounted for 68% of
the stem monosaccharides, comparable to previous studies that found 60% of the total soluble
sugars in A. tequilana stem to be fructans [10]. Galactose and galacturonic acid were detected
in hydrolyzed juice samples at less than 0.5 g/L.

Inorganic elements in leaf juice that may affect fermentation were measured and compared
with the inorganic content of whole leaf (S2 Table). The concentration of inorganic elements in
A. tequilana juice was twice as high as in A. americana juice, although whole A. americana
leaves had 20% more inorganic elements than A. tequilana leaves. High levels of calcium were
observed in both species, particularly A. americana whole leaves, which may be attributed to
inorganic calcium oxalate crystals detected in the tissue (Fig 5). Calcium levels in A. tequilana
juice and whole leaves were similar to each other, but much higher than A. americana juice
and much lower than A. americana whole leaf. It is possible that the difference in calcium
detected between the two Agave species is an artefact of the shredding processes or different
growing conditions for the two species.

Agave fibers are predominantly crystalline cellulose. With increasing reliance on syn-
thetic fibers to meet consumer demands, production and markets for Agave fibers has been on
the decline [14]. In recent years research has begun to investigate Agave fibers for emerging
markets such as use in thermoplastics [63,64]. However, limited information is available
regarding the composition of this waste material.

Crystalline cellulose comprised just under half (47-50% w/w) of the dry weight of fiber-
enriched leaf fractions (Table 4), lower than the 68.4% w/w previously reported for crystalline
cellulose in A. americana fibers [65]. The total cellulose in fibers of A. lechuguilla and A. four-
croydes, species specifically grown for their fibers, accounted for ~80% w/w of dry fiber weight,
with the remainder composed mainly of lignin [66].

Non-cellulosic polysaccharides accounted for 22.4% and 15.8% of the dry weight of A.
americana and A. tequilana leaves, respectively. These values are consistent with the values
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A
Tvoe of iuice Fructose Glucose Sucrose Total
Tissue ypeotd (g/L) (g/L) (gL) (g/L)
[Raw 13.0+1.3 22.7+33 3.3+£0.7 39.0
A. americana leaves
Treated 20.8+4.0 269+47 = 47.7
Raw 10.0+0.4 17.7+0.2 2.3+0.1 30.0
A. tequilana leaves
Treated 202+ 1.6 209+29 - 41.1
[Raw 94+0.6 15104 142+0.1 38.7
A. tequilana stem
Treated 71.2+56 328+2.1 - 104
e Raw juice B
o Sucrose
\
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Fig 8. Quantification of juice sugars from A. americana |

and A. tequil. |

and stem. The amount of glucose, fructose and sucrose present

in both raw and TFA-treated juice samples (a). Data are presented as g/L. Additional peaks for which there are no known standards were detected in the
chromatograms of raw juice (b). A. tequilana stem juice is used as a representative of all three, very similar, chromatograms for the raw and treated samples.

Chromatogram of TFA-treated A. tequilana stem juice (c). Chromatogram of fructanase-treated A. tequilana stem juice (d).

doi:10.1371/journal pone.0135382.g008
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Table 4. Carbohydrates in fiber-enriched fractions from Agave leaves.

Component A. americana (% wiw) A. tequilana (% wiw)

Crystalline cellulose 472+23 495+1.9

Non-cellulosic polysaccharides 224+08 15.8+1.3
Arabinose 06+0.1 03+0.1
Glucose 86+03 27+0.6
Xylose 9.4+09 11.4+1.0
Other monosaccharides* 3.8+0.1 14 +0.1

Data are presented as a percentage of dry weight (% w/w).
*Includes mannose, rhamnose, glucuronic acid, galacturonic acid and galactose

doi:10.1371/journal.pone.0135382.t004

reported in the literature suggesting that A. tequilana fibers contain 17% w/w non-cellulosic
polysaccharides [67]. Xylose and glucose were the most abundant monosaccharides detected in
the fibers after hydrolysis in 1M sulfuric acid, agreeing with linkage analysis that detected het-
eroxylans and xyloglucan in insoluble leaf fractions. In addition, similar to other studies [67]
about ~30% of the fiber mass for both species was unaccounted for which may be attributed to
unidentified or unhydrolyzed carbohydrates, lignin, inorganic compounds and protein.

Fermentation of Agave juice

A. tequilana leaf juice was used as a substrate to investigate fermentation efficiency using two
different strains of Saccharomyces cerevisiae. A. tequilana juice was autoclaved to minimize
microbial contamination from native organisms and inoculated with one yeast strain. Sugar
content of the starting juice was 41.4 g/L of total sugars and 30.0 g/L of readily fermentable
WSC. After 96 h, both strains produced ethanol concentrations of 11-14 g/L (Table 5). Up to
90% of the monomers were fermented, which represent only 54-66% of the total sugars. Sugars
in the Agave leaf juice, predominantly the fructans, are therefore being underutilized by these
yeast strains.

Historically, Saccharomyces cerevisiae is the most readily studied and utilized yeast for alco-
holic fermentation assays [68] and can efficiently convert sucrose, glucose and fructose [69];
the main sugars in Agave leaf juice. However, alternative microorganisms may be more effi-
cient at fermenting Agave juice sugars. For example, microorganisms such Kluyveromyces
marxianus and Torulaspora delbrueckii, isolated from fermenting mezcal (a distilled alcohol
made from Agave), express enzymes that hydrolyze fructooligosaccharides [70]. Activation of
fructanase enzymes was induced by Ca**, which is present in significant amounts in the leaves
and juice of both A. americana and A. tequilana (S2 Table) [71]. In addition, using organisms
such as Escherichia coli that can catabolise galacturonic acid may be a sensible choice for Agave

Table 5. Fermentation of Agave tequilana leaf juice using Sacch 1y cer

Ethanol yield (96 hr)

S. cerevisiae strain Yield (g/L) Conversion (% of total sugars) Conversion (% of monomers)
139 11.4+0.6 54% 74%
636 13.8+0.5 66% 90%

Two strains of S. cerevisiae were used to ferment untreated A. tequilana leaf juice with a starting sugar concentration of 41.4 g/ L and WSC concentration
of 30.0 g/L. Conversion efficiencies are based on a maximum conversion rate of sugar to ethanol of 51.1% w/w.

doi:10.1371/journal.pone.0135382.t005
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if the pectic sugars in leaf tissue are to be fermented [72]. The use of readily studied S. cerevisae
strains should thus be considered a benchmark by which to judge other organisms since it may
be not be optimal for Agave. Careful selection of fermenting organisms may obviate the need
for expensive pre-treatment processes or use of additional enzymes, which would increase the
return on investment of using Agave spp. for biofuel production.

