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ABSTRACT

The digestion of wheat dried distiller’s grains with solubles (DDGS) by the black soldier fly
larvae (BSFL) was investigated. DDGS is a high carbohydrate, high protein by-product of grain
ethanol fermentation. Around ten percent of the dry weight of DDGS is cellulose, and a further
five percent is starch which together represents a large fraction of glucans that escaped the
ethanol fermentation process. Digestion by BSFL was expected to result in the degradation of
DDGS constituent matrices, particularly fiber, which would increase the recovery of glucose
from DDGS to be used in further bioethanol fermentation. Additionally, proteins and digestible
carbohydrates could be recovered as BSFL biomass. We considered two studies based on this
hypothesis: enzyme and microbial investigation in BSFL culture; and microbiological aids in the
BSFL degradation of DDGS. Secretion of enzymes from the BSFL into their feed bed can
potentially contribute to the insects DDGS digestive capabilities along with symbiotic bacteria
associated with the BSFL. The nutrient composition of the BSFL's diet may impact their
digestive capabilities. To investigate this hypothesis, and specifically the effect of the fiber
content of the feed, we first analyzed enzyme activities in feed beds which varied in cellulose
content using food commodities (corn meal, DDGS, and whole milk powder) containing
complex matrices to evaluate the effect of cellulose content directly. Enzyme activities in spent
larval feeds were shown to decrease as the cellulose content of the feed increased. From these
BSFL spent feeds, bacteria associated with BSFL were isolated and included Lactobacillus
plantarum, Sphingomonas melonis, Psuedomonas sp., and Klebsiella pneumoniae. These
bacteria should have originated from the digestive system of the BSFL, which were hypothesized
to play a role in the BSFL’s digestive capabilities. The contribution of these isolates in enzyme
activities were also analyzed, and Lactobacillus plantarum showed the greatest overall enzyme
activity based on protease, cellulase, amylase, and lipase assays of the isolated bacteria. Because
the digestive capabilities of BSFL were shown to decrease as the cellulose content of their feed
increases in this study, we further hypothesized that fermentation of cellulosic materials prior to
BSFL digestion can assist the contribution of the larvae in glucose recovery from the cellulosic
materials. It is investigated whether the use of solid state fermentation (SSF) could degrade
DDGS fiber matrices and improve the overall nutrient profile for BSFL culture and recovery of

fermentable sugars. The following fungal strains, chosen for their cellulolytic ability:
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Trichoderma koningii, Aspergillus niger, Aspergillus fumigatus, and Phanerochaete
chrysosporium; and Lactobacillus plantarum isolated from the BSFL, were used in SSF of
DDGS, prior to larval digestion. SSF was shown to open the DDGS structure; reduce the
cellulose content by around 5 percent; decrease the total carbohydrate content by up to 13
percent; and increase the protein concentration by up to 8 percent. While all fungal SSF
treatments showed positive changes to DDGS nutrient composition, SSF using Aspergillus niger
had the greatest effect on DDGS, reducing the carbohydrate content by 13 percent, and
increasing the protein content by 8 percent. Following this analysis, we investigated whether
fermented DDGS was suitable for larval feeding, and the effect that BSFL digestion had on the
fermentable sugar recovery from DDGS. In order to analyze the susceptibility of DDGS
cellulose into glucose, a two-step hydrolysis assay was employed. Dilute acid hydrolysis was
utilized as an initial hydrolysis, which hydrolyzed primarily amorphous cellulose along with
starches and bound glucose into monomeric glucose. Then, the solid matter from dilute acid
hydrolysis was subjected to enzymatic hydrolysis as the second step of sugar liberation, where
cellulases hydrolyzed the remaining crystalline cellulose into monomeric glucose. Digestion of
fermented DDGS by BSFL reduced the dry matter of the substrate and incorporated it into a high
protein (37% dwb), high fat (23% dwb) larval biomass. Considering DDGS contains very low fat
(2%), the significant fat recovery/yields can be achieved though SSF-BSFL treatment. When
untreated DDGS was given to BSFL, the larvae incorporated 43.7 % of dry mass of DDGS;
whereas SSF DDGS was incorporated up to 80.4% after the digestion by a combination of SSF
and BSFL culture. The relative carbohydrate contents of the substrates were increased during
larval digestion which, along with opening of the DDGS constituent matrices during treatments,
allowed for increased glucose liberation from the substrates in spent feeds. Optimization of
hydrolysis conditions, including higher temperatures, pressure, and substrate loading
concentration, further provided large increases in total glucose yields compared to unfermented
DDGS (8 % of dry weight of DDGS carbohydrates), particularly for Lactobacillus plantarum
SSF (16% of dry weight of DDGS carbohydrates).
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1 INTRODUCTION

Petroleum based fuels are presently considered a non-renewable fuel source, and will require
replacement by sustainable fuels such as biofuels. Lignocellulosic ethanol, a second generation
biofuel, does not compete with food chain, increases the agricultural sector and economy, and
reduces consumption and reliance on fossil fuels. Commercialization remains elusive due to the
recalcitrant nature of the lignocellulose which increases production costs and difficulties. A
biotechnology revolution is therefore needed in lignocellulosic ethanol production.

Enzyme treatment of lignocellulose has a variety of potential benefits such as lignin specific
hydrolysis, dissociation of lignocellulosic components, and reduction in the crystalline structure
of cellulose, all of which increase the fiber’s susceptibility towards processing into fermentable
sugars and ultimately ethanol. Solid state fermentation (SSF) provides natural enzymes which
hydrolyze the constituent polymers and matrices in lignocellulosic materials. This improves the
nutrient profile of lignocellulosic materials, and facilitates their greater application for non-
ruminant digestion through lignocellulose dissociation and hydrolysis.

Dried distiller’s grains with solubles (DDGS) are a nutritious, cost-effective source of
proteins and carbohydrates in the form of resistant starch and fiber. Since DDGS is a by-product
of ethanol production, utilizing it for cellulosic ethanol production helps to increase the total
ethanol realized from the starting grains. The high fiber content of DDGS, up to 44%, makes this
feed less than desirable for non-ruminant feeds. SSF may increase the protein content, and
reduce the fiber content making it a useful treatment step in the bioconversion of DDGS to
higher value ones.

In addition to alternative fuels, the search for novel protein sources is underway due to the
rising cost in fishmeal, and a growing, developing world population. The black solider fly (BSF)
Hermetia illucens is a non-pest, non-disease vector insect which has high fat and high protein
content. The amino acid profile of the BSF is comparable to fishmeal, and has a higher amount
of the essential amino acid lysine than DDGS. Rearing methods are well established for culturing

the BSF, and research towards life cycle optimization has been fruitful. This has led to the



generation of a cottage industry that bioprocesses organic wastes into high value fly larvae meal
which is sold as a high protein livestock feed additive. The fat in larval biomass can be extracted
and turned into a high quality biodiesel which further commercializes the insect.

The BSF has powerful digestive enzymes and mouthparts facilitating the digestion and
degradation of biomass. Bacteria associated with the BSF have significant positive influence in
the behavior and life cycle development, and enhance the abilities of the fly to colonize feed,
digest feed, maintain host health, and assimilate nutrients into their bodies through the
production of vitamins, nutrients, antibiotics, and digestive enzymes. These associated bacteria
can be used as a SSF organism to pretreat feeds for the BSF, helping to facilitate bioconversion
into larval biomass.

Because BSF larvae (BSFL) protein has a superior amino acid profile compared to DDGS,
and digestion of lignocellulose by the BSFL has the potential to disrupt lignocellulosic
structures, it is sensible to bioconvert DDGS into commercially valuable BSF protein. SSF may
improve the nutrient profile, digestibility, and recovery of organic matter in DDGS, and therefore
could serve as a pretreatment step before larval digestion of DDGS. Moreover, the combined
actions of SSF and BSFL digestion on lignocellulose in DDGS may help to increase the
conversion of undigested DDGS fibers into fermentable sugars as well.

This research aimed to increase the nutrient profile and digestibility of DDGS through the
use of bacterial and fungal SSF for BSFL culture, and to characterize the bioconversion of the
substrate into high value BSF larval biomass, followed by sugar production from unutilized

DDGS fibers.



2 LITERATURE SURVEY

2.1 The Need for Alternative to Petroleum Based Fuels

Petroleum based fuels remain the primary liquid fuel used around the world, despite
advances in alternatives. The use of petroleum based fuels has contributed significantly to the
phenomenon of global warming, and global conflict as countries fight for access to this resource.
The search for economical and sustainable alternative fuels has long been a focus of much
scientific research. Fuels obtained from the processing of biological material, so called biofuels,
reduce the reliance on fossil fuels improving energy security, provide environmental benefits,
and enlarge rural communities!. Diversification of a country's fuel portfolio can help bring jobs
and money into the country as well>. The current production of biofuels is relatively low
compared to petroleum based fuels primarily due to the high production costs associated with
biofuels®. The production of biofuels is inherently limited by the amount of biomass which can
be generated and/or harvested sustainably®. First generation biofuels, produced from food or feed
grains, compete with food production leading to higher food prices. There are also ethical
concerns with diverting food suitable for human consumption to produce fuels for primarily
wealthy countries. Second generation biofuels, produced from waste or non-food biological
material such as plant biomass, do not compete with food production however>®,

Plant biomass in particular has been identified as the only feasibly sustainable source of
fuels and materials’. Biodiesel and bioethanol are two major types of biofuels which can be
produced from plant biomass. Ethanol production in general has increased substantially over the
past decade, and as of 2012 was reported to be around 107,000 million liters a year (Table 2-1).
Much of the bioethanol is currently produced from glucose containing crops such as sugar cane,
used extensively in Brazil, and high starch content crops, such as corn. These crops are
preferentially utilized due to the readily-hydrolyzed glucose polymers, and the abundance of
glucose fermenting organisms commercially available. The most abundant natural form of

polymerized glucose in nature is stored as cellulose, which is often intertwined with lignin and



Table 2-1 World Production of Ethyl Alcohol (Million Liters), (Modified from Renewable

Fuels Association, 2013)'°.

Region 2012 2011
North & Central America 52117.55 54515.00
South America 21955.39  21849.02
Brazil 21111.24  21097.01
Europe 4311.58 4420.00
Asia 3603.71 3367.88
China 2100.90 2100.00
Canada 1699.65 1750.00
Australia 268.76 330.09
Africa 158.99 145.02
Total 107327.80 109574.00

hemicellulose collectively referred to as lignocellulose. In 1994 Ballerini ef al. concluded that,
although the cost to produce lignocellulosic ethanol remained much higher than petroleum based
fuels, if pretreatment steps were sufficiently optimized and the cost-exempt status of biomass
derived ethanol was maintained, it could compete with gasoline at assumed crude oil prices of
US $50 a barrel'!. Optimization of pretreatment steps would include complete substitution of
lactose by pentose hydrolysate as the primary carbon source for enzyme production, recycling
enzymes at least partially, inclusion of pentose co-fermentation, and increased by-product use!!.
Fast-forwarding to 2010, Service et al. reported that with current technologies, the cost to
produce lignocellulosic ethanol ($0.75/L) was almost double that of the market price of oil
($0.48/L), and much of the optimism about cellulosic ethanol had diminished!?. There yet remain
opportunities for further optimization of the proposed process, which is made difficult due to the
recalcitrance of the lignocellulosic biomass. The discovery/design and utilization of novel
enzymes systems, the development of inhibitor tolerant enzymes and microorganisms, and
optimized process integration have all been identified as promising cost reducing endeavors'?.
This precludes the need for a biotechnology revolution surrounding bioethanol, particularly for

enzymes and microorganisms'.



2.2 Background on Lignocellulosic Ethanol Production

Lignocellulosic biomass is organic material derived from living organisms which
contains cellulose, hemicellulose, and lignin. The relative concentration of these components
varies between different biomass substrates. Cellulose is a homopolymer; a polymer comprised
of only 1 monomer, of D-glucose in B-1,4 linkages. The degree of polymerization from higher
order plants is around 14,000 monomer units!®>. Large amounts of intra- and inter-molecular
hydrogen bonding leads to the glucose polymer existing in highly ordered crystalline states with
a less ordered amorphous regions dispersed throughout'®'®. A high degree of crystallinity,
indicating that a large percentage of the cellulose microfibrils are in an ordered crystalline state,
gives cellulose fibrils a highly inelastic structure, and a tensile strength equaling that of steel?’.
The highly packed, strong structure imparts resistance to hydrolysis. The two structural features
of cellulose which have the largest impact on the rate and extent of enzymatic hydrolysis are the
degree of crystallinity and surface area’' . A low degree of crystallinity, wherein a large
percentage of cellulose microfibrils are in an unordered or amorphous state with respect to each
other, is associated with a weakened cellulose structure.

Cellulose is naturally synthesized as individual molecules, which are small, linear chains
of glucosyl residues, which then self-assemble at the site of biosynthesis?°. There is evidence that
association with hemicellulose helps to regulate this self-assembling process®’. Approximately
thirty of these cellulose molecules are combined together as bundles of fibers known as
elementary fibers or protofibers, which are aggregated into larger structures called microfibrils.
Microfibrils are assembled into the familiar cellulose fiber. Adjacent sheets of cellulose fibers
are held together by weak van der Waals forces in cellulose I, the most abundant form of
cellulose found naturally. Van der Waals forces, which are a comparatively weak force
individually, are numerous in cellulose I, and the overall effect is a significant contribution to the
crystalline structure of cellulose. The packing is so tight that even water molecules are excluded
from between microfibrils?®,

In addition to crystalline and amorphous regions, cellulose fibers contain many
irregularities including kinks or twists of the microfibrils, and/or voids including micropores,
large pits, and capillaries?’"**°. This makes the surface area greater than a theoretical polymer
which is perfectly smooth at the monomeric level. These structural irregularities inherent in the

structure allow for the hydration of cellulose particles in aqueous solution at least partially. The



external surface area of the cellulose particle is determined by its shape and size, while internal
surface area is determined by the cellulose fiber’s capillary structure®!. When considering the
internal surface area of cellulose’s impact on enzyme hydrolysis, the porosity of the cellulose
particle is of concern as size exclusion of the enzyme contributes to a reduction in its functional
activity’!. The size of the voids may be large enough to allow for penetration by many large
molecules'®*2. The increase in specific surface area has been shown to increase almost linearly
with the extent of enzyme adsorption?2,

Both the rate and extent of hydrolysis increase with the increase in surface area®*. The
higher the degree of crystallinity, in other words the higher the degree of packing among primary
constituents, the less susceptible the particle is to hydrolysis. Higher degrees of crystallinity also
are inhibitory to enzyme adsorption, further reducing the hydrolysis rate’*°. The method of
Segal et al.*’has been used extensively and relies on X-rays to calculate the crystallinity index,
which is a measure of the percent of crystalline regions in the total particle. In research testing of
celluloses a variety of purified celluloses are used, but differences in their structure can have an
impact on the results of the study. The following brief overview is reviewed in Lynd et al.®
Hollocelluloses, produced from the delignification of lignocellulosic biomass, contain large
amounts of hemicelluloses. Microcrystalline celluloses are produced using dilute acid hydrolysis.
The dilute acid hydrolysis process removes hemicelluloses as well as much of the amorphous
cellulose regions in the fibers leaving nearly pure cellulose. Different microcrystalline celluloses
primarily differ in their particle size distributions, and this can impact the hydrolysis rate. Lastly
carboxymethylcellulose, an ether of cellulose, has found widespread use due to its high solubility
which standardizes cellulase activity testing.

Hemicelluloses are alkali-soluble (primarily heteropolymers) polysaccharides which can
be precipitated from aqueous solution by alcohol, and which are more easily hydrolyzed than
cellulose by mineral acids*®. They comprise 15-35% of plant biomass typically and can consist
of the following: pentoses such as B-D-xylose, and a-L-arabinose; hexoses such as 3-D-mannose,
B-D-glucose, and o-D-galactose; and/or uronic acids such as o-D-glucuronic, o-D-4-O-
methylgalacturonic and a-D-galacturonic acids. Hemicelluloses are broken down into their
component monomers upon hydrolysis. Similarly to cellulose hydrolysis, hydrolysis of
hemicellulose is accomplished in microorganisms through the production and release of a

cocktail of similar enzymes*’. The primarily heteropolymeric nature of hemicelluloses results in



poor fermentation yields, and is currently the largest polysaccharide fraction wasted in pilot and
demonstration ethanol production plants*!'. This presents unique opportunities for biotechnology
and the engineering of microorganisms to contain unique genotypes, either through recombinant
DNA technology*** and/or genetic engineering®** has been identified as the best solutions to
reduce the economic obstacles preventing commercialization of lignocellulosic ethanol*!.