Agave ethanol yields rival current biofuel feedstocks

Ethanol yields from three different Agave substrates were modelled: 1) the dry mass of the
entire Agave plant based on leaf sugar composition, thereby underestimating sugar content
because the additional sugar in the stem is not accounted for; 2) waste A. tequilana leaves from
tequila production, and 3) juice from A. tequilana and A. americana leaves (Table 6). Theoreti-
cal ethanol yields were calculated using standard conversion assumptions [73].

The theoretical ethanol yield values for the whole leaf sugars of A. americana and A. tequi-
lana were 437 L/t and 401 L/t, respectively. These values are comparable to estimates for other
lignocellulosic biofuel feedstocks such as corn stover, sugarcane and switchgrass (Table 6).
However, Agave plants may out-perform current biofuel feedstock crops in terms of productiv-
ity per hectare. Whole A. tequilana plants were predicted to yield 4000-13600 L/ha/yr and A.
americana plants were predicted to yield 4400-14800 L/ha/yr. At the low end, these values
exceed theoretical yields from first-generation feedstocks such as corn, wheat (Triticum aesti-
vum) and sugarcane and at the high end, they double the yields of more recently investigated
second generation feedstocks such as poplar, sorghum and switchgrass. The current values are
consistent with those reported previously in the literature, which estimated that ethanol yields
for Agave spp. may range from 3000-12000 L/ha/yr [18,20].

Table 6. Theoretical ethanol yields for lignocellulosic feedstocks.

Biomass Source of sugars Ethanol yield (L/t) Productivity (Vhafyr) Ethanol yield (L/halyr)
Com Stover without cobs 362-456* 3[18] 1086-1369
Wheat Straw 406* 2.6[74] 1055

Sugarcane Bagasse 318-500* 10[18] 3179-4996
Sorghum Whole plant 268* 24-32.5[75,76] 6430-8708

Switchgrass Whole plant 392-457* 5.2-23[77,78] 2036-10508
Poplar Whole tree, no leaves 419-456* 5-11[18] 2096-5011
Agave Whole residue 347*% 10-34[18] 3474-11811

A. americana Whole plant, extrapolated from leaf sugar content 437" 10-34[18] 4368-14851

A. tequilana Whole plant, extrapolated from leaf sugar content 401" 10-34[18] 4009-13636

A. tequilana leaves Whole leaf 401" 57-19* 2273-7728
A. americana leaves Juice' 34™* 34-115.7% 1165-3961
A. tequilana leaves Juice' 30+ 23.4-79.7 691-2350

*Calculations were based on the compositional values listed in Table 1 [5].

"Calculations based on data obtained in this study.

*Assumes that 56.7% dry w/w of the whole 3 year old plants is leaf material [8].

TAssumes that juice accounted for 69% of plant wet weight; A. americana leaf was 88.5% w/w water; and A. tequilana leaf was 83.3% w/w water.

* Tonnes of wet weight rather than dry weight. Units for data are given in table headings. Constants for ethanol calculations are consistent with the
National Renewable Energy Laboratory Theoretical Ethanol Yield Calculator [73]: 1.111 kg monomeric C6 sugar per 1 kg polymeric C6 polymer (glucan,
fructan); 1.1363 kg monomeric C5 sugar per 1 kg polymeric C5 polymer (xylan, arabinan); 0.51 kg of ethanol produced from 1 kg of sugar. Productivity per
hectare is based on previous studies [18,74-78].

doi:10.1371/journal pone.0135382.1006
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Waste A. tequilana leaves could generate 2300-7900 L/ha/yr and increase the value of exist-
ing Agave industries. However, since the majority of the mass of Agave plants is water, it may
be more economically viable to directly separate and ferment the sugar-rich juice, which could
yield 690-4000 L/ha/yr (Table 6). Even using a generic S. cerevisiae strain unadapted to Agave
substrates, yields of up to 1500 L/ha/yr from A. tequilana leaf juice and 2600 L/ha/yr from A.
americana leaf juice could be obtained (assuming a fermentation conversion of 66% for both
substrates; Table 5). More efficient fermenting organisms may increase the value of using
Agave juice as a biofuel feedstock in terms of yield and revenue returns.

It is worth noting that Agave cultivation systems have not yet been optimized to produce
sugar for biofuel and biochemical industries. Information about agronomical practices, such
as planting density or the optimal age to harvest the plants, is limited. If the plants are har-
vested at 2-3 years of age rather than the traditional 8-12 years of age, plant spacing could be
reduced further, increasing density per hectare. In addition, further information about
microorganisms that are naturally found within Agave may be beneficial for the industries
that grow and commercialize these plants. In a biofuel context, it may be useful to isolate and
characterise organisms that naturally grow on Agave, as they presumably utilize sugars such
as fructans efficiently and are tolerant to a range of environmental conditions. The isolation
and use of microorganisms found on or within biomass for the conversion of carbohydrates
to biofuel is not novel; grape marc, an agro-industrial waste material, has been found to be a
rich source of robust organisms that are economically and productively favourable for second
generation bioethanol conversion [79]. Further research is required to identify the microor-
ganisms associated with the Agave microbiome.

Conclusion

The leaf tissues of A. americana and A. tequilana species contain 56-60% (dry weight) of
potentially fermentable sugars, over half of which are present in a soluble fraction. These same
tissues also contain relatively low amounts of lignin. Ethanol yields (ha/yr) that could be gener-
ated from Agave leaves and whole plants rival those of the most successful biofuel feedstock
crops such as switchgrass and poplar. Agave differs from most common feedstocks in its high
moisture content, but nearly 70% of plant mass can be extracted with simple mechanical press-
ing to release a sugar-rich juice. Crushing and fermenting the juice on site without any pre-
treatment can produce competitive ethanol yields, with room for improvement by judicious
selection of fermenting organisms, and by-products may be produced from the crystalline cel-
lulose enriched bagasse waste. The comprehensive compositional data for Agave leaves and fer-
mentation trials reported herein will be instrumental in the development of agronomic,
saccharification and fermentation methods for converting Agave raw material into biofuel or
biochemical products.

Supporting Information

§1 Table. Monosaccharide linkage analysis data for Agave leaves (mol%). Analysis com-
pleted on alcohol insoluble residues (AIR). Data are presented as relative percent molarity (mol
%).

(DOCX)

§2 Table. Elemental analysis of Agave juice and whole leaf. Data are presented as mg/kg of
material. ' Average of two biological replicates. * Average of three biological replicates.
(DOCX)
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HIGHLIGHTS

« The chemical composition of white and red grape marc was determined.

« Marc carbohydrates were characterized using enzyme digests, HPLC and MALDI-TOF-MS.
« Dilute acid pre-treatments liberated glucose more efficiently than thermal treatments.

« White marc contains 40% fermentable water-soluble carbohydrates.

« Theoretical ethanol yields were calculated based on chemical composition.