Lignin is a complex, cross-linked polymer of p-hydroxyphenylpropanoid monomers
linked primarily by ether or direct carbon-carbon bonds. Both of these bonds are very difficult to
hydrolyze. During the lignin polymerization process lignin becomes covalently linked to
hemicellulose, in addition to cross-linking between lignin monomers. The degradation of lignin
by microorganisms is primarily accomplished by fungi, and most efficiently by white-rot fungi.
It occurs through a secondary metabolic process in the presence of low nutrient nitrogen and an
additional carbohydrate source such as glucose or cellulose. An extracellular lignin peroxidase in
the presence of hydrogen peroxide degrades lignin by oxidative cleavage reactions of the
backbone, and monomer units. A free radical mechanism brought about by this lignin peroxidase
activity is responsible for lignin degradation. Other enzymes include Mn-dependent peroxidase
and laccase’”.

The fundamental steps in biomass processing for ethanol production are size-reduction
and pretreatment (sometimes considered one step), hydrolysis, fermentation, and distillation to
obtain the primary end product of ethanol. The crushing step has the function of size reduction of
the native biomass, which is particularly relevant for woody biomass feedstocks, and is
accomplished by chipping or milling. Size-reduction increases the surface area, and the
accessibility for pretreatment processes. The obstacles to this processing step are as follows: the
collection which is determined by the type of biomass collection, the efficiency of the collection
equipment, and environmental restrictions to prevent soil erosion, soil productivity, and carbon
levels; the transportation of the collected biomass which is effected by the distance from the
processing plant, the amount of biomass to be transported, and the bulky nature of the biomass
which prevents inefficient packing; and lastly, the storage of biomass due to spatial restrictions if
the biomass is stored at the processing plant.

A schematic of the structure of lignocellulose, and the goals of pretreatment of
lignocellulose are shown in Fig. 2-1. The pretreatment step has the general functions of

destroying the lignin shell which protects the cellulose and hemicellulose, decreasing the degree
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Fig. 2-1 Graphical Representation of the Goals of Pretreatment of Lignocellulose.

Reprinted from Zhang B, Shahbazi A (2011) Recent Developments in Pretreatment Technologies for Production
of Lignocellulosic Biofuels. J Phylogenetics Evol Biol 2:108. doi: 10.4172/2157-7463.1000108, an open-access
article distributed under the terms of the Creative Commons Attribution License.

of cellulose crystallinity, and increasing the porosity of the feedstock to facilitate enzymatic
hydrolysis. Pretreatment methods, from either the same or different categories, are frequently
combined to enhance the effectiveness of the pretreatment step>>**. Each individual pretreatment
method, of which many have been extensively researched, has inherent advantages and
disadvantages. One of the main problems with the pretreatment and hydrolysis of lignocellulosic
materials is the variations in the content of lignin and hemicellulose among feedstocks. There are
lots of factors influencing this variability including crop type, crop age, harvesting method, and
others. This means that no single pretreatment method can be generically applied to all
feedstocks®®. Research trends to improve lignocellulose biomass include the production of
genetically engineered plants containing a higher carbohydrate composition, modified plant
structures to facilitate mild pretreatment options, and the utilization of hemicellulases (often
referred to as pentoses or C-5 sugars)’. No one pretreatment method is universally the best.
Criteria for effective pretreatment have been established as the following: it avoids size
reduction, preserves hemicellulose monomers, limits the formation of inhibitors resulting from
degradation of substrates, requires minimal energy inputs, and is cost-effective®. Other factors

contribute to the selection of a pretreatment method including the ease of high value-added co-



product recovery, the pretreatment catalyst and its ease of recycling, waste treatment concerns,
the ease of operation, the cost of downstream processes, and cost tradeoffs between capital,
operating, and biomass costs>®>’. Pretreatment has generally been grouped into three categories:
physical, biological, and chemical pretreatment.

52,53,58

Physical pretreatment options include uncatalyzed steam explosion , and liquid hot

water/pyrolysis®® 62

which have the added benefit of hydrolyzing the component as well as
reducing the biomass particle size. Uncatalyzed steam explosion is recognized as one of the most
cost-effective pretreatment options®. In uncatalyzed steam explosion, biomass is saturated with
steam or water under highly elevated pressures. The pressure is rapidly reduced resulting in an
explosive expansion of the water.

Chemical pretreatment is the most extensively studied among the pretreatment types, and
includes numerous methods including the following: catalyzed steam explosion, dilute acid,
concentrated acid, oxidative delignification, alkaline, ammonia freeze/ fiber explosion (AFEX),
organosolv, pH controlled liquid hot water, CO> explosion, ozonolysis, and ionic liquids
pretreatment®**, Concentrated acid hydrolysis disrupts the hydrogen bonds which hold the
cellulose chain together, and converts the particle to an entirely amorphous state. The cellulose
then forms a gel with the acid and becomes extremely susceptible to hydrolysis achieved through
dilution with heated water. Concentrated sulfuric acid hydrolysis of cellulose for ethanol
production has been successfully commercialized previously, but only in times of war when
economic competitiveness could be ignored®. Dilute acid hydrolysis uses acid such as H>SO4
and HCI, and requires temperatures of 200-240°C at 1.5% acid concentrations to hydrolyze
crystalline cellulose. There is unavoidable degradation of glucose into hydroxymethylfurfural
(HMF), and other undesirable products. Xylose is also unavoidably degraded into furfural and
other inhibitory byproducts through dilute acid hydrolysis. Variations on the acid hydrolysis

application have been proposed. Hamelinck et al.%

utilized a novel two-stage hydrolysis setup in
which the first stage was under milder conditions of 190°C, and 0.7% acid for three minutes to
recover the pentoses from the more readily hydrolyzed hemicellulose. This was followed by a
second stage under more harsh conditions of 215°C, and 0.4% acid for three minutes to recover
the hexoses which resulted in a 50% glucose yield. A variant to the above method is the use of
very dilute acid concentrations at extremely high temperatures, referred to as the auto-hydrolysis

t67

approach, which has been applied to sawdust®’. Concentrated acid hydrolysis containing 30-70%



acids have higher glucose yields around 90%, but the amount of acid required is not
economically favorable®®.

Biological pretreatment has low energy requirements and mild environmental conditions,
but most processes are too slow which limits their industrial application. Many white-rot fungi
possess delignifying abilities, and have been utilized for the production of ligninases as well as
for lignocellulose degradation®’. Lee has reported on the main microorganisms which produce
ligninases, and the fermentation processes for producing them by both submerged culture and
solid-state fermentation®”.

There are five key areas for future research in lignocellulosic ethanol: (1) reduction of
water and chemical use; (2) recovery of carbohydrates and value-added co-products to improve
economic feasibility; (3) development of clean delignification which yields benefits for co-
fermentation of pentoses and hexoses thereby improving the economic costs of the process; (4)
achieving deeper understanding of the fundamental relationship between the biomass substrate
and hydrolysis enzymes and the pretreatment mechanisms; (5) reducing the production of
inhibitory products such as furfural, 5-HMF, and acetic acid®.

While the chemical methods are a combination of exposure and hydrolysis of cellulose,
biological and physical methods are followed by hydrolysis process to break down the
polysaccharides into their constituent monomers. Hydrolysis can be accomplished by acid and/or
enzymatic hydrolysis. Acid hydrolysis is faster, while enzymatic hydrolysis requires lower
temperatures, higher monomer yields, is more environmentally friendly, and does not produce
glucose degradation products. The general reaction pathway for enzymatic hydrolysis is that
crystalline cellulose is converted to cellulose by endocellulases/endo-B-glucanases. That
cellulose is converted to cellobiose or cellotetrose by exocellulases/exo-B-glucanases such as 1,4-
B-D-glucan cellobiohydrolase and 1,4-B-D-glucan glucohydrolase. Finally, cellobiose or
cellotetrose is converted to glucose by cellobiases/p-glucosidases®®.Cellulases need to be bound
to the surface of their substrate in order for hydrolysis to occur. Enzymatic cellulose hydrolysis
therefore occurs at much slower rates compared to enzymatic hydrolysis of other biopolymers
such as starch®. Enzymatic hydrolysis of cellulose happens through a complex set of reactions
involving several steps'®!%?231: (1) the transfer of cellulases from the bulk aqueous phase to the
surface of the cellulose, (2) adsorption of endocellulases/endo-B-glucanases and formation of

enzyme-substrate complexes, (3) hydrolysis of cellulose, (4) transfer of cellodextrins, glucose

10



and cellobiose, from the surface of the cellulosic particles to the bulk aqueous phase, (5)
hydrolysis of cellodextrins and cellobiose to glucose in the aqueous phase by cellobiases/p-
glucosidases. These steps are influenced by the structure of the cellulose, the mode of interaction
between the enzymes and substrates, the properties of the enzymes used, and the susceptibility of
the enzymes to inhibition>7°,

Endoglucanases hydrolyze the internal glucosidic bond in the polymer chain at random
locations. They work well against amorphous cellulose, water-soluble cellulose derivative, and
produce glucose, cellobiose, cellotriose, and other oligomers. They are not as active against
highly crystallized substrates or regions of the polymer’'. Exoglucanases attack the end of the
cellulose polymer at the non-reducing end and produce glucose and cellobiose’".
Cellobiohydrolases are more active against highly crystalline celluloses and cellulose regions
than are endoglucanases, but they are less active against water-soluble cellulose derivatives such
as carboxymethyl cellulose’!. Exoglucohydrolases show high activity against soluble
cellodextrins. Due to the variability among enzyme activities towards cellulose hydrolysis
products it is necessary for organisms to produce enzyme cocktails to achieve high glucose
yields. In fungal cellulose hydrolysis production of all three functional classes of cellulases
(endo-, exo- and glucosidases) is required, and synergism is observed when used
concurrently®'7?, Interestingly, exoglucanases may not be required for all organisms to hydrolyze
cellulose, and production of that enzymatic class is relatively rare in bacteria®’?,

Many organisms produce several isozymes which may differ in the nature and degree of
glucose hydrolysis and/or the primary amino acid sequence °®7*. Additionally, other organisms
use different enzymes in the terminal depolymerization of cellulose including cellobiose
hydrolase, quinone oxoreductase, cellodextrin phosphorylase, and cellbiose phosphorylase®®.

Trichoderma reesei is a mesophilic fungus which has been extensively studied and
utilized for cellulose hydrolysis. 7. reesei produces a cocktail of cellulases including at least two
cellobiohydrolases, five endoglucanases, B-glucosidases, and hemicellulases®. Glucose and
cellobiose are inhibitors of the enzyme cocktail produced by T. reesei'®>>>7%, In particular,
cellobiohydrolases are inhibited by cellobiose and additional enzyme needs to be added other
than what is produced by 7. reesei. T. reesei is the most efficient producer of endo- and exo-

glucanases’®, but does not produce a sufficient amount of B-glucosidases®’. Aspergillus strains

are known to be good producers of B-glucosidases®!. Aspergillus niger was shown to produce
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decent cellulase yields on SSF of wheat bran over a wide range of temperature, pH, and moisture
levels®?.

The white-rot fungi Phanerochaete chrysosporium is capable of degrading lignin through
the production of lignin peroxidases and manganese peroxidases, while leaving the cellulose
relatively undisturbed®. Since lignin is an indigestible material, and P. chrysosporium increases
the relative cellulose content of substrates, it represents an attractive organism for biofuel
applications. The major challenge in using this organism for enzyme production is the instability
of its productivity. This is largely due to a poor understanding of its regulatory mechanisms is
response to different nutrient sources in the substrate®’. P. chrysosporium also produces large
amounts of protease when low lignin conditions are present®*. Optimization of the design of
cellulose mixtures from various sources in order to maximize the glucose yield has been
analyzed®.

In addition to fungal fermentation, bacterial SSF has been used as a way to add probiotics
to foods, as well as to change to nutritional and functional properties of foods. Fermentation of
whole oats with Lactobacillus plantarum increased the titratable acidity in the oats through the
production of lactic acid, a kind of carboxylic acid (short-chain fatty acid). This helps to prevent
contamination of the substrate with undesirable pathogens during the fermentation period. SSF
with L. plantarum increased the free amino nitrogen by 39% compared to non-fermented oats,

and showed no change in soluble dietary fiber or B-glucan content®

. L. plantarum can be used in
co-SSF with some fungal strains, and improves the protein content and protein bioavailability of
fermented substrates®’.

The alcohol fermentation step is the final biotechnological step in lignocellulosic biomass
processing, and the primary function is to convert pentoses and hexoses into ethanol using
microbes. There are many organisms which ferment hexoses to ethanol, but few organisms
ferment pentoses and those which are capable, do so at a much slower rate compared to hexose
fermentation. Research efforts have been undertaken to incorporate pentose fermenting genes
into current hexose fermenting organisms at high conversion levels. This process is referred to as
co-fermentation. The recovery and separate fermentation of pentoses must be utilized to obtain
the greatest conversion of glucose to ethanol. Zymomonas mobilis genes have been introduced

into xylose fermenting organisms Escherichia coli®® and Klebsiella oxytoca®®. Incorporation of

arabinose fermentation through recombinant DNA technology has also been strong research area

12



as arabinose is another major component of hemicellulose. The study of enzyme systems is

remarkably complex however as cellulases are produced as an enzyme cocktail exhibiting

synergistic effects acting upon a multi-component substrate where both the enzyme and substrate

composition varies by source and organism”’. The end goal of these research efforts is to realize

a system which incorporates all aspects of production into one reaction mixture which has been
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Fig. 2-2 Consolidation of Biologically Mediated Events in Cellulosic Ethanol Production

(Adapted from Lynd, 1996)°°.

2 shows the various types of solid state

dubbed consolidated bioprocessing (CBP)*. Fig. 2

fermentation, and how they relate to CBP.

Following fermentation, the ethanol can be recovered from the fermentation broth by

distillation, or distillation combined with adsorption, or filtering including drying using salt or

lime, addition of an entrainer, molecular sieves, membranes, and pressure reduction® 3. The

residual solid fraction left over from distillation which includes ash, organism debris, lignin,

enzymes, residual cellulose and hemicellulose, and other materials can be recovered as a solid

fuel, or further converted to other value-added products.
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2.3 DDGS Chemical Profile and Liberation of DDGS Fermentable Sugars

A review of the chemical composition of DDGS found that its composition varies based
on the processing conditions at the plant of manufacture: crude protein (26 — 37.1%); fat (9.1 —
14.1%); ash (3.7 — 8.1%); acid detergent fiber, a measure of lignin plus cellulose (11.4 —20.8%);
and neutral detergent fiber, a measure of total lignocellulose (33.1 — 43.9%)°*. During the dry-
grind ethanol process a majority of the starch is converted to glucose and then ethanol, and other
components experience a three-fold concentration.

Despite that, DDGS still contains a large amount of starch which has escaped either
granular starch hydrolysis, or conventional jet-cooking and fermentation processes. Up to 18% of
the dry weight of DDGS is residual starch, most of which are in the form of resistant starches
(RS). Some starch granules are encapsulated in cells of grain kernel or embedded in protein
matrix after milling and thus were physically inaccessible to amylases (RS1). The crystalline
structures of native starches were not completely degraded by amylases, retaining some of their
structure (RS2). Retrograded starch molecules (RS3), complexes of starch with other non-
fermentable components (RS4), and starch-lipid complexes (RS5) were also present in DDGS.
Starch which escaped granular starch hydrolysis was mainly RS1 and RS2, whereas that from
jet-cooking contained all RS (RS1-RS5)%°. More RS reduces the ethanol recovery, lowering the
efficiency of the process, but treatment of DDGS can liberate glucose. Dilute acid hydrolysis can
hydrolyze certain RS types as well as disrupt matrices or complexes which may trap or bind
starch, and SSF has the potential for the same through enzymatic action. These sugars can then
be incorporated into the upstream fermentation process, increasing the total ethanol yield from
the starting grains.

Dilute acid hydrolysis can also liberate lignocellulosic and bound sugars from DDGS, the
most industrially important of which is glucose which is derived from cellulose in lignocellulose.
Lignocellulose in DDGS is composed mainly of hemicellulose, a complex polymer made of five
carbon sugars such as xylose and arabinose. Hemicellulose degradation rates are much higher
than cellulose, around 1500 times faster”®, due to weaker glycosidic bonds in hemicellulose than
cellulose. Using dilute acid hydrolysis on corn DDGS produced xylose, arabinose, and glucose in
order of decreasing abundance. Reaction temperature, time, and acid concentration had
significant effects on xylose and arabinose yields, while glucose was affected only by

temperature and acid concentration. Lower temperature and longer reaction time favored xylose
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and arabinose production. Optimum conditions were found to be 112 °C for 84.5 min. at 3.1%
(w/v) H2SO4 concentration®’.

These optimum conditions also limit the production furfural from pentoses, an initiative
of cellulosic ethanol. This is a potential issue for DDGS given its high hemicellulose content.
Furfural production in acid hydrolysis of DDGS was found to be lower at 120° than at higher
temperatures °°. In the same study conversions of carbohydrates to monomeric sugars was found
to be greatest, 37.2%, at 120 °C and 10% substrate loading (wt./vol.) for 60 min. This is equal to
20.5 mg sugar/mL liquor. Of which 3.7, 9.2, 1.5, and 6.1 mg/mL was glucose, xylose, galactose,

and arabinose respectively.

2.4 The Advantages of Black Soldier Fly Bioprocessing of Plant Biomass

The black soldier fly has unique characteristics that hold potential to contribute to the
production of lignocellulosic ethanol. The black soldier fly (BSF), Hermetia illucens, (Diptera:
Stratiomyidae) is a large (13-20mm) wasp-like fly*°. The feeding activity of the BSF occurs only
during the larval stage, and therefore it is not considered a disease vector or pest organism'%,
The larvae are saprophagous, and can be found in decomposing materials such as rotting fruit,
animal carcasses, food waste, and notably manure'®""'%2, The BSF is capable of digesting waste
faster than any other known fly species due to powerful mouthparts and digestive enzymes'%>!1%4,
Digestion of cellulosic biomass by the black soldier fly larvae (BSFL) reduces the degree of
cellulose crystallinity. Plant cell walls, where most lignocellulose is contained, are degraded by
BSF digestion, enhancing the surface area of the cellulose, hemicellulose, and lignin to
enzymatic hydrolysis. Greater sugar yields are subsequently realized compared to undigested
plant biomass!®®. Current literature surrounding the enzymatic systems of the BSFL and its

symbiotic microbiota is sparse however.

2.5 BSFL as a Novel Protein Source and Addressing Food Security

In addition to the energy crisis outlined above, the agricultural industry is coming up
against a protein shortage. Much of the protein that we feed to commercially farmed animals is
sourced from fish meal. Fish meal is a commercial product made of fish, fish bones, and fish
offal. It is usually cooked and ground, and may be pressed to extract excess fat. Due to a steady

decline in catches of wild fish, and an increase in demands for fishmeal and fish oil for livestock
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and aquaculture feeds, the price of both fish meal and fish oil have significantly increased'%.
This increases the total cost of livestock production.

1'7 and can be raised in a

BSFL have a comparable amino acid profile to fish mea
sustainable manner through the bioconversion of low value commodities and agricultural waste
products. In feeding trials, BSFL meal was found to be a suitable replacement for fish meal in
diets fed to quail (Coturnix coturnix japonica) up to 50% replacement as determined by weight
gain and feeding preference!®’. The high fat content of whole BSFL meal was found to increase
satiety and reduce feed intake among quail. This supports the use of de-fatted BSFL meal, in
order to maintain a high fat intake and weight gain. This approach also allows for commercial
application of larval grease such as biodiesel production. The fat content of BSFL is dependent
upon the feed source and is highly variable ranging from 15-50%'%. This is an environmentally
friendly approach to the protein shortage, and represents significant cost saving in the industrial
production of farmed meat, particularly aquaculture and chickens. As the cost of fish meal
increases, and the demand for meat increases due to the advances in living standards in
developing nations, further cost savings can be achieved. As research shows, BSFL have the
ability to increase the amount of ethanol which can be produced from lignocellulosic feedstocks,
while concurrently generating a high protein high fat larval biomass.

Economic advantages of this system include the creation of multiple product streams
from the bioprocessing of low-value lignocellulosic feedstocks such as dried distiller’s grains
with solubles (DDGS) into: a larval protein meal with superior amino acid and mineral profiles
than DDGS; a larval fat or grease which can be turned into a high value biodiesel or incorporated
into animal feeds'?’; ethanol generated from liberation of sugars from DDGS which remains
after larval digestion; and a soil amendment from the sugar liberated DDGS.

Both BSFL and DDGS are used as high protein animal feeds. BSFL protein has a
superior amino acid profile and higher lysine content compared to DDGS protein®*!!?. The high
heat used in the drying step of DDGS destroys some of the heat labile lysine®. Given that it is an
essential amino acid, and is often in short supply in traditional animal feeds, it has to be
supplemented into the feeds. The higher lysine content of BSFL would also reduce the cost
associated with lysine supplementation in animal feeds.

BSFL are incapable of de novo synthesis of ten essential amino acids lysine, tryptophan,

histidine, phenylalanine, leucine, isoleucine, methionine, valine, arginine, and threonine '!!.
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Therefore, they require lysine in their diet. Although the extent to which is unknown, the gut
microflora of host organisms contributes to host amino acid through de novo synthesis of both
fatty acid precursors and amino acids, and that microbial derived amino acids were incorporated
into host proteins ''.

Several groups have determined, through radio labeling of N in 'NH4Cl dietary
supplementation, that microbial derived lysine represented a significant portion of the free
plasma lysine pool in adult humans on nitrogen adequate diets. This was also shown in pig and
rat models. These organisms cannot incorporate '°N into essential amino acids, indicating a
microbial origin. The extent to which de novo essential amino acid synthesis contributes to
overall amino acid availability in host organisms is yet undetermined due to complications of '°N
method due to nitrogen recycling into and from the gut. Therefore lysine content in BSFL
originates from dietary consumption through lysine in feeds and production by the gut
microflora.

The use of feedstock pretreatments, such as solid state fermentation (SSF) serves to
increase the nutrient availability of DDGS. This increases product yields, and further
commercializes both DDGS and BSFL product usage. The use of flies and other insects in the
bioprocessing of agricultural commodities has already spurred the creation of a cottage industry
in the last few years. There are currently legislative and regulatory snags, but the use of insect
proteins in the agriculture industry seems to be inevitable with the potential to revitalize our food
supply chain, generate huge profits through new product generation and inherent cost savings,

and increase the sustainability of the food system, particularly for systems involving fishmeal.

2.6 Rearing and Life Cycle Optimization of the Black Soldier Fly

The lifecycle characteristics of the BSF as reported by Jong-Gill et al.'°! are as follows
(Fig. 2-3). The egg, weighing 24 g, is oval shaped with average dimensions of 887 pum along
the longer axis, and 190 um along the shorter axis. Females lay 1000 eggs on average which
hatch in 81 hours at 27°C and 60% relative humidity. The larval stage lasts 15-20 days and
depends on the larvae’s ability to uptake nutrients from its surroundings. The cuticle of the pre-
pupae slowly turns reddish-brown and upon pupation, the size decreases to 19 mm from the 21
mm larval size along the longest axis. This pupal stage lasts around 15 days. The adults are 13-

20 mm long and are dark black in color. The adult lifespan can range from 5 days to 18 days.
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Fig. 2-3 Life Cycle of the Black Soldier Fly

(Reprinted from: Unknown. Online. 7/08/2015. http://www.staquaponics.com/#!Black-Soldier-Flies-as-Fish-
Feed/c1sbz/64A5A10E-D4F8-4632-88B5-9A07C933ADEY).

Mating begins as early as the day proceeding eclosion, and is the most frequent around 4-6 days
proceeding eclosion.

The larval stage of the BSF develops through five instars !!3

, which is defined as a
developmental stage of arthropods, such as insects, between each moult (ecdysis), until sexual
maturity is reached '!'*. The larval exoskeleton/cuticle contains chitin (a homopolymer of N-
acetylglucosamine, a derivative of glucose), and is hardened through the addition of calcium
carbonate which is known to be excreted through the larval integument of the BSFL in large
quantities. This chitin is embedded in a protein matrix. In the BSFL the segments of the body are
covered in rigid cuticle plates which form a true exoskeleton linked to adjacent plates by flexible
membranes. The cuticles are hard and dark in color. They are said to be tanned, or sclerotized,
and in the case of BSFL are also mineralized with calcium carbonate.

The BSF produces three generations in the southern United States and is active from late
spring through early fall'!®. In the tropics, breeding occurs throughout the entire year!??. These
insects are from regions containing high amounts of natural sunlight throughout the year, and
light has been shown to play an important role in mating and ovipositioning. Based on difficulty

to stimulate mating in captive populations under artificial light, it was suggested that the eyes of
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the male BSF may cue in to specific wavelengths of sunlight ''®. It was determined that
wavelengths from 450-700 nm were responsible for influencing mating behaviors in the BSF!'!7.
This allows for the complete life-cycle of the BSF to be realized under laboratory conditions
enhancing the research potential of this insect. In practice, many researchers tend to provide
natural lighting to adult BSFs in order to maximize the number of offspring and to closely
approximate their natural environments'%,

Tingle et al. reported that mating occurs when males responded to “calling” females, and
mating occurs with the pair positioned on the ground facing opposite directions while in
coitus!'®. This runs contradictory to the earlier findings of Copello who identified that mating
occurs in the air for this species!!. Research by Tomberlin et al. elucidated the mating behavior.
Males were observed to rest upon a leaf, and when a different male flew overhead or rested on
the same leaf, the two males would meet in the air and grapple plummeting back toward the leaf.
When they were 0.5-1.5 m above the leaf, the pair would separate with the victor returning to the
leaf, and the other male vacating the area. Approaching females were treated in a similar manner,

120

but during the grapple the pair would begin to mate . A similar mating behavior has been noted

for another Stratiomyid species Hermetia comstocki, and is defined as lekking or territorial

behavior!'?!

. While the time of day and light intensity are significantly correlated with mating,
temperature and humidity are significantly correlated with oviposition!?2.

The moisture content of the substrate has an effect on female oviposition as they will
preferentially oviposit on substrates with optimal environments for the resultant larvae. The BSF
prefers to lay its eggs onto the dry and cracked surface of moist substrates such as manure'?.
Fatchurochim et al.'> reported that the BSF will oviposit onto substrates at moisture contents of
20-70%, but not higher. Most of the eggs were laid onto 40-60% moisture substrates. However,
adult dry weight and head width were greater, and days to adult emergence were shorter for the
eggs laid on 70% moisture substrates. This fact has been capitalized upon to develop egg
collection strategies in the rearing of the BSF. In these methods, dry cardboard is suspended
above optimal larval feed which has been saturated with water encouraging oviposition into the

flutes of the cardboard for easy collection'®.

Bacteria also help mediate oviposition by
producing a volatile chemical mixture which signals appropriate sites, as well as the presence of
competitor species. A mixture of bacteria isolated from conspecific eggs was shown to be more

effective at inducing oviposition compared to a single bacterial species'?.
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Temperature has a significant effect on the development and life cycle characteristics of
the BSF as studied by Sheppard et al.''>. They develop optimally at 27-30°C, and this is
consistent with their identity as a tropical and warm-season temperate species. As the
temperature increases smaller adults, shorter life spans, and lower survivorship are seen. While
larvae held at 36°C had a high probability of becoming pre-pupae, less than 1% pupated. This
may be due to an inability of the larvae to gain a sufficient amount of weight and energy during
the larval stage. The authors proposed that the situation was similar to the larvae of the blowfly
Chrysomya rufifacies (Macquart), (Diptera: Calliphoridae) which produces smaller larvae and

adults at increased temperatures due to an increased metabolic rate and subsequent starvation'?>.

2.7 Diet of the Black Soldier Fly

Early entomological study of the BSFL revealed that it sequesters calcium and produces
calcium carbonite which is secreted through the hypodermis and covers the larval integument!?®.
Sheppard et al. studied the effect of artificial diets on the life history and characteristics of the
BSF, and found that when reared upon artificial diets, as is common in laboratory populations,
the resulting adults are underdeveloped compared to wild BSFs!®. Additionally, the final larval
weight and pre-pupal calorie count per mg are lower in captive populations compared to wild
BSFs, with the wild specimens having approximately 3.5 times as many calories.

It is yet unclear as to the extent that larval diet affects the life history traits of the BSF,
since in the above study, the captive larvae were held in constant contact with their own waste
which may exhibit toxicity. Optimal growth rates are established for BSFL. when they are
provided with as much fresh feed daily as they can assimilate in 4-6 hours'®®. The optimal rate of
BSFL feeding has been determined for their use in so called CORS (Conversion of Organic
Refuse by Saprophages) systems by Diener ef al.'?’. A daily feed rate of 100 mg of chicken feed
per larva was determined as the optimum rate for this system, and was a tradeoff between the
reduction in organic matter and the larval biomass production (measured as the increase in pre-
pupal dry weight). The feed was considered digested after it had undergone one pass through the
BSFL’s digestive system which resulted in a weight reduction of 41.8% (S.E. 0.61) in the feed.
This feeding rate is also the threshold for development time as higher feeding rates did not
significantly reduce the development time. At higher feed rates, the body mass of the adult is

greater, but survivorship to the pre-pupal stage (but not adult stage) is reduced. The reduction in
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dry matter, phosphorous, and nitrogen content of manure digested by BSFL was significantly
lower among high feeding rates compared to lower ones'?®. The reduction in phosphorous and
nitrogen contents of manure treated by BSFL digestion has been suggested to help reduce levels
in the water supply due to field runoff, or leaching from lagoons thereby improving the water
quality!?®,

The composition of the larval feed has an impact on the life cycle length of the BSF.
When fed on a meat diet, the larval and pre-pupal stages were significantly longer than on a hen-
feed diet. The larval and pupal mortality was also substantially lower for the hen-feed fed larvae,
and the resulting adults were of larger size and better development'?’. This could be due to the
elevated fat content present in the meat diet. Although fat is an essential dietary component for
larvae, too much can retard their development as the larvae have a hard time metabolizing too
much fat during metamorphosis into adults'*°.

The better development could also be due to the carriage of bacteria on conspecific eggs
which are well suited for digestion of plant matter, and a smaller presence of bacteria which can
efficiently digest meat. A review of the symbiotic bacteria associated with the BSF is given here
in later section. When poultry manure was inoculated with Bacillus subtilis strains isolated from
BSFL prior to addition of BSFL into the manure, the resulting larvae had 30% greater weight
and a 10% reduction in development time compared to eggs placed in non-inoculated poultry
manure'®!. This agrees with findings by Ye ef al. which showed that bacteria isolated from the
BSFL can be used as a probiotic for other BSFL colonies to enhance reduction in manure dry
matter and larval development. Larvae are able to develop to pre-pupae and adults faster,
although their longevity is not impacted by probiotic inoculation of feed. The use of probiotic

feed results in adults of larger size'®!

. Among the probiotic species was Bacillus natto which has
been shown to have an antagonistic effect towards E. coli and S. aureus, as well as the ability to
digest hemicellulose, pectin, and phytate!32. Phytate is a major storage form of phosphorous in
plants, especially brans and seeds. It is indigestible to non-ruminant animals as they lack the
enzyme phytase. Phytates chelate minerals such as iron and zinc, preventing their uptake into the
body'**. Providing older or anaerobic feed to larvae is lethal or detrimental to their development
due to the accumulation of toxic waste products, and a depletion of nutrients either by the larvae,

or by microorganisms'>*.
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The pre-pupae of the BSF can easily be self-harvested by directing their search for
pupation sites into collection bins'!®>. The type and presence of a pupation substrate has been
shown by Holmes et al.'* to have a significant effect on the pupation and adult emergence of
BSFL. The BSFL grow optimally in moist substrates, but tend to vacate the moist larval feed and
burrow into soil during the pre-pupal stage in order to protect them from predation and
desiccation during pupation. Larvae not provided with a pupation substrate take longer to pupate
than those with a substrate, and this is likely accounted for by excess time spent searching for
suitable sites to bury themselves. These larvae also aggregated together, perhaps in an attempt to
bury within the larval mass. Surprisingly, without a pupation substrate the larvae emerged faster
than those with substrate, which may be an attempt to avoid desiccation or predation in the lack
of cover. The survivorship to adult was much lower for those not provided a pupation substrate,
suggesting that those larvae used up their energy reserves searching for pupation sites, and
lacked the energy to complete metamorphosis. The packing density of the pupation substrate was
inversely correlated with larval pupation time. Potting soil was the best among the substrates
tested due to its ability to retain moisture, and its comparably low packing density compared to
other substrates such as sand. Survivorship is generally lower in captive populations than in wild
ones!®. While almost all larvae survived to pre-pupae in captive populations, only around 25%
emerged to adults compared to around 90% for wild populations. The wild survivorship to pre-
pupae was not studied and no difference in the sex ratio among different populations was
observed with all being around 60% female. In all populations, the female adult weight was
greater than the males. The lifespan of the adult was greater in wild populations compared to

captive ones.