ARTICLE INFO ABSTRACT

Article history: Global grape production could generate up to 13 Mt/yr of wasted biomass. The compositions of Cabernet
Received 10 April 2015 Sauvignon (red marc) and Sauvignon Blanc (white marc) were analyzed with a view to using marc as raw
Received in revised form 4 June 2015 material for biofuel production. On a dry weight basis, 31-54% w/w of the grape marc consisted of car-

Accepted 5 June 2015

Available online 11 June 2015 bohydrate, of which 47-80% was soluble in aqueous media. Ethanol insoluble residues consisted mainly

of polyphenols, pectic polysaccharides, heteroxylans and cellulose. Acid and thermal pre-treatments
were investigated for their effects on subsequent cellulose saccharification. A 0.5 M sulfuric acid

gfé’:g:iil pre-treatment yielded a 10% increase in the amount of liberated glucose after enzymatic saccharification.
Grape marc The theoretical amount of bioethanol that could be produced by fermentation of grape marc was up to
Polysaccharide 400 L{t. However, bioethanol from only soluble carbohydrates could yield 270 Ljt, leaving a polyphenol
Pre-treatment enriched fraction that may be used in animal feed or as fertilizer.
Saccharification Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction However, plant material is heterogeneous and recalcitrant to
degradation. Further, the carbohydrates may take a variety of
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native form, require negligible processing, and are socially and
environmentally advantageous is essential to the progression and
prosperity of the biofuels industry.

One way to circumvent the issues imposed by using classic lig-
nocellulosic feedstocks is to identify waste materials that are pro-
duced in abundance, have been accumulated for other uses, can be
sourced cheaply and have carbohydrates in a form amenable to fer-
menting microorganisms. One such potential source of raw mate-
rial is grape marc. Grape marc (or pomace) is the waste that
remains after the juice is collected from the pressing of grapes
for wine production; it includes grape skin, pulp, seeds, stems
and residual juice. The composition of grape marc is related to
the grape variety, the method of processing, environmental condi-
tions and the ratio of skin:seeds:stem.

The global production of grapes is 67.1 Mt/yr with China, the
United States of America and Italy being the leading producers
(FAO, 2015). It has been estimated that 18-20% of the grapes used
for wine making remains as waste marc, which could generate up
to ~13.4 Mt (fresh weight) of waste biomass (Spanghero et al.,
2009). Currently, the global accumulation of grape marc is lower
at 4.8 Mt/yr (average of last 10 years; FAO, 2015) and is considered
to have limited economic value. Grape marc is generally disposed
of at a cost to the winery but may be utilized as filler in livestock
feed, fermented to make the alcoholic beverage grappa, reapplied
as fertilizer or used as a source of phenolic compounds.

In recent years, grape marc has been proposed as a raw material
for bioenergy production (Toscano et al., 2013) and has been used
to generate butanol and biogas (Caceres et al, 2012; Law and
Gutierrez, 2013). Grape marc may also be used to produce biofuel
at the winery site and the evolution of local biofuel processing
plants will obviate costs associated with transport of the biomass.
However, further information about the composition of grape marc
is required to allow estimates to be made of biofuel yields and
hence facilitate cost-benefit analyses of different types of marc
for biofuel production.

Here the composition of grape marc derived from two grape
varieties, Cabernet Sauvignon and Sauvignon Blanc was investi-
gated. Various pre-treatments were analyzed for their effect on
depolymerisation of non-cellulosic polysaccharides, and the resid-
ual cellulosic biomass was subsequently hydrolyzed using crude
cellulase preparations. Finally, the chemical composition of grape
marc was compared with other known agro-industrial waste mate-
rials, and these data were extrapolated to estimate theoretical
ethanol yields.

2. Methods
2.1. Collection and preparation of plant material

Material was collected after the pressing of Cabernet Sauvignon
and Sauvignon Blanc grapes in both April 2012 and March 2013 at
the University of Adelaide Waite Campus vineyards (Adelaide,
Australia), n = 2 for each variety. Amounts of 30 g (three technical
replicates) were separated into seed, skin and stem fractions. The
weight of each fraction was recorded and the mass distribution
calculated.

Whole grape marc was lyophilized (Labconco-Freezone, Kansas
City, MO, USA) to determine moisture composition. Lyophilized
grape marc was ground in a Retsch mill MM400 (Retsch GmbH;
Haan, Germany) at 30 Hz for 3 min for compositional analyses.

2.2. Extraction and analysis of soluble and insoluble components

Grape marc samples were extracted with three water cycles fol-
lowed by three 95% v/v ethanol cycles at 100°C using an

Accelerated Solvent Extractor (ASE300, Dionex) (Sluiter et al.,
2005). Briefly, ASE (accelerated solvent extractor) stainless steel
extraction cells (11 mL) were fitted with dried (105°C) and
pre-weighed Whatman GF/C 55mm glass microfiber filters
(Sigma-Aldrich, United States) and 1g dried marc was added.
Extraction settings were modified to 60 s nitrogen purges follow-
ing extraction, 5min static time and 120% rinse volume.
Following extraction, the biomass was dried overnight at 105 °C,
The percentage of material extracted was calculated based on the
difference between the initial weight (before the water and ethanol
extractions) and final weight (after extraction).

The carbohydrates and lignin content in the ASE extracted bio-
mass was quantified according to Sluiter et al. (2008). Briefly, the
material (30 mg) was incubated with 13.5 M H,SO,4 at room tem-
perature for 1 h, followed by dilution to 0.75 M H,S0O, and auto-
claving at 121 °C (Tuttnauer 3850 ELC Benchtop Sterilizer). The
solubilized material and the residual biomass were separated by
centrifugation for 10 min at 10,000g. The supernatant was ana-
lyzed for monosaccharides (Comino et al., 2013). A sugar recovery
standard for monosaccharides was carried through the acid hydrol-
ysis to compensate for degradation of monomers during the
hydrolysis step. The acetate content in the supernatant was ana-
lyzed at 60 °C using an Aminex HPX-87H column (300 x 7.8 mm)
(Bio Rad; California, United States) on an 1100 series liquid chro-
matography instrument, Elution was performed isocratically with
2.5mM H,50, at a rate of 0.5 mL/min. The residual biomass was
assayed for acid-insoluble lignin (Sluiter et al., 2008).

Small scale extractions of grape marc were conducted to deter-
mine the water soluble carbohydrate content. Briefly, 50 mg of
dried, ball milled grape marc was extracted with equal volumes
(1.0mL) of water, 95% v/v ethanol, and 70% v/v ethanol.
Extraction for each solvent was conducted at 80 °C for 15 min fol-
lowed by centrifugation at 10,000g for 10 min and the supernatant
collected. Glucose, fructose and sucrose in water extracts were
measured by hydrophilic interaction chromatography (HILIC),
using a Prevail Carbohydrate ES column (150 x 4.6 mm) (Alltech;
Illinois, United States) on an Agilent 1200 series liquid chromatog-
raphy instrument equipped with an evaporative light scattering
detector (Alltech ELSD 800). The mobile phase conditions were
modified from those used by Agblevor et al. (2007) and consisted
of water (A) and 90% acetonitrile (B) at a flow rate of 1.0 mL/min
at 20°C. Soluble pectins in the water extracts were precipitated
and quantified according to Santos et al. (2013). Additional
monosaccharides present in the water and ethanol extracts were
analyzed using HPLC (Comino et al., 2013), following centrifugal
evaporation (Savant SC110 Speed Vac, Thermofisher;
Massachusetts, United States) and hydrolysis using 1 M sulfuric
acid (H,S0,4) for 3 h at 100 °C.