2.8 Digestive Enzymes Native to the BSF

Research done by Kim et al'*® on the biochemical characterization of the BSFL’s
digestive enzymes has provided valuable insight into this topic which has largely been
unreported, but is essential to understanding the mechanisms of bioprocessing by the BSF.
Among 19 enzymes, which were screened for presence and activity level in the gut and salivary
gland of the BSF, all were identified in the gut, and many of them were found in the salivary
gland as well (Table 2-2). However, the salivary gland accounts for less than 10% of the total
enzyme activity in the BSFL’s digestive tract. This indicates that most of the digestion of feed
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occurs in the gut of the insect. When compared to the common housefly, Musca domestica, all of
the BSFL’s gut enzymes showed at least identical enzyme activity to the housefly’s respective
gut enzymes. Leucine arylamidase, a-galactosidase, P-galactosidase, a-mannosidase and o-
fucosidase all exhibited greater activity in the BSFL’s gut than in the housefly’s gut. This
confirms that the BSF has one of the most powerful digestive systems among fly species. The
presence of lipase, indicative of zoophagous insects, and amylase, indicative of phytophagous
insects, confirms the BSF as polyphagous insect. This polyphagous nature combined with high
enzyme activity and diversity, shows that the BSF is a suitable insect for digesting a wide variety

of waste and biomass.

Table 2-2 Comparison of Enzyme Activity in Salivary Gland and Gut Extracts from
Hermetia illucens and Musca domestica using Api-ZYM Kit, (From Kim et al. 2011)"¢,

Enzymes Hermetia illucens Musca domestica
Salivary Canat Sl ivary Cout
Controd 0 ] 1] o
Alkaline phosphatase 1 3 1 5
Esterase (C4 3 3 3
Esterase Hpase 3 3 3 5
Lipase | 5 (1] 5
Lewcine arylamidase 57 5 2 5
Valine arylamidase 0 5 (1] 5
Cystme arylamicase 0 5 [} 5
Trypsin L] 3 1 B
::-L||Y|I1i|1|l.'|_r'i.|t| L] 1 0 1
Acd phosphat ase 4 5 3 5
Maphthol-A%-Bl- phosphohydrolase 2 5 2 5
w-Calactosidase L} 4 [ 1
PB-Galactosidase 3" 5 0 5
P-Glucummnidase L] 1 (1] 1
-Clucosidase 3 5 F] 5
PG lucosidase o 1 1 1
N-Acety--glucoamind dase 2 5 2 5
=-Mannosidase 1] 4 (1] 1
a-Fumsidase 3* 3! 0 1

. indicites IS wilth more ACTivATY 1N Herme! i illicens SR IFACTS COFTifhaf o with

those of Musoa domestica

Reprinted from Kim et al. 2011'3%, with permission from Elsevier.

It remains unclear to what extent the microorganisms present in the gut of the BSFL are
responsible for the enzyme production and overall digestive process of cellulosic materials as
literature in this area for this insect is sparse. However, the relationship has been extensively
studied in termite systems'?’. Hindgut flagellate protists have long been known to be sources of

cellulases and hemicellulases in the hindgut of lower termites'*®. In studies of protist
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endosymbionts in lower termites, a large number of lignocellulosic genes in the glycosyl
hydrolase family (GHF) were detected suggesting that these glycosyl hydrolases are involved in
the protist’s cellulose breakdown system. The major enzyme for the degradation of crystalline
cellulose by these protists was found to be GHF 7 cellobiohydrolase. All of the cellulases in this
study lacked the cellulose binding module (CBM), which is found in most microbial extracellular
cellulases. CBM increases the concentration of cellulose at the surface of the cellulose. In the
symbiotic protists, the cellulose is endocytosed and hydrolyzed within the organisms, and

sufficient enzyme concentrations are capable of realization without CBM'*°.

2.9 Bacterial Diversity in the BSF

In humans, the number of microbes inhabiting the gut (around 10'#) outnumbers the
somatic and germ cells of the human body (around 10'%) '*° and this community possesses
metabolic activity equaling the human liver'*!. This led Lederberg and McCray'*? to coin the
term microbiome to refer to an organisms native microbiota. Many insects are also inhabited by a
large number and diversity of bacteria!®>!%!%, The microbiome of most insects is not well
defined, an exception of which is the termite’!137-138195-198 Degpite the large variation in the
numbers of microorganisms inhabiting different insects, it is likely that most insects have
microbial populations whose numbers outnumber that of the host!#. It is difficult to determine
which of these organisms are native to their host species, and which is simply a transient
organisms picked up from the environment, or food.

In order to colonize the gut, a bacterial species must multiply in their particular niche at a
rate which exceeds the rate of their removal from the gut. The matter is complicated as some
species are only able to colonize the gut in the presence of other members of the microbiota'>,
Additionally, the microbiome is capable of rapidly shifting in response to changes in the insect
diet through introduction of enzymes, and changes in the microbial population'>!+152,

Microorganisms possess functions missing in the insect metabolism, and help to
overcome barriers to plant consumption'**!>*, Microorganisms are also capable of degrading and
detoxifying plant allelochemicals including flavonoids, tannins, and alkaloids which are
secondary metabolites produced by the plant to protect against herbivory!'>>!>°. Microbial
156

degradation of plant based aromatic compounds has been demonstrated in the termite

Although digestive enzymes in some insects are derived from intestinal microorganisms at least
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partially, studies to define the contribution have been primarily ambiguous'>’. This microbiome
has many symbiotic functions including taking large roles in host digestion, physiology,
development, and immune system, as well as preventing colonization by pathogens helping to
maintain the host’s health!%®,

Attempts to study native microbiomes of insects has been undertaken to elucidate the
community structure of microorganisms specific to individual host species, and also to find
bacterial genes which encode for enzymes of interest such as proteases, lipases, cellulases,
xylases, and pectinases. Insects are of significant interest due to their large role in the
degradation and recycling of organic wastes!37138:148.158

Current thinking on the evolutionary relatedness between organisms is based in large part
on phylogenetic trees. These trees are constructed from observed differences among biological
molecules which are conserved over time, notably the genes encoding for small ribosomal
subunits (16S rDNA for eukaryotes and 18s rDNA for prokaryotes)!>*1%°. Upon analysis of these
trees, it is seen that cellulose hydrolyzing, or cellulolytic, ability is present in the genetic code of
many genera dispersed in the Bacteria domain, and most genera in the fungal group of the
Eucarya domain. No cellulolytic members of the Archaea domain have yet been identified.
Among the Bacteria domain cellulolytic ability is concentrated in the predominantly aerobic
order Actinomyceltales (phylum Actinobacteria) and the anaerobic order Clostridiales (phylum
Firmicutes). Fungal cellulolytic ability is ubiquitous, being seen throughout the entire kingdom?®.

Among the bacteria, cellulose utilizers can be classified into several broad categories:
(1) fermentative anaerobes, mostly gram positive (Clostridium, Ruminococcus, and
Caldicellulosiruptor), but with some gram negative (Butyrivibrio, Acetivibrio, and Fibrobacter);
(2) aerobic gram positive bacteria (Cellulomonas, and Thermobifida); and (3) aerobic gliding
bacteria (Cytophaga, and Sporocytophaga). Despite having the genetic information for cellulose
utilization, only a few species are actively cellulolytic among those genera®®. With few

161,162 " anaerobic bacteria degrade cellulose through a so called complexed cellulase

exception
system as exemplified by the highly characterized organelles of Clostridium thermocellum'®’.
This species produces both extracellular and cell surface bound cellulases, but some anaerobic
bacteria only produce cell bound cellulases, at least in measurable amounts. This may explain the

necessity of anaerobes to be bound to the cellulose substrate for optimal growth.
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The relatively new technique of pyrosequencing, an extension of the polymerase chain
reaction (PCR), has shed new light on the nature and role of the microbiome of the BSFL.
Pyrosequencing of 16S rDNA of BSFL fed different diets revealed that the insect’s microbiome
is dependent upon the feed source. More nutrient diverse feed sources resulted in a greater

diversity of gut bacteria!®*

. Utilization of pyrosequencing, which is capable of sequencing so-
called unculturable bacteria, is still presented with the problem of differentiation between
autochthonous and allochthonous species!®*. It has also been shown that the microbiome shifts
with each life cycle'®. In a study by Jeon et al.'®*, four aerobic bacteria were isolated from the
BSFL’s gut and cultured, having been selected for their high ability to degrade organic
compounds. These organisms were identified via 16S rDNA sequencing and were found to be
the following: (1) Bacillus amyloliquefacien ssp. which showed high protease, amylase, and
cellulase activity; (2,3) Bacillus stratosphericus sp. and Family Paenibacillaceae sp. which
showed high lipase and cellulose activity; and (4) Paenibacillaceae mirabilis sp. which showed
high protease and lipase activity!'®*,

In another study by researchers Zheng et al.'>* bacterial species were identified across
different life cycle stages of the BSFL. In general, the bacterial diversity was found to be similar
across life stages of the BSF at the phylum level, but at the genus level diversity was higher for
larvae, pre-pupae, pupae, and adult than for the egg due to the sessile nature of the egg'®®. Yu et
al.'® isolated 5 bacterial strains from the integument and 5 from the gut of the BSFL. They were
all identified to be Bacillus subtilis by 16S rDNA sequencing to determine the gens and PCR of
the DNA gyrase B protein encoding genes to determine the species. The Bacillus genus is
composed of gram positive, rod-shaped bacteria belonging to the phylum Firmicutes. Each of the
isolated strains was identified as being unique, and it was determined that they have the ability to
digest casein, gluten, and organic phosphorous.

In addition to bacterial symbiosis, some insect have a symbiotic with fungal organisms
such as leaf-cutting ants of Central and South America such as Atta sexdens, and mound-building
termites of Africa and Asia such as Macrotermes bellicosus. These insects use cellulose rich
plant material to cultivate fungal monocultures which are the food source for the mycophagous

insects. Laboulbeniomycetes and Septobasidium are groups of fungi that can be found on

arthropods particularly the former. Individual colonization of an insect body by these fungi is
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generally considered an infection of the host. Flies are particularly susceptible to

entomophagenic fungi, which can endanger an adult colony'®’.

2.10 Manure and Waste Management with the BSFL

The BSF is a filth fly, and is commonly found in places containing high concentrations of
animal manure. It was observed that the housefly populations in confined animal feeding
operations colonized by the BSF were significantly lower than those where the BSF was
absent!00-113.118.168 "Reduction in housefly populations have been reported between 94-100%'%.
BSFL prevent ovipositing by houseflies depends upon the time that the larvae have been in the
feed, and 4-5 days of BSFL larvae occupation in the feed was determined sufficient to

100 Wild houseflies are 10 to 30 times more resistant to the

discourage housefly populations
insecticides cyromazine and pyriproxifen than BSFL!®°. This may be due to behavioral
differences as most wild adult BSF are not present around animal confinement facilities where
the insecticides are used, limiting their exposure. The houseflies, which maintain a presence in
order to feed as adults unlike the BSF, have a greater exposure and therefore more selective
pressure to develop resistance to insecticides. The BSFL aerate and dry manure reducing odors
by the consumption and digestion of microorganisms, as well as by producing bacteriostatic,
bactericidal, and fungicidal compounds!'®!7*172 Tingle !'* showed that BSFL reduce waste in
poultry facilities, and Sheppard '%° showed that the reduction in manure accumulation was
between 42-56%. The BSFL also reduced the manure’s nitrogen concentration and other
nutrients which reduces the potential for pollution.

Aside from pollutant and manure dry matter reduction, the dried pre-pupae can be used
directly as feed for a variety of livestock including poultry, swine, and aquaculture as they
contain 42% protein, and 35% fat!!%!13127 The dried pre-pupae feedstock has an estimated value
equaling soybean, or meat and bone meal. This value can be increased if they are used live, as
specialty feed, or marketed to exploit some of the unique attributes (chitin, or fatty acid
composition) of the insect. The optimal yield of feedstuff to manure on a dry weight basis was
found to be 7.8%!'!°. The pre-pupae cuticle or exoskeleton contains the polysaccharide chitin
which has been shown to reduce the digestibility of the BSF, and prevents uptake of other

nutrients when used in some aquaculture systems!?”!7>, When used as a fish meal replacement at
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less than or equal to 33%, the BSF pre-pupae were a suitable replacement showing good growth
gains in juvenile turbot fish!7.

In addition to manure, BSFL have been successfully used to treat leachate from food
waste compost. From one week of growth on compost leachate where the decaying vegetable
matter was replaced twice weekly, the larval mass increased 70.7% on average. The larvae were
able to significantly reduce the chemical oxygen demand and increase the pH, while reducing the
concentration of volatile organic acids (VOAs) and alcohols, and clearing the leachate of
ninhydrin positive metabolites. Ninhydrin is a chemical used for detection of ammonia, or
primary and secondary amines. Compared to controls without BSFL, a seven to nine-fold
reduction in acetic, propanoic, and butyric acid was seen over two days. In a comparison of
sterile and non-sterile leachates, the VOAs and alcohols were reduced by up to one-half the rate
seen when BSFL were included in the leachate. Larval processing of the leachate increased the
ammonium concentration approximately six fold over seven days'’”>. BSFL significantly
increased the nitrogen-mineralization by increasing the concentration of ammonia. They also
facilitate the recovery of NOs3™ in compost leachate fractions via dissimilatory nitrate reduction to

176 Most insects store nitrogen waste as uric acid which primarily precipitates

ammonia pathway
in the insect’s rectum!””!”8, Researchers have identified allantoin, the immediate degradation
product of uric acid, and a water-soluble waste product, in waste excreted by Dipterans, as well

as NH4" albeit to a lesser extent!”7-17%:180,

2.11 Anti-Microbial and Anti-Parasite Actions of BSFL

BSFL produce fungicidal compounds which support the immune system of the fly as it
feeds on decaying matter'®*, and unlike houseflies, BSFL can reduce E. coli populations in
feces'’?. They have been shown to reduce other pathogen populations in manure treatment
systems also'’%!72, This antimicrobial action helps the BSFL to resist infection from pathogenic
organisms, as well to digest the food for the larvae by colonizing the food with symbiotic
bacteria which facilitate the breakdown of macronutrients'*’. For this reason so called maggot
treatment has been successfully used medically to treat infected wounds, chronic or necrotic
infections, osteomyelitis, and burn wounds'$1-185,

Methanol extracts of BSFL inhibited the growth of Klebsiella pneumonia, Neisseria

gonorrhoeae, and Shigella sonnei which are all gram negative. The extracts did not exhibit
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antagonistic effects towards gram positive species such as Bacillus subtilis, Streptocuccus
mutans, and Sarcina lutae'®®. BSFL were not able to destroy or inactivate the eggs of the
intestinal parasite Ascaris suum, which is found in the intestine and manure of infected swine'®’.

Hexanedioic acid isolated from BSFL extracts was found to have antimicrobial activity
against Klebsiella pneumoniae in vitro, and in vivo using mice infected with K. preumoniae at
levels comparable to commercial antibiotics'®. Hexanedioic acid exhibited anti-microbial effects
against gram-negative bacteria, and was found to be safe in long term toxicity studies using
mice, rats, rabbits, and hamsters at high doses for 33 weeks. This indicates that it may have
potential for use as a novel antibiotic. Black soldier flies are still susceptible to infection
however.

BSF eggs and younger BSF larvae are more susceptible than older life stages to fungal
infection and death!®. This fact has been exploited as a biological control measure to reduce fly
populations in poultry operations''®. Some evidence suggests that bacteria associated with BSF
eggs helps to protect against fungal infection'®’. It is reasonable to assume that enzyme activity
may be imparted to the BSFL through digested fungal enzymes, but BSFL are not reported to
have a fungal gut community in healthy populations. An advanced understanding of the
microbiome of the BSFL and its functions are essential to enhance its utilization in commercial
applications, of which historical importance has been use of the larvae in manure management

systems.

2.12 Biodiesel Production from BSFL

Similarly to lignocellulosic ethanol, biodiesel production relies heavily on food resources,
mainly crop oils, and alternative feedstocks are being continuously evaluated. In addition to
collecting pre-pupae for commercialization as a livestock feed, BSFL grown on pig, chicken, and
cattle manure can be used for the production of biodiesel'®. Li et al.'*® utilized BSFL for the
reduction in dry matter of dairy manure from various animals which resulted in the production of
a high protein and high fat dried larval biomass. Soxhlet extraction with petroleum ether was
utilized to obtain BSFL grease (purified with 0.5% H2SO4). A 2-step biodiesel production
process, including pretreatment with 1% w/w H2SOy4 as the catalyst, and transesterification with

0.8% w/w NaOH as the catalyst, both at 8:1 methanol/oil ratio, was used. Fermentable sugars
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were obtained from the digested manure via pretreatment with dilute 2% HCI and subsequent
cellulose enzyme hydrolysis.

This novel system not only reduced the dry matter of manure, a potential source of
environmental pollution due to large amounts of undigested organic matter'®!, but converted it
into larval biomass capable of being produced into biodiesel, and enhanced the recovery of
fermentable sugars which can be used for ethanol production. Feeding the larvae chicken manure
resulted in the highest biodiesel yield compared to cattle manure and pig manure fed larvae. The
nutritional composition of chicken manure allowed for the greatest gains in insect biomass
during the growth period. The resulting biodiesel had comparable properties to rapeseed oil
biodiesel, and met the European standard EN14214!,

In another study conducted by researches Zheng et al.'®> BSFL were fed residual solid
fraction of restaurant waste (SRF) following biodiesel production from the restaurant waste. The
results are shown on Fig. 2-4. Biodiesel was made from the larval grease in a modified version
of the method used by Li et al.!°® The fat content of the larvae was higher, but the fatty acid
profile was very similar, suggesting both that: SRF was a better media for larval growth and
development than manure; and that the fatty acid composition of the larval grease was

independent of the larval feed material. The larvae were able to reduce the mass of the SRF by
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Reprinted from Li ef al.””*, with permission from Elsevier.
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62% over a 7 day digestion period. The moisture content was reduced from 81% to 71% thereby
increasing the percent solids. In a follow-up study, biodiesel was produced from the BSFL grease
(also prepared via Soxhlet extraction of dried and ground larvae) resulting from larvae which
were fed on rice straw and restaurant solid waste (RSW)!%. In order to facilitate digestion of the
feedstocks Rid-X was added to the larval feed. Rid-X, which is a commercial product containing
microbes and enzymes, helped to hydrolyze the high cellulose feedstocks, and increased the final
weight of the larval biomass. It was more difficult for the larvae to digest cellulose than other
feedstock components evidenced by the fact that larval grease yield increased as the ratio of
RSW to rice straw was increased'®>. When 0.35% w/w of Rid-X was added in the 1000 g mixed
feed (RSW:Rice Straw, 7:3) 122.8 g of insect biomass was obtained, and BSFL grease content
reached 39.6% of the larvae, yielding 43.8 g biodiesel from 2000 larvae'®? (Fig. 2-4).

2.13 Solid State Fermentation of DDGS

Because BSFL produce low levels of cellulases, their application for use in highly fibrous
feedstocks is limited'*®. They have shown the ability to reduce the crystallinity of cellulose
through the micronization of cell walls, but may benefit from the addition of enzymatic

192 A novel cellulase have been identified from

pretreatment of lignocellulosic feedstocks
metagenomics screening of the gut microflora of the BSF which possess a high temperature and
pH stability range, as well as low activity losses from 10% polar organic solvents, 1% non-ionic
detergents, and 0.5M denaturing agents. Thin layer chromatography suggests that it is an endo-f3-
1,4- glucanase'”>. However, anecdotal evidence suggests that the BSFL avoid lignocellulosic
materials in their diet. SSF is an attractive pretreatment to BSFL digestion of DDGS due to its
ability to produce extracellular enzymes which can degrade the constituent matrices in DDGS.
Many species and strains of organisms have been used in fermentation, but filamentous
fungi are the best organisms for SSF due to their low water activity requirements and ability to
penetrate into and between substrate particles. Compared to submerged fermentation SSF has a
lower capital cost, lower energy requirements, needs simpler fermentation substrate, and requires

194 Wood rot fungi secrete much higher

a less rigorous control of the fermentation parameters
levels of extracellular enzymes than yeast or bacteria, and white-rot fungi in particular are able to

degrade all plant cell wall components, including lignin'**.
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The most used white-rot fungi is Phanerochaete chrysosporium. Because of its high fiber
and protein content, DDGS is a suitable substrate for SSF. The addition of urea to DDGS for
SSF applications has been shown to increase the cellulase and particularly the xylanase
production by filamentous fungi'®*. The porosity of DDGS is important to the growth of
filamentous fungi, and tighter packing of DDGS suppresses growth and enzyme production'®.
Fungal organisms used in SSF applications can be used to concurrently and/or subsequently
ferment DDGS which can have a superior effect over monoculture fermentations towards the
production of enzymes and the resulting changes to the DDGS!**. SSF of DDGS generally has
the effect of reducing the fiber content and increasing the protein content of DDGS'?°.

Aspergillus stains have been used in SSF applications due to their ability to produce
cellulolytic enzymes, as well as their perceived status as a safe organism. Citric acid and many
enzymes produced by Aspergillus niger have obtained generally recognized as safe (GRAS)
status by the United States Food and Drug Administration. 4. niger has been exploited
commercially for the production of many enzymes, most notably pectinase, protease, and
amyloglucosidase. Aspergillus application in food systems raises concerns regarding toxin
production such as aflatoxin. No known case of aflatoxin or trichotecenes production by A. niger
has been proven. 4. niger is capable of producing the nephrotoxic and carcinogenic mycotoxin
ochratoxin A, although only 6% of 4. niger isolates were shown to produce this toxin!®.

Mycotoxins are a known contaminant of DDGS resulting from contaminated grains used
in the dry-grind ethanol process. Like other constituents, they are concentrated during the
manufacturing process. Minimum advisory levels of mycotoxins in DDGS for use in animal feed
are provided by the United States Food and Drug Administration (U.S. FDA). In a survey of
DDGS in 2010, it was found that mycotoxins in DDGS were below the detection limit in nearly
every case, except for zearalenone which contained between 100 — 300 pg/kg '°7. Therefore
mycotoxin concerns, while justified, are not likely to be a large issue. It is unknown yet how

these toxins are impacted or concentrated through feeding to BSFL.
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3 HYPOTHESES AND OBJECTIVES

The overall hypothesis for this research is that the combination of SSF and BSFL digestion
will increase the degradation of DDGS constituent matrices, particularly fiber, which will
increase the recovery of fermentable sugars from DDGS. Under this overarching hypothesis, four
items are individually hypothesized. The first hypothesis is that the concentration of enzymes in
spent larval feed is dependent upon the composition of the starting feed. Since most enzymatic
activity is found in the larval gut, the microbiome of the BSFL is most likely primarily
responsible for enzyme production. The microbiome of the BSF has previously been shown to
shift based on the available nutrients in their environment and thus on the larval feed source. The
second hypothesis is that SSF using bacteria isolated from the BSF and cellulose-degrading fungi
will improve the nutrient profile and digestibility of DDGS. The third hypothesis is that SSF
utilizing bacterial and fungal isolates will increase the liberation of sugars via enzymatic
hydrolysis from DDGS by opening the component matrices therein, including that of
lignocellulose, which will increase the susceptibility of cellulose to enzymatic hydrolysis.. The
fourth hypothesis is that fermentable sugar yield, produced by acid hydrolysis of DDGS digested
by BSFL, will increase during the larval digestion period, and that the digested nutrients can be
recovered in the form of a high fat, high protein larval biomass.

Objectives of this research are:

1) to test for general protease, lipase, amylase, and cellulase activity in a variety of spent larval
feeds;

2) to determine feed consumption extent and rate as well as average larval weight gain;

3) to measure the decrease in cellulose crystallinity to evaluate the influence of cellulose
structures;

4) to measure the change in fermentable sugars produced by both acid hydrolysis pretreatment
and enzymatic hydrolysis both before and after digestion of feed stocks; and

5) to quantify the changes in DDGS during SSF and larval digestion via proximate analysis.

33



4 STUDY 1: CHARACTERIZATION OF ENZYMES FROM SPENT
LARVAL FEED

4.1 Abstract

Secretion of enzymes from the BSFL into their feed bed can potentially contribute to the
insects DDGS digestive capabilities along with symbiotic bacteria associated with the BSFL.
The nutrient composition of the BSFL's diet may impact their digestive capabilities. To
investigate this hypothesis, and specifically the effect of the fiber content of the feed, enzyme
activities were first analyzed in feed beds which varied in cellulose content using food
commodities (corn meal, DDGS, and whole milk powder) containing complex matrices to
evaluate the effect of cellulose content directly. Enzyme activities in spent larval feeds were
shown to decrease as the cellulose content of the feed increased. From these BSFL spent feeds,
bacteria associated with BSFL were isolated and included Lactobacillus plantarum,
Sphingomonas melonis, Psuedomonas sp., and Klebsiella pneumoniae. These bacteria should
have originated from the digestive system of the BSFL, which were hypothesized to play a role
in the BSFL’s digestive capabilities. The contribution of these isolates in enzyme activities were
analyzed, and Lactobacillus plantarum showed the greatest overall enzyme activity based on
protease, cellulase, amylase, and lipase assays of the isolated bacteria. Because the digestive
capabilities of BSFL. were shown to decrease as the cellulose content of their feed increases in
this study, we further hypothesized that fermentation of cellulosic materials prior to BSFL
digestion can assist the contribution of the larvae in glucose recovery from the cellulosic

materials, which was investigated in Study 2.

4.2 Experimental Approach
4.2.1 Materials
DDGS was kindly provided by NorthWest Bioenergy (Unity, SK).Corn meal and whole

milk powder were purchased at grocery stores. The BSFL used in this study were purchased
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from Supercricket and Bugs4Pets.com.All chemicals used in this study were commercially
available ACS grade, and were purchased from VWR International (Edmonton, AB) and Fisher
Scientific (Ottawa, ON). Amicon ultrafiltration Cell Model 8050 (Amicon Corp., Danvers, MS,
USA) with Millipore Ultrafiltration Membrane YM10 (Millipore Corporation, Billerica, MA,
USA) were used for protein concentration. The spectrophotometer used was a ThermoFisher
Scientific, Model G10S UV-Vis (Madison, WI, USA). Protein concentrations were measured
using the CB-X Protein Assay (G Biosciences, St. Louis, MO, USA). Extraction of bacterial
DNA was done using the EZ-10 Spin Column Plasmid DNA Kit, and was purified after PCR
using the EZ-10 Spin Column PCR Purification Kit (Bio Basic Inc., Markham, ON).The DNA
sequencing was performed by the National Research Council Canada (Saskatoon, SK).
Centrifugation was performed using DuPont Sorvall Instruments Model RC-5C Centrifuge.
Microfuge centrifugation was performed using a Beckman Coulter Microfuge 16 Centrifuge

(Indianapolis, IN, USA).

4.2.2 Screening of Spent Larval Feeds for General Enzyme Activities

Non-synthetic feed blends differing in cellulose content were made by blending corn-meal
and wheat DDGS in ratios of 1:0, 1:1, and 0:1 respectively to 90% (dwb) of the total feed weight
needed. 10% (dwb) whole milk powder was added to the feed blends as source of fats for
complete larval nutrition. Crude protein extracts (CPE) were prepared by suspending 5g spent
feed in 25 mL 50 mM Tris-HCI buffer with 100mM NaCl, pH 7.5, homogenized via vortexing,
and fractionated using centrifugation at 4°C, 8000 rpm, for 20 min (Sorval SS-34 rotor). The
supernatant was decanted, and the pellet was re-homogenized with 5 mL of extraction buffer.
After centrifugation of this latter solution, the supernatant was decanted and combined with the
first fraction. The CPEs were concentrated with the use of an Amicon membrane filtration unit
with a 10 kDa cutoff limit to reduce the storage and working volume of the solution for assays.
This cutoff size was chosen to retain the reported size for all enzymes of interest'*®2%2. The
concentrate obtained after filtration was preserved by the addition of an equivalent volume of
glycerol and stored at -20°C for further use. Five CPEs were made for each synthetic feed blend.

The protein concentration was measured using the CBX-Protein Assay, which is based on
the Bradford/Coomassie Brilliant Blue assay. The red form of the Coomassie die donates an

electron to the ionizable protein sites, opening the protein structure. The die then binds to the
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exposed hydrophobic protein regions through van der Waals forces, stabilizing the blue form
which is read at 595nm on a spectrophotometer.

Protease enzyme activity was measured by spectrophotometric measurement of a standard
casein solution at 280nm following enzyme exposure for 9 minutes at 25°C. At the end point of
the assay the reaction mixture was acidified and large proteins and peptides were removed by
centrifugation at 12,000 rpm for 5 minutes in air microcentrifugation. The supernatant was used
for absorbance measurements of solubilized free peptides. A280 measures the absorbance of
aromatic, hydrophobic amino acids tyrosine and tryptophan of liberated small soluble peptides

from the casein interior!*®

. Acidification of the casein solution facilitates precipitation of large
proteins.

Cellulase activity was determined using microcrystalline cellulose as the substrate. After the
treatment of cellulose with enzyme preparations in a 0.05 M acetic acid, pH 5.0 buffer solution,
the amount of glucose liberated from cellulose was determined and the activity was calculated as
the ability to liberate glucose in a unit of time. To this reaction mixture, 3,5-dinitrosalicylic acid
(DNS) is added. DNS is reduced by the liberated reducing sugar to a darker colored compound
which is measured spectrophotometrically at 540 nm, and from which the enzyme activity can be
calculated based on moles of reducing sugar released*??. The slope of a blank solution containing
no enzymes, which showed the non-enzymatic release of glucose over time from
microcrystalline cellulose in the acidic buffer, was subtracted from this slope, which was fed into
the linear equation of the standard curve to obtain the concentration of reducing sugar liberated
per minute. Two endpoints of 60 and 120 minutes were utilized to obtain a slope for the A540
per minute.

The amylase assay was performed in pH buffered solution of 0.02M sodium phosphate, pH
6.9 with 0.006M sodium chloride that contains 0.5 mg/mL of soluble starch. The enzyme
preparation was allowed to act against this reaction mixture for a set time. The sugar in the
supernatant of the reaction mixture was determined by DNS measurement as outlined above.
Samples were measured at two 0, 3, and 9 minutes, and the enzyme activity was calculated from
the slope of the absorbance over time.

A titrimetric method was used to calculate the lipase activity in units per g of spent feed?%.
The lipase activity assay measures the rate of hydrolysis of an olive oil emulsion determined by

potentiometric titration using a pH meter and standardized NaOH. The emulsion was prepared by
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first making a 10% gum arabic solution in water. To this solution, oil (20% of final) and crushed
ice were added and blended at low speed for several minutes. The emulsion was filtered through
glass wool to remove insoluble gum arabic and contaminants. The sample was added to a salt
solution containing calcium and albumin, which helps to reversibly bind free fatty acids, and the
pH was adjusted to 8. The moles of standardized NaOH used to maintain the pH at 8 over 10
minutes was equated to moles of free fatty acids liberated per minute which was then converted

to units per gram of feed.

4.2.3 Isolation of Potential Cellulolytic Symbionts from Spent Larval Feeds

Spent larval feed composed of corn meal and whole milk powder were suspended in
sterile H2O and serially diluted in sterile H>O, then plated onto MRS agar media plates in order
to obtain an estimate of the number of viable, culturable cells existing in the spent larval feed.
Dilute suspensions of spent larval feed were again plated on MRS media agar plates which were
incubated at 37°C in aerobic and anaerobic conditions. Colonies possessing different oxygen
requirements or colony morphologies were streaked onto MRS plates in order to obtain a pure
bacterial isolates. These isolates were grown in liquid MRS broth, which was degassed for
anaerobes, at their respective oxygen requirements, then preserved with the addition of glycerol
to 50% and stored at -80°C. Through 16S rDNA sequencing the isolates were identified and

considered for potential utilization in a feedstock pretreatment step during Study 2.