Starch was measured in samples using a commercial assay
(Total Starch-Megazyme: AOAC Method 996.11; International
Ireland Ltd., Wicklow, Ireland), following the method for samples
that contain glucose and/or maltodextrins. The elemental content
of ball milled grape marc (300 mg) was measured using a closed
tube nitric acid/hydrogen peroxide digest and radial view induc-
tively coupled plasma-optical emission spectrometry method
(Wheal et al., 2011). The nitrogen value was converted to an esti-
mate of the protein content using the nitrogen factor (NF) 6.25.

2.3. Isolation of polysaccharides

Raw grape marc was extracted overnight at 37 °C with 70%
aqueous ethanol. The homogenates were filtered using Miracloth
(Calbiochem), and alcohol-insoluble residues (AIRs) were washed
with 70% v/v ethanol and 100% v/v acetone. The AIR material was
collected after drying at room temperature overnight under con-
stant airflow. To isolate polysaccharides from the marc, the AIR
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material was fractionated by sequential extraction (Fig. 1) with
50mM CDTA (pH 6.5) (cyclohexane-1,2-diamine tetraacetate)
and Na,COs (sodium carbonate) + 25 mM NaBH,4 (sodium borohy-
dride) according to Chaplin and Kennedy (1994). Both of these
extraction steps were used to extract pectic polysaccharides.
Next, 1 M KOH + 25 mM NaBH, was used to release heteroxylans
and other non-cellulosic cell wall polysaccharides. Finally, 4 M
KOH + 25 mM NaBH, resulted in the extraction of a xyloglucan
fraction. Following polysaccharide isolation, the fractions were dia-
lyzed and lyophilized (Labconco-Freezone, Kansas City, MO, USA)
and hydrolyzed with 1 M H,S0,4 at 100°C for 3 h. The liberated
monosaccharides were quantified by HPLC (Fig. 1) (Comino et al.,
2013).

2.4. Enzymatic hydrolysis and MS profiling

Three of the whole marc fractions were treated with different
enzymes for cell wall analysis (Fig. 1). The CDTA fraction (1 mg)
was treated with endo-polygalacturonanase M2 (50U) from
Aspergillus aculeatus (Megazyme, Ireland) with 100 mM NaOAc
(pH 4) for 16 h at 37 °C. The 1 M KOH fraction (1 mg) was treated
with endo-1,4-pB-xylanase M6 (45U) from rumen microbacteria
(Megazyme) with 100 mM NaOAc (pH 6) for 16 h at 37 °C. The
4M KOH fraction (1mg) was treated with recombinant
xyloglucan-specific endo-p-glucanase (10U) from Paenibacillus
spp (Megazyme) with 100 mM NaOAc (pH 5.5) for 16 h at 37 °C,
or endo-14-B-xylanase M6 (45U) (as described earlier). The
enzymes were inactivated by boiling for 2 min.

The molecular weights of the sodium adducts of oligosaccha-
rides [M+Na]* or [M-H]  were determined using a BioTOF
UltraFlex II (Bruker Daltonics) mass spectrometer (MS), in positive
or negative ion modes. The enzyme hydrolyzates containing
oligosaccharides were mixed with 2,5-dihydroxybenzoic acid
(10 mg/mL) and 10 mM NacCl in the ratio of 5:5:3 (v/v/v). In MS
mode, the spectra were accumulated over an average of 2000 laser
shots (Hsieh et al., 2008).

Ethanol/acetone
extraction

{ Alcohol insoluble residue ]

Sequential
fractionation

1) CDTA  Pectic PS
Acid hydrolysis

2) Na,CO; Pectic PS

I Monosacch

3) 1M KOH Heteroxylan
Derivatization l
4)4 M KOH Xyloglucan

Polysaccharide HPLC
hydrolase l
treatment

MALDI-TOF MS

Fig. 1. Flowchart outlining the sequential fractionation of grape marc (AIR) to
isolate polysaccharides for characterization.

2.5. Crystalline cellulose

Crystalline cellulose was measured in non-pre-treated and
pre-treated grape marc using a modified Updegraff (1969) method
as described in Harris et al. (2009). For non-pre-treated samples,
the soluble carbohydrates were removed prior to cellulose analy-
sis: dried homogenized grape marc (50 mg) was incubated three
times with 70% v/v ethanol at 55°C for 1h. The material was
washed with 1 mL acetone for 2 min at room temperature and
dried overnight under vacuum.

The cellulose content was determined in triplicate using 5 mg of
dry non-pre-treated grape marc or pre-treated grape marc boiled
in 3 mL acetic-nitric reagent for 30 min. Samples were cooled to
room temperature, centrifuged (2500 rpm/10 min) and the super-
natant discarded. The residual material was washed twice with
8 mL water, followed by 4 mL acetone, and dried under vacuum.
To hydrolyze the cellulose, 1 mL H;504 (12.5 M) was added, and
incubated for 1 h at room temperature. The liberated glucose con-
tent was quantified using the anthrone method outlined in Harris
et al. (2009) using a spectrophotometer (Thermo Fischer, Waltham,
MA, USA) set at a wavelength of 620 nm. Filter paper (20 mg) was
carried through the experiment as a control and a standard curve
was calculated from known concentrations of glucose (0-50 pg).
The cellulose content was calculated by multiplying the glucose
value for each sample by the total reaction volume and the hydra-
tion factor of 0.9.

2.6. Pre-treatment conditions

Whole marc samples (1 g) were homogenized using an Arthur H
Thomas Co. Scientific grinder (Philadelphia, PA, USA) equipped
with a 2 mm sieve. Dried, milled grape marc was added to acid
or water in a 1:10 (solid:liquid) ratio. Pre-treatments at 100 °C
were conducted in an oven and pre-treatments at 121 °C were
completed in an autoclave at a maximum pressure of 210 kPa
(Tuttnauer 3850 ELC Benchtop Sterilizer). The four different
pre-treatment conditions were: (1) 1 h, 121 °C, 0.5 M H3S0y4; (2)
3h, 100°C, 1 M H5S04; (3) 1 h, 121 °C, H,0; (4) 3 h, 100 °C, H,0.
Following pre-treatment, the slurry was cooled to room tempera-
ture and filtered using Whatman GF/C 55 mm glass microfiber fil-
ters (Sigma-Aldrich, United States). The undissolved biomass was
washed to neutral pH, the cellulose content measured and the
material was carried through the saccharification procedure. For
comparison, non-extracted (raw, dried and ball milled) grape marc
was carried through the NREL compositional analysis method
(Sluiter et al., 2008).

2.7. Enzymatic saccharification

The enzyme activity of a Celluclast 1.5L (cellulase from
Trichoderma reesei; endoglucanase activity =700 units/g) and
Novozyme 188 (cellobiase from Aspergillus niger; cellobiase activity
=250 unit/g) (Sigma-Aldrich; St. Louis, MO, USA) cocktail mixed
1:1 was measured according to Adney and Baker (1996).
Microscale saccharifications were completed using an enzyme con-
centration of 60 filter paper units and 0.02g cellulose for
non-treated (AIR) and pre-treated samples (Harris et al, 2009).
The glucose concentration was measured over 48 h using a
Yellow Springs Instrument (YSI) glucose analyzer (Yellow
Springs, OH, USA).

2.8. Assumptions for calculating theoretical ethanol yields

Standard constants for ethanol calculations were used: 1.111 kg
monomeric C6 sugar per 1kg polymeric C6 polymer (glucan);

214



K.R. Corbin et al./Bioresource Technology 193 (2015) 76-83 79

1.1363 kg monomeric C5 sugar per 1kg polymeric C5 polymer
(xylan, arabinan); 0.51 kg of ethanol produced from 1 kg of sugar.

3. Results and discussion

3.1. Characterization of grape marc raw materials and soluble
carbohydrates

After the grapes are crushed and processed for winemaking,
approximately 20% of the starting material remains as a
moisture-dense waste material (Spanghero et al., 2009). The com-
position of this heterogeneous material is affected by the percent-
age of seed, skin and stem in the total mass (Fig. 2). For both
varieties, the majority of the weight (up to 80% in Sauvignon
Blanc grape marc, Fig. 2) is attributable to grape skins, with seeds
and stems present to a lesser degree. The moisture content of this
waste material was 59-67% w/w (Fig. 2).

The residual carbohydrates that remain in the marc after crush-
ing the grapes are predominantly water soluble monosaccharides,
oligosaccharides and polysaccharides and water insoluble struc-
tural polysaccharides from the cell wall. The soluble carbohydrates
can be extracted with minimal energetic input and may be directly
used as a raw substrate for fermentation, whereas cell wall
polysaccharides need to be liberated through pre-treatment and
saccharification. The water soluble carbohydrates (WSC) in white
marc accounts for approximately one-third of the dry weight
(37.6% wfw) and 70% of the total carbohydrate content (Table 1).
Red grape marc has a much lower percentage of soluble carbohy-
drates, at 4.6% w/w. The comparatively low amount of WSC
detected in the red marc may be due to the processing of the
grapes during wine making, as red marc stays in contact with the
juice for several days (maceration period) to enhance color and
sensory attributes of the wine. During this period, the grapes are
subjected to a mild, but prolonged, extraction in which phenolic
compounds are released and carbohydrates are partially
fermented.

Grape marc is also enriched in soluble pectins. Previous studies
have shown that the galacturonan content in the mesocarp
of grape berries increases from 26% to 46% of cell wall
polysaccharides and becomes more soluble as ripening progresses
(Nunan et al., 1998). Soluble pectins were quantified in the water
extracts of the grape marc and contributed 4% and 9% w/w of the
mass of Sauvignon Blanc and Cabernet Sauvignon, respectively
(Table 1).

100% 80%
0% L 20%
F 80% i =z
B 60% S
£ 70% | Fi
= =
g 60% | r50% o
= =3
E 50% L 40% E C—Stem
-3 = @ Seed
g 40% 1 F30% 2 i
S 300 - | = SKin
£ 20% 2 o Water
S 20% | £

10% 10%

0% + : F 0%

Cabernet  Cabernet  Sauvignon Sauvignon
Sauvignon Sauvignon Blanc 2012 Blanc 2013
2012 2013

Fig. 2. Grape marc is a heterogeneous material composed predominantly of grape
skin. Fresh grape marc from the varieties Cabernet Sauvignon and Sauvignon Blanc
(collected in 2012 and 2013) were separated into three fractions. The water content
of whole marc was measured for each sample. Data is presented as percent fresh
weight (wiw).

Table 1
Mass balance of Cabernet Sauvignon and Sauvignon Blanc grape marc.

Cabernet Sauvignon Sauvignon Blanc

(% wjw) (% wjw)
Total extractables 207+1.0 60547
Soluble carbohydrates 14.8 43.0
“WsC 4615 37.6%+6.8
Glucose 2107 18.6+3.7
Fructose 25:08 19032
*Polysaccharides 87+02 37+1.1
Hydrolyzed 02403 02+02
monosaccharides
Ethanol insoluble 8.5+05 35+04
(pectin-enriched)
“Ethanol soluble 1516 1.7+02
monosaccharides
Other extractables 59 17.5
Insoluble components (AIR) 63.9 30.6
“Monosaccharides 16.6+£0.3 109+£0.9
Glucose 6.0+04 52+05
Starch 2.7+03 40+1.3
Xylose 43+09 24+03
Galacturonic acid 19402 1.4+04
Mannose 16+03 0.6+£0.1
Galactose 1.0£0.1 06+0.1
Arabinose 18+0.1 0.7+0.1
Acid-insoluble lignin 325+21 105+23
Protein 108 £0.3 72+08
Acetate groups 1.0+£0.1 0.8+0.1
Ash (structural inorganics) 3.0+08 12+0.2
Total mass balance 84.6 911
Total carbohydrates 314 539

The composition of the soluble extracts and alcohol-insoluble residues (it = 2). Data
are presented as percentage dry weight (% w/w). The soluble carbohydrates include
water and ethanol soluble sugars and minerals. Other extractables may include
lignin, waxes or soluble proteins. The alcohol-insoluble residue is separated into
structural carbohydrates (detected as monosaccharides), total polyphenols, protein,
acetate groups and ash. ‘Indicates values used to calculate carbohydrate sugar
content. Bold text indicates values derived from calculation. Unaccounted-for mass
is likely to include volatile compounds lost during the drying process, lipids or
waxes removed during extraction, and/or unhydrolyzed polysaccharides (pectin or
crystalline cellulose).

3.2. Cell wall polysaccharides: characterization, abundance and spatial
distribution

Following the extraction (ASE) of soluble components, an insol-
uble residue (largely cell wall material) remained. This extracted
material contains predominantly polysaccharides and the phenolic
polymer lignin. The hydrolysis of the polysaccharides was achieved
using concentrated sulfuric acid (13.5 M), resulting in liberated
monosaccharides, and acetyl groups; the remaining biomass was
classified as acid-insoluble lignin (Sluiter et al., 2008).