4.2.4 Lignocellulose Feed Content Effect on Enzyme Activity

Using the methods of Li et al."”, young (10d) larvae were to be washed and placed into
different feed groups identical in weight. Due to difficulty sourcing eggs, and determining the
age of the larvae, the larval age was widely distributed. The different feed groups were
composed of feeds differing only in the concentration of cellulose to control for effects of
differing feed nutrients on enzymatic activities of the larval digestive systems.

The lignocellulose content was adjusted by blending a 90% corn meal/10% whole milk
powder mixture with cellulose in fractions of 0, 25, 50, 75, and 100% cellulose on a dry weight
basis. The blended feed was mixed with sterile distilled water to a moisture content (DDGS
starting moisture content was 4.4 £ 0.1%) of 60%, and then sterilized via autoclaving for 20

minutes at 121°C. Larvae were added to the feed in a 2:1 wt./wt. ratio (wet-weight basis). At
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days 0, 2, 4, 6, and 8, a portion of the substrate and larvae were removed for sampling. The
difference in enzyme activity present in spent feeds was measured as described in the previous

section.

4.3 Results and Discussion
4.3.1 Screening of Spent Larval Feeds for General Enzyme Activities

In this section, substrate which had been digested by BSFL was analyzed for enzyme
activity. This was done to evaluate the effect of the feeding substrate, and specifically the fiber
content of that substrate which is higher in DDGS than cornmeal, on the digestive abilities of
BSFL. Fig. 4-1 shows the composition of feed blends used in this study. Wheat DDGS has a
high protein content of 38.9% (dwb), compared to corn meal and WMP which have 9.05 and
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N = between 3 and 39 for the reported parameters, and varies for each sample component and assay;
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26.32% protein (dwb) respectively. Therefore feed blends containing more DDGS than cornmeal
have a lower relative composition of carbohydrates, and higher protein content. The fiber content
of DDGS is also much higher than that of cornmeal. Most of the fat content is derived from
whole milk powder and is relatively consistent across all three feed blends, while ash content
decreases as DDGS content decreases. This data was obtained from the USDA nutrient database
resource for corn meal and WMP2%21%; and from the University of Saskatchewan’s wheat DDGS
nutrient profile webpage?!!. It was compiled to model the feed blends used in this study, and the
results are shown on a dry basis. Protein concentrations of the CPEs from spent larval feed were
measured using the CBX-protein assay. The extracts were numbered in the order they were
made, so higher numbers mean that the extracts were made at a later date during larval digestion
of feeds. These extracts were used to measure the activities of enzymes secreted from the BSFL
digestive system into their feed bed. The protein concentrations of the CPEs closely matched the
relative protein concentrations of the substrates. DDGS, which has a much higher protein
concentration than corn meal, resulted in higher protein concentration CPEs when used higher
concentrations in the blends. Therefore the amount of protein in the CPE was correlated well to
the amount of DDGS in the substrate for each extract. Concentration of the CPEs, using
membrane filtration, served to increase the protein, and presumably the enzymes of interest, by
~100%. Originally, the protein concentration was monitored as a potential marker of the
calculated enzyme activity in a sample (e.g., U/mg protein). The protein content of the sample
does not necessarily correlate to the enzyme activity in the sample however. Since the enzymes
present are presumed to come from excretions of the BSFL gut, and digestive action of the BSFL
change the substrate composition, using protein concentration as a measure of potential enzyme
amount present is not likely accurate. This method was changed instead to calculating enzyme
activity as a function of the weight of digested feed represented in the CPE and their subsequent
concentrates. While this method does not give an absolute value for the activities of the enzymes
present in the sample, it does provide a more sensible value for comparison across samples.

As shown on Fig. 4-2, amylase activity was present in 90% DDGS extractions 2 and 3,
45% DDGS extractions 2 and 5, and 90% corn meal extraction 5. The 45% DDGS extraction
showed the highest amount of amylase activity, and the lowest amount of variation among
replicates as a percentage of the mean. All other samples showed similar, comparably lower

amylase activity with high coefficients of variation.
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Fig. 4-2 Alpha-Amylase Activity of Concentrated Crude Protein Extracts Preserved with
Glycerol

Feed blends were made of DDGS, cornmeal and whole milk powder. After BSFL digestion, the spent feeds were
extracted with 50 mM Tris-HCI buffer with 100mM NaCl, pH 7.5. The extracts were numbered in the order they
were made, so higher numbers mean that the extracts were made at a later date during larval digestion of feeds. N

= 3; mean and std. dev.; Not significant at o= 0.05; p = 0.41;

The cellulase contents of the protein extracts were measured at this time, and the results
are shown in Fig. 4-3. Some cellulase activity was observed, but no trend across protein extracts
or feed blend compositions was seen.

The results for the protease activities of the CPEs are summarized in Fig. 4-4. There was
a lot of difficulty in obtaining statistically significant data for enzyme assays of the concentrated
crude protein extracts. The problem may lie in the large number of freeze thaw cycles which the
CPEs had undergone. This could explain why protease and cellulase activities were highest for
most of the 5" CPE samples, and why amylase activity was observed only in the 5 CPE for the

90% corn meal feed blend. No lipase activity was detected among the crude protein extracts.
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Fig. 4-3 Cellulase Activity of Concentrated Crude Protein Extracts Preserved with

Glycerol

Feed blends were made of DDGS, cornmeal and whole milk powder. After BSFL digestion, the spent feeds were
extracted with 50 mM Tris-HCI buffer with 100mM NaCl, pH 7.5. The extracts were numbered in the order they
were made, so higher numbers mean that the extracts were made at a later date during larval digestion of feeds. N =

3; mean and std. dev.;

The overall findings of the screening of spent larval feeds for general enzyme activity
indicates that there may be a low levels of amylase and cellulase present, but that their activity in
spent feed is not consistent across DDGS concentrations or timeframes (as indicated by the order
of CPE manufacture) of larval digestion.

Since the observed enzyme activities were produced by the BSFL’s digestive tract, which
is colonized by bacteria, the enzyme activities in digested feeds may be the result of bacterial

inoculation of the feed bed.

4.3.2 Isolation of Potential Cellulolytic Symbionts from Spent Larval Feeds
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The digested feed beds of the BSFL were analyzed for culturable bacteria which could
contribute to feed degradation. Table 4-1 shows the results of the sequencing of microbial
isolates from spent larval feed. The four distinct organisms which were isolated were
Lactobacillus plantarum, Sphingomonas melonis, Psuedomonas fluorescens and Klebsiella
pneumoniae. Each of the extracted 16S rDNA sequences showed high sequence identity to
characterized sequences among sequence libraries using the BLAST alignment tool, except for

culture #12.
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Fig. 4-4 Protease Activity of Concentrated Crude Protein Extracts of Spent Larval Feed

Feed blends were made of DDGS, cornmeal and whole milk powder. After BSFL digestion, the spent feeds were
extracted with 50 mM Tris-HCI buffer with 100mM NaCl, pH 7.5. The extracts were numbered in the order they were
made, so higher numbers mean that the extracts were made at a later date during larval digestion of feeds. N = 3; mean

and std. dev.; Means not significantly different at a = 0.05;

Since these species were identified in digested substrate, they may play an important role
in the digestive abilities of the BSFL. It is acknowledged that many microorganisms in the BSFL

gut may be unculturable by traditional methods, or may be fastidious, severely limiting their
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isolation and identification by the above methodology. For industrial applications however, only
culturable bacteria would be of practical use. Lactobacillus plantarum was the most frequently

isolated organism, accounting for 50% of all isolates (Table 4-1).

Table 4-1 Bacterial Isolates from Spent Larval Feed Identified by 165 rDNA Sequencing

Culture # Oxygen Growth Conditions Genus Species Identity (%)
1 Aerobic Lactobacillus plantarum 99
Anaerobic Lactobacillus plantarum 99

3 Anaerobic Lactobacillus plantarum 99
4 Aerobic Sphingomonas melonis/aquatilis 98/98
5 Anaerobic Lactobacillus plantarum 99
6 Anaerobic Lactobacillus plantarum 99
7 Aerobic Pseudomonas sp. 99
8 Anaerobic Pseudomonas fluorescens 100
9 Anaerobic Klebsiella pneumoniae 99
10 Aerobic Sphingomonas melonis/aquatilis 97/97
11 Anaerobic Lactobacillus plantarum 99
12 Anaerobic Klebsiella/Enterobacter - -

Lactobacillus plantarum is a gram-positive, aerotolerant bacterium. In the present study,
L. plantarum was isolated under anaerobic conditions five times, and aerobic conditions once,
confirming its anaerobic predisposition, as well as its aerotolerant ability. During anaerobic
fermentation, L. plantarum produces lactic and acetic acids via the Embden-Myerhof Pathway,
this reduces microbial competition in the substrate. It also has the ability to liquefy gelatin, and is
often used as a fermentation organism in for foods, pharmaceuticals, and most pertinent to this
study for silage. Sphingomonas spp. are gram-negative, rod-shaped, chemoheterotrophic, strictly
aerobic bacteria. They were isolated here exclusively under aerobic growth conditions.
Sphingomonas is notable for its ability to degrade hydrophobic, polycyclic, aromatic,
hydrocarbons such as those used in polymeric plastics. Their increased hydrophobicity is due to
a modified form of the lipopolysaccharide (LPS) layer typically found in gram-negative
bacterium which uses a shorter carbohydrate structure '2. Psuedomonas spp. are gram-negative,
rod-shaped bacterium. While most Psuedomonas are obligate aerobes, certain strains of P.
fluorescens are able to use nitrate instead of oxygen as a final electron acceptor during cellular
respiration. It is not therefore surprising that the species was identified from both an aerobic and
an anaerobic culture. Finally, Klebsiella pneumoniae is a gram-negative, non-motile,

encapsulated, lactose-fermenting, facultative anaerobic, rod-shaped bacterium. It is normally
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found on the skin, mouth, and intestines of humans, but is a pathogenic organism. It was isolated
twice from anaerobic conditions, which is unsurprising given its identity as a facultative
anaerobe. Klebsiella, Psuedomonas, and Sphingomonas all belong to the Proteobacteria phylum,
while Lactobacillus belongs to the Firmicutes phyla. These bacteria were all isolated from larval
digested substrates containing primarily corn meal.

In a study by Jeon and others, pyrosequencing of 165 rDNA was used to identify the gut
microflora in BSFL fed on either a food-waste, calf-forage, or cooked rice diet ', The cooked
rice diet most closely represents that of the diet used in the present study. The microbiome of the
BSFL was shown to shift with the BSF’s diet, with the food-waste diet showing the greatest
microbial diversity, likely due to its higher nutrient diversity. The bacterial phyla identified from
the gut of the cooked rice fed BSFL was Proteobacteria (54.01%), Firmicutes (42.47%), and
unclassified (3.52%). Psuedomonas, Klebsiella, and Sphingomonas are Proteobacteria, while
Lactoctobacillus are Firmicutes. While the present study used a less robust surveying method
than the study be Jeon and others, the organisms isolated here from the gut of a separate
population of BSFL matched the phylum/divisions present in their study. This suggests that they
are autochthonous organisms, and may play a significant role in the digestive abilities of the
BSFL. Given that the bacterial diversity was higher in more nutrient diverse diets, the corn-meal
diet, while sufficient for larval growth, may be retarding their growth by limiting the microbial
diversity in the insect’s gut. Additional research by Zheng and others further elucidated the
microbial community of the BSFL by measuring its shift over different life-cycle stages of the
insect. Pyrosequencing of 165 rDNA was utilized on BSFL reared on Gainesville diet (20% corn
meal, 30% alfalfa meal, and 50% wheat bran). They identified the presence of Lactobacillus, and
Psuedomonas genera from the BSFL, as well as some members of the Shingomonadales order to
which Sphingomonas belongs. Neither Sphingomonas nor Klebsiella were identified, but other
Enterobacteriaceae including Citrobacter and Eschericia were present, suggesting that Klebsiella
is not an unusual isolate for spent BSFL feed in the current study. The research by Zheng and
others showed that the relative sequence abundancies across life stages, at the phylum level,
changed very little between larvae, pre-pupae, and pupae. The adult and egg life-cycle stages
showed the presence of additional bacterial phyla, but these life-cycle stages were not used for
bacterial isolation in the present study. In the larval stage, Firmicutes and Proteobacteria were

responsible for ~20% and ~15% of the relative sequence abundance respectively'®®. After the
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conclusion of this experiment, it was learned that lactobacillus MRS media contains sodium
acetate, which supresses the growth of many competing bacterial and fungal species. This may
also explain why the number of unique isolates was so low in the present study. The work
presented here gives supporting evidence to the theories that the gut microflora of the BSFL is
made up of both allochtanous (transient), and autochthanous bacterial species, and that the BSFL
gut microbiome shifts depending on the diet provided.

Table 4-2 summarizes the enzyme activities of bacteria isolated from spent larval feed.
The cellulase activity was the highest for isolate #7, followed by isolate #4. Due to the low
activity of extracellular enzymes in these isolates there was some imprecision in the amylase and
cellulase results. All positive means with a coefficient of variation greater than 100% were
assumed to be zero. Amylase activity was only observed in isolate #9. Protease activity was
highest in isolate #3, followed by #5, #2, #7, #4, and #1 from highest to lowest. Lipase activity
was very limited, being seen in only 2 of the 12 isolates, #11 and #12. Isolate #12 showed much

greater lipase activity than isolate #11.

Table 4-2 Enzyme Activities of Bacterial Isolates of Spent Larval Feed

Cellulase Amylase Protease Lipase
Culture # Species Identity (Units/CFU) (Units/CFU) (Units/CFU) (Units/C
Mean + Std. Dev. Mean + Std. Dev. Mean + Std. Dev. FU)
1 Lactobacillus plantarum 0 0 0 0
2 Lactobacillus plantarum 0 0 3.48E-04 + 1.83E-04 0
3 Lactobacillus plantarum 0 0 7.50E-04 + 2.14E-04 0
4 Sphingomonas melonis/aquatilis 4.49E-07 + 7.49E-08 0 2.23E-11 £ 1.45E-11 0
5 Lactobacillus plantarum 0 0 4.07E-04 £ 6.13E-04 0
6 Lactobacillus plantarum 0 0 0 0
7 Pseudomonas sp. 8.55E-06 + 7.17E-06 0 4.19E-10 £+ 8.49E-11 0
8 Pseudomonas flourescens 0 0 0 0
9 Klebsiella pneumoniae 0 7.06E-10 + 2.35E-10 0 0
10 Sphingomonas melonis/aquatilis 0 0 0 0
11 Lactobacillus plantarum 0 0 0 3.57E-11
12 Klebsiella/Enterobacter 0 0 0 0.018
N=3;

Cellulase activity was limited to only a couple of bacterial isolates, one of two
Sphingomonas isolates, and one of two Psuedomonas isolates. Lipase activity was also limited,
being detected in only one of six Lactobacillus and one of two Klebsiella isolates. Amylase

activity was also rare, being present only in one of two isolates for Klebsiella. Protease activity
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was the most widely distributed among isolates four of six Lactobacillus, one of two
Sphingomonas, and one of two Klebsiella isolates displaying activity.

Lactobacillus plantarum was also the most abundant isolate identified from the feed beds
and has been used in previous SSF operations. The Lactobacillus plantarum isolates had the
greatest protease activity. Therefore among the isolates shown here, this organism showed the
greatest potential for DDGS pretreatment before the addition of larvae. This subject was
evaluated in Study 2 which included the use of solid state fermentation on DDGS substrate. In
addition to proteases, L. plantarum is known to produce some cellobioses such as B-glucosidase,

but is not known to produce cellulase naturally.

4.3.3 Lignocellulose Feed Content Effect on Enzyme Activity

In order to assess the effect of cellulose on the digestive abilities of BSFL synthetic feed
blends were made of various cellulose concentrations which were then subjected to larval
digestion. The concentration of cellulose in the synthetic feed blend of microcrystalline cellulose
and corn meal was not strongly correlated to the growth of larvae. Table 4-3 summarizes the

larval parameter changes during 8 days of larval culture shown in Figs. 4-5 to 4-9. From Table
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Fig. 4-5 Larval Parameters of 0% Cellulose Feed Culture

Six larvae were randomly chosen and measured to check their growth. N = 6; mean and std. dev.
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4-3 all larval parameters increased during the 8 day larval digestion of the 0% cellulose feed
substrate. Although the numerical value of larval height and width did not increase much, the
weight change as a percentage of the starting dimensions was very high at 208.2% increase. This
indicates that larvae can grow efficiently on a blend of 90% corn meal/10%WMP. For the 25%
cellulose sample, the larval dimensions and weight all decreased over the 8 day digestion period,
except for length which saw a slight increase from days 0 to 8. For the 50% cellulose sample, the
larval dimensions and weight fluctuated greatly during the 8 day larval digestion period. Length
and height saw an overall increase, while width and weight saw a decrease. And lastly, larval

parameters increased during digestion of both the 75% and 100% cellulose samples.
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Fig. 4-6 Larval Parameters of 25% Cellulose Feed Culture

Six larvae were randomly chosen and measured to check their growth. N = 6; mean and std. dev.

The larger weight increase for the 0% cellulose sample compared to other cellulose feed
blends can be explained by the age of the population of larvae used for that sample. Medium
sized larvae were obtained and utilized in the 0% cellulose sample digestion, and then
subsequently for later samples containing higher cellulose concentrations. This means that the
larvae used for higher cellulose content feeds were older and closer to their maximum potential
size. They had already realized a lot of their juvenile size and weight gain. On Fig. 4-5 it is seen
that the larvae had an average weight of 10 mg at the start of the larval digestion period, or day 0
for the 0% cellulose sample. Fig. 4-6shows that the larvae used in the 25% cellulose sample had
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Fig. 4-7 Larval Parameters of 50% Cellulose Feed Culture

Six larvae were randomly chosen and measured to check their growth. N = 6; mean and std. dev.

an average starting weight of nearly 60mg, and then saw a loss in weight. And the remaining
three samples had average starting larval weights of nearly 40mg as seen on Figs. 4-7 to 4-9.
These average weight values have very large standard deviations however, given that only 6
larvae were measured out of a much larger sample size. Therefore these weight change
measurements may not accurately reflect the change in the total larval population. It was
expected that samples containing higher concentrations of cellulose would limit the growth of
larvae given its lower nutrient availability, but when considering the 25-100% cellulose samples
the opposite trend was seen. From Table 4-3 the weight change during the larval digestion
period for the 25% and 50% cellulose feed blends was negative, while for the 75% and 100%
cellulose feed blends it was positive. This is likely a reflection of the starting age of the larvae
for each sample. BSFL are capable of growth in high cellulose feed blends, which indicates that
they do possess some ability to degrade and digest cellulose. The 0% cellulose sample provided
the best environment for larval biomass growth through a combination of more nutrient dense

and bioavailable substrate, and by starting with very young larvae.
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Six larvae were randomly chosen and measured to check their growth. N = 6; mean and std. dev.
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Six larvae were randomly chosen and measured to check their growth. N = 6; mean and std. dev.
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Table 4-3 % Change in Larval Parameters during 8 Day Larval Digestion Cellulose Synthetic
Feed Blends

% Change % Change % Change Ch:f;lge % Change
Parameter 0% 25% 50% 759, 100%
Cellulose Cellulose Cellulose Cellulose Cellulose
Length (mm) 323 11.3 10.7 17.1 6.6
Height (mm) 84.8 -3.2 8.6 26.4 27.1
Width (mm) 344 -7.1 -0.5 21.4 28.0
Weight (mg) 208.2 -13.9 -0.8 41.8 44.1

From Table 4-4, the protein concentration of the CPEs of the 0% cellulose feed substrate
increased during the larval digestion period. Similarly, both the 25% and 50% cellulose sample’s
CPEs showed an increase in protein concentration over the 8 day larval digestion period. Protein
concentrations of the CPEs from the 75% cellulose sample decreased over the larval digestion
period, which is contrary to the trend observed for the 0%, 25%, and 50% cellulose samples. The
protein concentration of CPEs prepared from the 100% cellulose sample showed no trend over
the larval digestion period. The protein concentration of the CPE decreased as the cellulose

content of the larval feed increased.

Table 4-4 Protein Concentration of Cellulose Synthetic Feed Blends
Days Larval Digestion 0% Cellulose Protein Conc. (mg/ml) 25% Cellulose Protein Conc. (mg/ml)

0 - -
2 0.174 £ 0.009 0.085+0.014
4 0.164 £ 0.007 0.087 £ 0.015
6 0.184 + 0.027 0.084 £ 0.012
8 0.210+0.023 0.208 = 0.006

N = 3; means and std. dev.;

Table 4-5 summarizes the effect of feed cellulose concentration on enzyme activities in
digested larval substrates over the larval digestion period. No cellulase was observed from the
spent feed of 0% cellulose. In general, enzyme activity decreased over the larval digestion period
for this sample, but the highest activity was observed in days 6, 4 and 4 for amylase, lipase, and
protease respectively. Cellulase activity was observed after 2 days of larval digestion of the 25%
cellulose substrate, but not on any other day. No cellulose activity was observed for the 50%,
75%, and 100% cellulose samples. It does not therefore appear that cellulase is present at

sufficient levels in spent feed to efficiently degrade the cellulose therein. Therefore the use of
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additional enzymes could be of practical use when raising larvae on fibrous feeds. This
hypothesis was addressed here in Study 2.

Amylase activity, shown on Table 4-5, showed high activity in the 0% cellulose sample
on days 2 and 6 of larval digestion, but no overall trend was established given that the activity
level decreased again by the 8" digestion day. The observed amylase activity decreased as the
cellulose content of the sample increased, and was only observed again on day 12 of the 25%
cellulose sample. Additionally, the precision of the measurements became much less as the
activity level decreased. This suggests that this method has a higher limit of detection. At very
low activity readings, the absorbance values from the sample are hardly distinguishable from the
blank values, and precise measurements become difficult. No amylase activity was observed at
cellulose concentrations of 50% and above.

From Table 4-5, lipase activity was observed in all samples except for 100% cellulose.
Day 4 of the 0% cellulose sample showed the overall highest lipase activity. Lipase activity was
the greatest on day 6 for the 25% cellulose substrate, but no trend was evident for lipase in that
sample. The 50% cellulose substrate showed a steady increase in lipase activity during larval
digestion, with the highest activity observed on day 8. The lipase activity levels were much
lower than those observed for the 25% and 50% samples, but were higher than those observed
from the 0% cellulose sample. Lipase activity was observed on all days from the 75% cellulose
sample, but not at all in the 100% cellulose sample.

From Table 4-5, protease measurement delivered precise measurements for samples, and
presented strongly in the 0% cellulose sample. The greatest overall protease activity was
observed at day 4 for the 0% cellulose sample. Protease activity was observed in on days 6 and 8
for the 25% cellulose sample, and days 4, 6, and 8 for the 50% cellulose sample. No protease
activity was observed in the 75% cellulose sample. Similar to the other assays, as the protease
activity level approached zero such as occurred in the higher cellulose concentration samples, the
precision was reduced. No enzyme activity was observed on any day of larval digestion of the
100% cellulose sample.

The overall conclusion of the study of enzymes isolated from spent larval feeds is that
while there may be some small activity yet present after the substrate has passed from the larval
gut, it is a negligible amount. Study 1 proves the first hypothesis of this research, that the

concentration of enzymes in spent larval feed is dependent upon the composition of the starting
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feed. Enzyme activity in spent larval feed is the most present after several days of digestion of
the 0% cellulose sample. This indicates that the larvae are more digestively active when provided

with a more nutritious feed source, and that 100% cellulose is a poor substrate for larval rearing.

Table 4-5 Enzyme Activity of Cellulose Synthetic Feed Blends

Sample Days Cellulase (U/g  Amylase (U/g  Lipase (U/g  Protease (U/g
Larval Feed) Feed) Feed) Feed)
Digestion

0% Cellulose 0 - - - -

0% Cellulose 2 0 3.14+0.46 0.19+£0.10 440+0.19
0% Cellulose 4 0 0 5229+ 11.56 22.62 £ 8.37
0% Cellulose 6 0 12.18 £0.95 0 6.25+5.89
0% Cellulose 8 0 0.11+0.17 0 0.27 £0.02
25% Cellulose 0 - - - -
25% Cellulose 2 190.47 £ 107.63 0 1.70 0
25% Cellulose 4 0 0 1.70 0
25% Cellulose 6 0 0 4.08 0.70 £0.15
25% Cellulose 8 0 0.21 £0.015 0.70 0.37 +.08
50% Cellulose 0 - - - -
50% Cellulose 2 0 0 1.00 0
50% Cellulose 4 0 0 1.73 0.33+0.27
50% Cellulose 6 0 0 1.71 0.50+0.12
50% Cellulose 8 0 0 7.82 0.39 +.015
75% Cellulose 0 - - - -
75% Cellulose 2 0 0 0.41+£0.33 0
75% Cellulose 4 0 0 0.24+£0.11 0
75% Cellulose 6 0 0 0.51+£0.21 0
75% Cellulose 8 0 0 0.15+0.09 0
100% Cellulose 0 - - - -
100% Cellulose 2 0 0 0 0
100% Cellulose 4 0 0 0 0
100% Cellulose 6 0 0 0 0
100% Cellulose 8 0 0 0 0

N = 3; mean and std. dev.;

4.4 Connection to Next Study

Anecdotal evidence suggests that BSFL lacked a strong mechanism for the degradation of
cellulose itself. Past research on BSFL shows the larvae have high enzyme activities in their
digestive tract, but the present study showed the enzymes did not survive in their secretion well.

Therefore, enzyme contribution from BSFL would have limited effects on the processing of the
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cellulosic feedstuff. It may therefore be beneficial to pre-treat cellulosic materials prior to
digestion by the BSFL in order to maximize both dry matter reduction of substrates and
bioconversion of substrates into larval biomass. Pretreatment of DDGS through SSF and size
reduction of the substrate are used in Study 2 and the effect on bioprocessing and bioconversion

of DDGS is evaluated.
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5 STUDY 2: LIGNOCELLULOSE FEED CONTENT EFFECT ON SUGAR
PRODUCTION

5.1 Abstract

It is investigated whether the use of solid state fermentation (SSF) could improve the
overall nutrient profile for BSFL culture and increase the recovery of fermentable sugars in
combination with BSFL culture. SSF using several fungal strains known for their cellulolytic
abilities and Lactobacillus plantarum isolated from the BSFL were used as a pre-treatment of
DDGS, prior to larval digestion. SSF was shown to open the DDGS structure; reduce the
cellulose content by around 5 percent; decrease the total carbohydrate content by up to 13
percent; and increase the protein concentration by up to 8 percent. SSF using Aspergillus niger
had the greatest effect on DDGS, reducing the carbohydrate content by 13 percent, and
increasing the protein content by 8 percent. Following this analysis, we investigated whether
fermented DDGS was suitable for larval feeding, and the effect that BSFL digestion had on the
fermentable sugar recovery from DDGS. Digestion of fermented DDGS by BSFL reduced the
dry matter of the substrate and incorporated it into a high protein (37% dwb), high fat (23% dwb)
larval biomass. Considering DDGS contains very low fat (2%), the significant fat recovery/yields
can be achieved though SSF-BSFL treatment. When untreated DDGS was given to BSFL, the
larvae can be incorporated 43.7 % of dry mass of DDGS; whereas SSF DDGS can be
incorporated up to 80.4% after the digestion by a combination of SSF and BSFL culture. The
relative carbohydrate contents of the substrates were increased during larval digestion which,
along with opening of the DDGS constituent matrices during treatments, allowed for increased
glucose liberation from the substrates in spent feeds. Optimization of hydrolysis conditions,
including higher temperatures, pressure, and substrate loading concentration, further provided
large increases in total glucose yields compared to unfermented DDGS (8 % of dry weight of
DDGS carbohydrates), particularly for Lactobacillus plantarum SSF (16% of dry weight of
DDGS carbohydrates) (Fig. 5-34).
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5.2 Experimental approach
5.2.1 Materials

All fungal strains were obtained from the ARS Culture Collection (Bacterial Foodborne
Pathogens and Mycology Research Unit; National Center for Agricultural Utilization Research;
Peoria, IL USA). Lactobacillus plantarum used for SSF was obtained from stock cultures of
isolate #5 from Study 1 presented here. Glucose concentration was analyzed using the Glucose
(HK) Assay Kit from SigmaAldrich (St. Louis, MO, USA). All chemicals used in this study were
commercially available ACS grade, and were purchased from VWR International (Edmonton,

AB) and Fisher Scientific (Ottawa, ON).

5.2.2 Acid Pretreatment and Enzymatic Hydrolysis of Digested Lignocellulosic Feed

The sugar liberation from lignocellulosic materials was examined as shown in (Fig. 5-1).
The DDGS was fed to BSFL and the samples were withdrawn every three days up to and
including day 12 of larval digestion. The samples were examined for the production of
fermentable liberated sugars, as approximated by glucose concentration. The determination of
liberated sugars was conducted at two stages'*": acid and enzymatic hydrolysis.

The acid hydrolysis conditions were as follows: the sample was suspended at 60 mg/mL in
2% HCI, and the suspension was incubated at 90 °C for 3 hours. The suspension was centrifuged
(12,000 xg, 20 min, room temperature) to separate the suspension into liquid and solid parts. The
amount of free glucose was measured via hexokinase/glucose-6-phosphate dehydrogenase

system measured spectrophotometrically?*?

. The sample was suspended in a buffered solution
(pH 7.6), and was then incubated with hexokinase and glucose-6-phosphate in the presence of
NADH. Free glucose was phosphorylated by hexokinase, which was powered by the
dephosphorylation of ATP, and the resulting glucose-6-phosphate was reduced to 6-
phosphoglucanate oxidizing NAD" to NADH. The NADH generated by this process is linear in
concentration to amount of glucose and was measured through spectrophotometric absorption at

340 nm. The results primarily indicate the amount of amorphous cellulose on the cellulose

particles following BSFL digestion.
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The solid matter after acid treatment was washed with water several times to a neutral pH.
The solid parts represent the remaining crystalline cellulose which has been micronized from the
BSFL mastication. The solid part was loaded into flasks and suspended 1% (wt. substrate/v.) in
sodium acetate buffer (pH 4.8). Cellulase was then added at 20 mg enzyme/g (wet-weight basis)
of solid. Tetracycline was added for bacterial control at 40 pg/ml. The hydrolysis was carried out
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Fig. 5-1 Process Flow Chart for the Bioconversion of DDGS

Solid state fermentation (SSF) and larval digestion by the Black Soldier Fly larvae both produce fermentable
sugars through the hydrolysis of starch, and the hydrolysis of amorphous cellulose from cellulose particles. This
increases the glucose concentration of High Cellulose Larval Waste here. Dilute acid hydrolysis produces glucose
via the hydrolysis of starch, and of amorphous cellulose. Free glucose is subtracted from the glucose yields from
dilute acid hydrolysis, so acid hydrolysis is primarily a measure of amorphous cellulose, and/or starch in the
sample. Following dilute acid hydrolysis, enzymatic hydrolysis (Cellulase step here) produces glucose by
enzymatically cleaving it from crystalline cellulose. As free glucose, starch, and amorphous cellulose were
removed from the substrate in the preceding steps, the enzymatic hydrolysis step is a measure of the sugars which
can be recovered from the crystalline fractions of cellulose under the current system. The digested glucose, and
other biomass components such as proteins are partially recovered in the form of high quality larval biomass.
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in an incubator shaking at 50°C and 150 rpm for forty-eight hours. This enzymatic step liberates
the glucose from the crystalline fraction of the cellulose particle. The sugar amounts of the two
stages in addition to free pre-hydrolysis sugars are considered as the total amounts of sugar that

can be obtained through the BSFL culture.

5.2.3 Solid State Fermentation and Larval Digestion of Lignocellulosic Biomass

A variety of companion microbes either isolated from the BSFL in Study 1 and/or
obtained from culture deposits will be examined in 'co-fermentation' with BSFL. The eight
fungal strains analyzed included: two sup-species of Aspergillus niger, two sub-species
Aspergillus  fumigatus, Trichoderma reesei, Phanerochaete chrysosporium, Trichoderma
koningii, and Trichoderma viride.