Monosaccharides liberated from the insoluble material repre-
sent a small proportion of the total mass for grape marc at
11-17% wfw (Table 1). Glucose (Glc) is the most predominant
monosaccharide (5-6% w/w). Xylose (Xyl), galacturonic acid
(GalA), mannose (Man), galactose (Gal) and arabinose (Ara) are
detected to lesser extents. Red grape marc has a higher proportion
of cell wall polysaccharides (53% of total carbohydrates measured)
compared with white marc (20%) (Table 1). The structural
complexity of polysaccharides impacts processing methods and
costs, but monosaccharide profiling alone does not provide
structural information about the polysaccharides present. Intact
polysaccharides from the alcohol-insoluble grape marc residue
(AIR) were therefore fractionated (Chaplin and Kennedy, 1994)
and the relative proportion of monomers quantified (Table 2).

The CDTA and Na,COs pectic polysaccharide-enriched fractions
contained predominantly GalA, Ara and Gal with a minor propor-
tion of Rha. These components could be derived from pectic
polysaccharide, such as rhamnogalacturonans. However, the
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Table 2
Composition of extracted fractions from grape marc.

Neutral monosaccharides (mol%)*

Uronic acids (mol%)*

Ara Fuc Gal Glc Man Rha Xyl Total GalA GlcA Total
Cabernet Sauvignon
CDTA" 21.2 0.0 155 10.7 199 3.8 7.7 78.8 212 0.0 21.2
Na;CO5* 342 0.0 138 17.0 8.0 6.4 6.6 86.0 14.0 0.0 14.0
1M KOH! 26.7 0.0 9.1 28.7 133 0.0 202 98.0 2.0 0.0 2.0
4 M KOH* 71 23 6.8 223 72 0.0 52.1 97.8 0.0 22 22
Sauvignon Blanc
CDTA” 30.1 0.0 216 2.5 5.6 5.6 7.7 731 2438 2.1 269
Na2CO5* 48.6 0.0 15.8 6.1 0.0 8.6 5.3 84.4 156 0.0 15.6
1M KOH! 257 0.0 8.2 229 1.5 0.0 36.5 94.8 52 0.0 5.2
4 M KOH® 6.0 1.7 7.5 226 6.5 0.0 35.7 100.0 0.0 0.0 0.0

@ Average of duplicate determinations presented as relative mol%,

b Acid hydrolyzed trans-cyclohexane-1,2-diamine-tetraacetate (CDTA) extract.
© Acid hydrolyzed Na,CO; + 25 mM NaBH, extract.

4 Acid hydrolyzed 1 M KOH + 25 mM NaBH, extract.

¢ Acid hydrolyzed 4 M KOH + 25 mM NaBH, extract.

MALDI-TOF-MS analysis of the galacturonanase digest provided no
molecular ion detection in the CDTA and Na,COs5 fractions (data
not shown) The lack of detection for oligomers may be attributed
to a highly branched rhamnogalacturonan structure in grape marc
causing steric hindrance of the enzyme, or alternatively, the size of
digest fragments being above the MALDI-TOF-MS detection thresh-
old. Also, higher levels of glucose and mannose were detected in
the Cabernet Sauvignon fractions (Table 2), which may be attribu-
ted to contamination of Glc and Man enriched yeast cell wall
polysaccharides, as the red marc has gone through a partial fer-
mentation step.

The other two fractions (KOH) were enriched in heteroxylans
and xyloglucans. The high abundance of Ara, Glc and Xyl in the
1M KOH fraction was attributed to heterogenous polymers such
as xyloglucan or arabinoxylan (Table 2). The Ara may have origi-
nated from arabinoxylan, in which case the arabinose:xylose
(A:X) ratio for red marc is 1.3 and 0.7 for white marc. The variation
in A:X ratio between varieties has been observed in previous stud-
ies, where the A:X ratio was 0.7 for Muscat Gordo Blanco and 1.3
for Ohanez grape mesocarp (Nunan et al., 1997). However, when
1 M KOH fractions were treated with endo-1,4-p-xylanase M6, no
molecular ions were detected using MALDI-TOF-MS (data not
shown). Xylanase M6 enzymatically cleaves between two consecu-
tive unsubstituted xylose residues along the xylan backbone, thus
the lack of cleavage indicates that these heteroxylans are highly
substituted, consistent with the A:X ratios of 1.3 and 0.7. It is
unlikely that (glucurono)arabinoxylan or glucuronoxylan is pre-
sent in this fraction as no glucuronic acid (GIcA) was detected.
Whereas in contrast, the 4 M KOH fractions releases two oligosac-
charides with m/z 759 and m/z 1023, putatively assigned as
Xyl,MeGlcA; and XylsMeGlcA,, respectively (data not shown).

The polysaccharides isolated in the 4 M KOH fraction were com-
posed of 52-56% mol xylose and 23% mol glucose, with lesser
amounts of galactose, mannose, fucose and arabinose. These
monosaccharides are characteristic of xyloglucans with the excep-
tion of mannose, which may be an artifact from yeast mannan con-
tamination (Doco et al, 2003). Previous reports indicate the
predominant non-cellulosic polysaccharide in grape berries are
xyloglucans, accounting for 10% of the polysaccharides in grape
berry mesocarp (Nunan et al., 1997).

The xyloglucan extracted in the 4 M KOH fraction of the marc
was treated with xyloglucan-specific endo-(1,4)-p-p-glucanase
and analyzed using MALDI-TOF-MS for structural differences in
xyloglucan fine structure (Hsieh et al., 2008). The structure of the
hydrolyzate products are similar to those found in xyloglucans
from other dicots: XXG (m/z 791), XXGG (mfz 953), XXXG (m/z

1085); XIXG/XXLG (mfz 1247); XXFG (mfz 1393); XLLG (m/z
1409); XLFG (m/z 1555), where X represents the Xyl(«1,6)Glc
unit, L represents Gal(p1,2)Xyl(«1,6)Glc, F represents Fuc(o1,2)
Gal(p1,2)Xyl(1,6)Glc and G represents the backbone Glc in
B1,4-linkage (Fry et al., 1993).

The isolated grape marc xyloglucans examined here consisted
predominantly of XXXG backbones with a lower proportion of
XXGG and XXG oligomers, which may have been generated from
XXXG during cell wall maturation and restructuring (Doco et al.,
2003). The backbones also contained the fucosylated oligomers
XLFG and XXFG, with XLXG/XXLG and XLLG substituents present
at a lower intensity.

3.3. Analysis of non-fermentable cell wall components in grape marc

Compared with other dedicated biofuel or waste materials, the
amount of lignin present in grape marc is relatively high (Kim and
Dale, 2004; Saha, 2003). The acid-insoluble lignin content con-
tributes 11% and 32% w/w of white and red marc mass, respec-
tively (Table 1). However, the high lignin content of grape marc
has been attributed to the presence of condensed tannins (22%
dry matter in red marc) and resistant proteins present as insoluble
protein-tannin complexes or as Maillard products (Llobera and
Cafiellas, 2007). Thus presence of these compounds could interfere
with the quantification of insoluble lignin, resulting in overestima-
tions, but may still be informative when making processing
decisions.

In a biofuel context, mineral content is an important considera-
tion, for example, specific elemental levels are essential in the
maintenance and progression of fermentation as yeast cannot
function effectively outside a narrow range of environmental con-
ditions (Bisson, 1999). The total concentration of elements in red
marc is 27% w/w higher than that measured in white marc.
Potassium was detected in the highest abundance in both varieties
and represented 75% w/w of the total elemental content (Table 3).
Phosphorus, calcium, and sulfur are the next most abundant and
collectively contribute an additional 20% w/w.

3.4. Comparison of acid and thermal pre-treatments

Pre-treatment is the initial step to convert lignocellulosic bio-
mass from its native recalcitrant state into a form that can be more
readily hydrolyzed by enzymes (Mosier et al., 2005). In this study,
the effectiveness of four pre-treatments was assessed by compar-
ison with grape marc hydrolyzed following Sluiter et al. (2008).

216



K.R. Corbin et al./Bioresource Technology 193 (2015) 76-83 81

Table 3
Elemental analysis of grape marc.

Cabernet Sauvignon (mgfkg) Sauvignon Blanc (mg/kg)

Aluminum (Al) 3117 13+14
Calcium (Ca) 3867 611 21701549
Iron (Fe) 85+21 60+27
Magnesium (Mg) 987 £76 710 £ 46
Phosphorus (P) 2733 +351 2367 £58
Potassium (K) 27,333 £2309 20,267 3164
Sodium (Na) 5815 6115
Sulfur (S) 1370 £ 44 1027 £ 60
Zinc (Zn) 15+3 9+4
Total 36,479 + 2267 26,684 + 2567

Data is presented as mg/kg of dry material, n=2.

Pre-treatment can generate a number of compounds inhibitory
to fermenting organisms, such 5-(hydroxymethyl)furfural (HMF;
from hexose carbohydrate degradation) and formic or levulinic
acids (from the breakdown of HMF) (Palmqvist and
Hahn-Hdgerdal, 2000). As inhibitory compounds were not quanti-
fied in this study, moderate pre-treatment conditions were chosen
that would minimize the formation of these secondary byproducts
(Panagiotopoulos et al., 2011). The four pre-treatments conditions
were: acid/autoclave (1 h, 121 °C, 0.5M H,S0,); acid/oven (3 h,
100°C, 1M H,SO4); waterfautoclave (1h, 121°C, H,0; and
water/oven (3 h, 100 °C, H;0).

Glucose was the most abundant monosaccharide liberated in all
pre-treatments (Table 4). Only acid treatments liberated other
monomers, predominantly xylose and arabinose, from
non-cellulosic polysaccharides (NCPs), consistent with previous
studies in which heated water treatment was not severe enough
to facilitate NCP solubilization (Sreenath et al, 1999). The
acid/autoclave treatment liberated the highest proportion of
monosaccharides for both varieties: 58% of the total carbohydrates
measured using the NREL method were liberated from the red
marc and 84% from the white marc (Table 4). The dilute acid
(0.5 M) at higher temperature and pressure was the most effective
pre-treatment.

There are advantages to using thermal rather than acid
pre-treatments such as lower chemical costs, no need to neutralize
the resultant hydrolyzate, and reduced production of inhibitory
compounds (Mosier et al., 2005). However, there is a trade off in
the increased energy consumption and lower recovery of

fermentable sugars. In red marc, only 15-18% of the total glucose
was liberated using thermal pre-treatments (2.1% w/w; Table 1)
and 85-87% in white marc, indicating that the cellulose in white
marc may be less structured and more amenable to hydrolysis.
No NCPs were hydrolyzed using thermal pre-treatments, possibly
due to the complexity of grape rhamnogalacturonan and xyloglu-
can. These data suggest that little or no cell wall breakdown
occurred with thermal pre-treatments, rendering 35-93% of the
carbohydrates in a structural, unfermentable form, thus signifi-
cantly decreasing ethanol yields.

3.5. Effects of pre-treatment on the saccharification of cellulose

Pre-treatment not only liberates fermentable monomers but
also weakens hydrogen bonding within and between glucan
chains, which enhances the rate of polysaccharide breakdown into
fermentable sugars in the presence of enzymes. Saccharification
tests were performed on non-treated AIR, acid/autoclaved and
water/autoclaved grape marc based on identical cellulose loadings
following pre-treatment. The liberation of glucose from cellulose
was monitored over 48 h of enzymatic digestion using a cellobiase
preparation (cellobiase activity =250 units/g) from A. niger and a
commercial  cellulase  cocktail (endoglucanase  activity
=700 units/g) isolated from T. reesei.

The acid/autoclave-treated grape marc exhibited the highest
conversion of cellulose to glucose and for all pre-treatments, the
amount of glucose released was higher for white marc than for
red marc at all time points (Fig. 3). The greatest amount of glucose
liberated was observed for acid/autoclave-treated Sauvignon Blanc
samples, with 28% of cellulose hydrolyzed. Thermal pre-treatment
did not increase the rate of glucose liberation from white marc
compared with non-treated samples, with only 18% glucose pre-
sent in the hydrolyzate (Fig. 3A). Similar findings have been
recorded for sweet sorghum bagasse, in which water did not signif-
icantly improve the rate of cellulose hydrolysis yield (11.8%) over
96 h compared with the control (12.6%) (Cao et al., 2012).

However, for red marc, the amount of glucose released was cor-
related to the severity of the pre-treatment, and both
pre-treatments resulted in higher saccharification rates than
untreated samples. The maximum glucose liberated from
Cabernet Sauvignon was 17% in acid-treated samples, 15% in
thermal-treated samples and 13% in non-treated samples over

Table 4
Compositional changes in hydrolyzate after pre-treatment.
Biomass Method Glucose Xylose Arabinose Other” Total
Cabernet Sauvignon NREL 11.0+£2.0 40+09 1.8+0.2 6.4+0.9 232
Acid/autoclave 53%16 3.1£04 1.6£0.1 34+04 134
48% 78% 89% 53% 58%
Acid/oven 41+£15 3.1%06 16%0.1 3906 127
37% 78% 89% 61% 55%
Water/autoclave 20+1.2 0+0.0 0+0.0 0+0.0 2.0
18% 0% 0% 0% 9%
Waterfoven 1.7+1.1 0+0.0 0+0.0 0+0.0 1.7
15% 0% 0% 0% 7%
Sauvignon Blanc NREL 245+26 2303 1.1+£0.2 39+04 318
Acid/autoclave 22142 13+04 1.0+03 22+04 26.6
90% 57% 91% 56% 84%
Acid/oven 19.0+£25 16+0.2 1.0+03 19+02 235
78% 70% 91% 49% 74%
Water/autoclave 21.3+49 0+0.0 0+0.0 0+0.0 213
87% 0% 0% 0% 67%
Waterfoven 208+46 0£0.0 0+0.0 000 208
85% 0% 0% 0% 65%

Four pre-treatments were used and compared to the standard NREL acid hydrolysis method (Sluiter et al,, 2008). Data are presented as percent dry weight (% w/w), n = 2. The
pre-treatment conditions were: acid/autoclave (1 h, 121 °C, 0.5 M H;S0,); acid/oven (3 h, 100 °C, 1 M H;50,); water/autoclave (1 h, 121 °C, H;0); and water/oven (3 h, 100 °C,

H,0).

2 Other includes additional monosaccharides (galactose, mannose, rhamnose, glucuronic acid and galacturonic acid).
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Fig. 3. Pre-treatment of grape marc increases the biochemical conversion of cellulose in the presence of cellulases. Liberation of the monomer glucose in Sauvignon Blanc
marc (A) and Cabernet Sauvignon (B) was measured over 48 h. Grape samples were treated with 0.5 M sulfuric acid or water at elevated temperatures (1 h, 121 °C). The rate of
saccharification of pre-treated grape marc is compared to non-pre-treated AIR grape marc and expressed as a percentage of cellulose converted into glucose.

Table 5
Theoretical yields of ethanol for agro-industrial waste.

Feedstock Global production (Mt)* Residue/crop ratio® Waste biomass Composition (dry % w/w) Ethanol yield (L/t)
Cellulose (C6) NCPs (C5) Lignin

Corn (Zea mays) 768 1 Stover 40-43°4 21-25%¢  17-19"¢  441-492
Barley (Hordeum vulgare) 140 1.2 Straw 38¢ 37° 9-16¢ 544

Rice (Oryza sativa) 655 1.4 Straw 32-47¢ 19-274 7-12°¢  370-536
Wheat (Triticum aestivum) 636 1.3 Straw 30-45¢4 20-309 16-20"¢  362-543
Sorghum (Sorghum bicolor) 59 1.3 Straw 32" 27" 7-15"" 428
Sugarcane (Saccharum spp.) 1560 0.6 Bagasse 40¢ 24 15-25% 463
Cabernet Sauvignon (Vitis vinifera) 67° 0.3% Red marc 208 8.4 325 211
Sauvignon Blanc (Vitis vinifera) 67 0.3% White marc 482 7.3 10.5 400
Sauvignon Blanc (Vitis vinifera) 67" - White marc: WSC  37.6 - - 270

Average of world production from 2002 to 2012 *(FAO, 2015) expressed as Mt (megatonne) and the ratio of residue/crop "(Kim and Dale, 2004) indicates the global
availability of raw waste material for bioethanol production. ‘67 Mt of total grape marc (red and white) is generated annually. The theoretical ethanol yields for agricultural
industrial waste materials were calculated based on compositional data from other studies: “Saha (2003 ); dsarkar et al. (2012); *Sun and Sun (2002); *McIntosh and Vancov

(2010); #Spanghero et al. (2009).

48 h (Fig. 3B). The slower and lower rate of glucose release
observed in Cabernet Sauvignon samples compared to Sauvignon
Blanc may be attributed to a higher ratio of fucosylated xyloglucan
oligomers (XXFG; 1393 and XLFG; 1555) present in this tissue. The
presence of fucosylated xyloglucans has been proposed to facilitate
binding to cellulose, thus reinforcing the recalcitrant nature of the
cell walls and making the cellulose polymers less accessible to
enzymatic hydrolysis (Levy et al., 1997).

Overall, the acid pre-treatments were more efficient at degrad-
ing grape marc polysaccharides (Table 4) as well as modifying or
weakening the hydrogen bonding of the crystalline cellulose poly-
mers, making them more accessible to enzyme attack.
Pre-treatments that increase the number of enzyme binding sites
on cellulose microfibrils may increase biofuel yields, although

studies have shown that saccharification may be a limiting factor
when converting from small to large scale production
(Klein-Marcuschamer et al., 2012). As a result, it may be more eco-
nomically favorable to identify and capitalize on the WSC present
in dedicated sources of biomass for biofuel production, such as
grape marc.

3.6. Theoretical ethanol yields from grape marc based on
compositional data

The agro-industrial waste grape marc has been compared with
other lignocellulosic waste materials based on global production,
crop/residue ratio, chemical composition, and yield of ethanol
per tonne (Table 5). On a dry w/w basis, 31% of the marc from
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Cabernet Sauvignon is carbohydrates (15% soluble and 17% insol-
uble) with more from Sauvignon Blanc at 54% w/w (43% soluble
and 11% insoluble) (Table 1).

The global production and subsequently the residue:crop ratio
for grapes are lower than feedstocks such as Zea mays (corn),
Oryza sativa (rice) and Triticum aestivum (wheat) (Table 5).
However, grape marc is a discarded waste residue from an estab-
lished industry, and would not be grown as a dedicated biofuel
feedstock. Thus the utilization of grape marc for bioethanol pro-
duction is still value-adding, even if lower yields (biomass and
ethanol) are achieved. Ethanol yields of 211 L/t can potentially be
generated from red marc and 400 L/t from white marc, which is
slightly lower than yields predicted for other lignocellulosic biofuel
feedstocks such as sugarcane bagasse (Saccharum spp.; 463 Ljt),
rice straw (370-536L/t) and sorghum straw (Sorghum bicolor;
428 Lft) (Table 5). Alternatively, just the WSC in white marc can
be extracted and fermented directly, yielding up to 270 L/t. The
utilization of only WSC can minimize processing costs associated
with liberating fermentable sugars from the cell wall, leaving a
polyphenol enriched fraction that may be used in animal feed,
applied as a fertilizer or exploited as a source of phenolic com-
pounds. An integrated processing system for grape marc would
not only enable multiple products to be refined from the same
waste material, increasing its value, and would be environmen-
tally, socially and economically advantageous.

4. Conclusions

Grape marc is a waste material that is rich in carbohydrates. The
majority of these carbohydrates are soluble monosaccharides (glu-
cose and fructose) and structurally complex polysaccharides (pec-
tins, heteroxylans, xyloglucan and cellulose). The soluble
carbohydrates can be directly converted to ethanol through fer-
mentation, yielding up to 270 L/tonne. Alternatively, ethanol yields
may be increased by utilizing the whole material, which benefits
from acid pre-treatment followed by enzymatic hydrolysis.
Overall, these data suggest that on a weight for weight basis, grape
marc has the potential to be a competitive, value-adding waste
material for biofuel production, contributing up to 400 L/t ethanol.
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