The organisms suitability for growth and substrate degradation using 100% DDGS was
first analyzed. Stock culture collections of each organism were made by growing each strain on
Sabouraud agar plates until sporulation was seen. The spores were collected using mechanical
disturbance, and mixing with a small amount of sterile water. The spore suspension was mixed
1:1 with sterile glycerol, and the mixture was placed in -80°C storage.

In order to evaluate the effect of particle size on SSF, DDGS was ground using a knife
mill and fractionated by size. Particle size fractionation was performed by sieving. The ground
DDGS was separated after sieving into fractions greater than 0.0139 inches in diameter called
coarse fractions, and those fractions which were less, called fine fractions. The majority of the
ground DDGS was not sieved or separated and will be henceforth referred to as homogeneous
DDGS to differentiate it from the fine and coarse fractions. One milliliter of spore suspension
without glycerol was used to inoculate 20 g moist DDGS of fine, homogeneous, or coarse
particle size. The samples were held in closed 50 ml containers at 30 °C. At time intervals, the
DDGS was observed via visual inspection for the following: DDGS coverage, hyphal growth,
and sporulation presence. After 25 days, the moisture content, cellulose content, crystallinity
index of the extracted cellulose, and acidic and enzymatic sugar liberation were measured as
previously outlined. Based on the results of the preliminary SSF experiment 7richoderma
koningii, Aspergillus niger, Aspergillus fumigatus, and Phanerochaete chrysosporium fungal
strains, and Lactobacillus plantarum isolated from the spent larval media in Study 1 were chosen

for further analysis in combination with larval growth.
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Three day seed cultures of selected fungal strains were prepared by inoculation of 50mL
of potato dextrose media in 250 mL Erlenmeyer flasks, followed by 72 hr incubation at 30 °C
and shaking at 150 rpm. Fifty grams of sterile homogeneous blend ground DDGS was adjusted
to 75% moisture to which was added 1.2% urea (dry weight of urea/dry weight of feed) to
facilitate microbial catabolism. Sixteen milliliters of seed culture was added to the DDGS after
the addition of water and urea. The samples were fermented at 30 °C, and were mixed once per
day using aseptic technique.

The samples were prepared inside of Tupperware containers with small holes placed all
around the lid to allow moisture and gas transfers during SSF. These Tupperware containers
were all placed into a larger container, ensuring to not obstruct ventilation holes. Small
containers of water were also placed inside of the larger plastic container to maintain high
humidity. The relative humidity was 75% (£7% according to manufacturer’s specifications),
which was measured using Accu-Temp brand Humidity Meter. At the conclusion of SSF, all of
the samples were frozen until sufficient larvae became available for larval digestion. Samples
were thawed prior to larval addition by heating to equilibration with the room temperature by
placing them on the lab bench.

One hundred grams (wet weight basis) of larvae were placed into the thawed post-SSF
substrate. At days 0, 3, 6, 9, and 12 of larval digestion the weight change of the system was
measured, and a portion of the sample and larvae were both removed to test the following:
moisture content of the substrate; moisture content of the larvae; larval body dimensions and
weight; acidic and subsequent enzymatic hydrolysis of the extracted substrate for sugar
liberation; cellulose content; and crystallinity index (CI) of the extracted cellulose. The moisture
content was measured by placing ~1 g of substrate into pre-weighed microfuge tubes, and drying
overnight at 80 °C to a constant weight. The loss in weight of the sample is equal to the moisture
content of the sample.

Weights of the empty container, container with substrate after SSF, and container with
substrate and larvae were all taken. The same scale was used throughout the process for these
measurements. A sample of both SSF and larvae were removed every three days up to and
including the 12" day of larval digestion. At the 12% day, all larvae and substrate were removed
from the container. Care was used to take a representative sample of larvae and substrate so as

not to change the larvae-to-substrate ratio present at any given testing day. The container was
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weighed on each testing day before the removal of any constituents. The weight of the removed
substrate and larvae were measured. The larvae were removed from the sample using a weighing
spatula, taking care not to damage the larvae. The larvae were rinsed off with distilled water,
until the water ran clear, to remove any substrate on the outside of the larval bodies. These larvae
were dried using a paper towel, and their weight was measured. This weight was subtracted from
the weight of the removed sample to obtain the weight of the removed substrate. This data was
used to calculate dry matter reduction of the substrate, as well as the utilization percent of the
substrate, and incorporation of substrate into larval biomass.

Larval dimensions were measured on 6 randomly selected larvae from the sample of
larvae removed from the system on that day. The length, width and height were all measured
using hand calipers, taking special care to elongate the larvae prior to taking measurements. The
sugar liberation assay was performed as indicated here in section 4.2.1.2 as a measure of the
sugar liberation and total theoretical sugar yield.

The cellulose content was measured according to the methods of Brendel et. al.?® with
minor modifications. Approximately 1.5 g of substrate (wet-weight basis; wwb) was loaded into
pre-weighed 25 mL centrifuge tubes with caps. Acetic acid (80%; v/v) was added at 2.0 mL/ g
(wwb) substrate, and nitric acid (69%; v/v) was then added at 0.2 mL/ g (wwb) substrate. These
acids served to de-lignify the substrate and hydrolyze non a-cellulosic compounds. The method
has been shown to produce little to no cellulose degradation, and no evidence of acid or aldehyde
increases which would indicate oxidative degradation was observed>®. The latter is a possible
outcome of substrate exposure to aqueous nitrogenous oxidants?**. The hydrolyzed substrate was
then cooled, and mixed with 2.5 mL of 95% ethanol. The tubes were then sealed, mixed by
vortexing, and centrifuged for 5 minutes at 5000 rpm (Sorval SS-34 rotor) to pelletize the
cellulose.

After the initial ethanol wash, the following washes were used to remove the excess
nitrogen content from the nitric acid, as well as the remaining hydrolyzed substrate constituents:
5 mL 95% ethanol, 5 mL deionised water, 5 mL 95% ethanol, and finally 5 mL acetone. Each
wash was done in two 2.5 mL parts. The first volume was added, the substrate was mixed via
vortexing, and then the second wash was used to wash the walls of the vessel free of substrate.
After each wash, the sample was centrifuged, and the supernatant was removed via the vacuum

apparatus. Following the acetone wash, the tubes containing the pelletized sample of a-cellulose
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and the cap were dried to a constant weight overnight at 80°C. The weight of the dried sample
was equal to the cellulose content in the starting material.

The crystallinity index of the extracted cellulose was measured via the method of Hessler
and Power?® with a few modifications. Dried extracted cellulose (0.6 g) was treated with 2 mL
of an iodine solution (5 g iodine, 40 g potassium iodide, and 50 mL deionized water) in a 125
mL Erlenmeyer flask. The sample was mixed for 1 minute, and then 100 mL saturated sodium
sulfate was added to wash out excess iodine from the cellulose fibers. The sample was stored in a
dark location for one hour, and then the remaining iodine in solution was measured by titrating a
ImL aliquot of the solution with a 0.02N sodium thiosulfate solution to which was added the
following: 50 mL deionized water, 1 mL 1% (w/v) starch solution. The ratio of the amount of I»
adsorbed per gram of cellulose to the maximum I, binding capacity of amorphous cellulose
(methocel) gives a value of the amorphous fraction. The crystallinity was determined by
subtracting this percent amorphous fraction from 100%. Methocel is a B-1,4 glucose polymer
containing a methylated hydroxyl group which prevents crystalline structure formation, thereby
becoming purely amorphous and capable of adsorbing the most [,. One gram of methocel
absorbs 412 mg of iodine. Overall flow of the preparation of larval spent feed bed and its

analysis is summarized in Fig. 5-1.

5.2.4 Optimization of Sugar Liberation from SSF and Larval Digested DDGS

Sterilized DDGS was used as the substrate to optimize parameters for dilute acid
hydrolysis glucose yields. The parameters investigated were the following: substrate
concentrations of 10-60 (g/100mL); acid concentrations of 2-10% (vol./vol.); acid type of HCI or
H>SO4; reaction times of 0.5-48 hr.; and vessel types of either snap closure microfuge tubes
(low/no pressure), or screw-cap microfuge tubes (high pressure). Glucose concentrations were
determined using hexokinase/glucose-6-phosphate dehydrogenase system described in section
5.1.2. The optimum conditions for acid hydrolysis resulting from these experiments was 10%
substrate concentration, in 2% HCI, 100°C for 3 hr. using screw-cap microfuge tubes. These

parameters were used for the optimized glucose liberation acid hydrolysis experiments.

5.2.5 Proximate Analysis of DDGS and Larvae from SSF and Larval Digestion
Proximate analysis was conducted on BSFL, DDGS, post-SSF DDGS, and DDGS at 6

and 12 days of larval digestion by measuring the moisture content, crude fat, crude protein, ash

60



content, and total carbohydrates by difference. The moisture content was measured by placing ~1
g of substrate into pre-weighed microfuge tubes, and drying overnight at 80 °C to a constant
weight. The loss in weight of the sample is equal to the moisture content of the sample. Crude fat
was measured according to AACC method 30-20.01, Crude Fat in Grain and Stock Feeds?%. The
samples were dried to 0% moisture prior to analysis, and 0.5-1.0 g of sample was assayed in
duplicate using Goldfish extraction for 6 hr with petroleum ether as the extraction solvent. The
crude fat was equal to the weight of the lipids extracted after removal of the solvent. The ash
content was measured according to AACC method 08-01.01, Ash-Basic Method?"”. Triplicates
of 0.5-1.0 g of sample at 0% moisture was incinerated in a muffle furnace at 550 °C for 24 hrs.
The ash content was equal to the weight of the non-combusted material after total combustion
and cooling of the sample. Crude protein content was measured according to AACC method 46-
30.01, Crude Protein-Combustion Method?®. 0.2 g of sample was combusted in duplicate, and
the resulting N was measured. A conversion factor of 6.25 was used to calculate total protein in

the sample.

5.3 Results and Discussions
5.3.1 Purpose of Acid Pretreatment and Enzymatic Hydrolysis of Digested Lignocellulosic
Feed

Study 1 found that BSFL are capable of digesting and degrading cellulose, but that higher
cellulose content feeds have a retarding effect on BSFL digestive abilities. Additionally, it was
shown that enzyme activities in digested larval feeds were not high and would therefore not
likely result in passive feed degradation in the absence of direct larval digestion. In study 2, non-
synthetic feed blends were used to simulate practical application of BSFL digestion of
lignocellulosic feeds. DDGS starts as a dry, complex mixture of mainly proteins and
carbohydrates in the form of lignocellulose. Most of this lignocellulose is hemicellulose, and is
easily hydrolyzed into pentoses during dilute acid hydrolysis. A small amount is present as
lignin, and twenty to thirty percent of carbohydrates are present as cellulose. SSF was evaluated
as a means of enzymatic pretreatment of lignocellulosic feeds in Study 2.

In order to evaluate the recovery of fermentable sugars, three sequential processes of
glucose liberation and determination were conducted: free glucose, acid hydrolysis, and

enzymatic hydrolysis (Fig. 5-1). These represent glucose liberated through SSF and/or BSFL
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digestion, glucose liberated from amorphous structured cellulose and/or starch, and glucose
liberated from the crystalline structured cellulose, respectively.

1: Free glucose
Free glucose may be generated in DDGS when BSFL chew up the cellulose particles.
Some of the fibers are sheared off as linear B-1,4-glucose polymers. These are
degraded further by enzymes in the BSFL digestive system, or by residual enzymes
left over from the SSF period in the case of combined SSF and BSFL digestion. This
glucose amount is considered as glucose derived directly from the SSF and BSFL
actions.

2. Amorphous glucose (acid hydrolysis liberation)
When BSFL chew up the cellulose particles, they mechanically micronize them,
potentially disturbing crystalline regions of the cellulose. Some cellulose fibers remain
attached to the greater particle as free hanging fibers, or non-hydrogen bound chains
that link crystalline particles together. These are collectively called amorphous
cellulose as they do not exhibit a crystalline structure. Amorphous cellulose is much
more susceptible to hydrolysis than crystalline cellulose, and so dilute acid hydrolysis
primarily measures the hydrolysis of amorphous cellulose into glucose.

3. Crystalline glucose (enzymatic hydrolysis liberation)
Crystalline cellulose is less susceptive to acid hydrolysis. Thus the second process of
glucose liberation (acid hydrolysis) largely leaves the crystalline cellulose. The
remaining crystalline cellulose is susceptible to enzymatic hydrolysis. Therefore,
enzymatic hydrolysis primarily measures the hydrolysis of crystalline cellulose into

glucose.

SSF acts to increase free glucose by hydrolyzing cellulose into glucose through a blend of
cellulases. This free glucose may be used for the metabolic activity of the SSF organism
however, which can prevent increases in free glucose being observed. It also acts to disassociate
lignocellulose components and overall DDGS matrices, primarily through protease activity.
These allow for increased access of enzymes to the actual cellulose particles. BSFL digestion
reduces particle size during chewing, and further increases enzyme access to cellulose through an

increase in the particle surface area. In the Study 2 acidic hydrolysis was first performed on
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digested DDGS followed by enzymatic hydrolysis. This served the dual purpose of maximizing
total glucose yields, as well as allowing for analysis of the cellulose degradation. The hypotheses
were that SSF would improve the nutrient profile and digestibility of DDGS; that SSF would
open up the DDGS component matrices making it more susceptible to enzymatic hydrolysis into
glucose; and that BSFL digestion would degrade crystalline cellulose into amorphous cellulose
making it more susceptible to acidic hydrolysis.
5.3.2 Evaluation of Larval Digestion of Lignocellulosic Biomass without Microbial
Pretreatment

This section shows the results of the ‘control SSF’ DDGS sample, and the effect of larval
digestion on that sample. Control SSF is homogeneous ground DDGS which has been subjected
to a sterile SSF treatment. This sample was made to evaluate the effect of larval digestion alone
on 100% DDGS, a natural lignocellulosic biomass feed.

As seen on Fig. 5-2, the weight of larvae did not change much during the larval digestion

period of the control DDGS. The dry substrate utilization of DDGS by larvae was 81% after
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Fig. 5-2 Larval Parameters in Control DDGS + Larvae

Six larvae were randomly chosen and measured to check their growth. N = 6; means and std. dev.

twelve days, as shown on Table 5-1. This proved that the larvae can survive on DDGS as a sole

feed source, and that they can efficiently reduce the dry matter of the substrate. If the larvae used
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to inoculate the DDGS were young larvae in their 1% or 2™ instar instead of their 4™ or 5™ instar
as was the case for this sample, then it is expected that an overall growth in larval biomass would

be observed alongside the substrate utilization.

Table 5-1 System Changes in Control DDGS + Larvae

Day 0 3 6 9 12

% Substrate Utilized by Larvae (dwb) 0 29 44 75 81
Weight of Larvae Under Unchanging Numbers (mg, wwb) 73.83 73.10 74.39 84.38 68.68

The cellulose content of DDGS, as seen on Fig. 5-3, saw a decrease following the 7 day
“control SSF” period, i.e., DDGS treated with the same process as SSF DDGS, but without
inoculation of SSF strains, shown by comparing the day O larval digestions to the untreated
DDGS. This cellulose content change was unexpected. This change in cellulose content of
DDGS was also observed to occur during month-long storage of sterilized DDGS at refrigerated
temperatures (data not shown). We cannot disregard the untreated sample, as it is needed to form
an understanding of the changes to DDGS during the SSF period, and provides insights towards
the processing of DDGS. One insight is that the sample must be sufficiently saturated with
moisture to attain accurate cellulose content measurements. The following is a brief explanation
for the mechanism behind changes to observed cellulose contents during storage. Since no
organism was present during this control SSF period, the loss in observed cellulose during that
time is proposed to be due to an opening of the DDGS component matrices, especially
lignocellulose and proteins. As the moisture penetrates the structure of DDGS over time, the
components become more susceptible to acidic hydrolysis. The cellulose concentration assay,
from which Fig. 5-3 results are obtained, involved using strong acids to dissolve components
except cellulose from DDGS. These non-cellulose components were then removed by washing
the cellulose with solvents. Therefore, as the moisture penetrates the DDGS component matrices
such as during the control SSF period, and they became more susceptible to acids, the true
cellulose content was seen. The cellulose content is shown in Fig. 5-3 to be 10% (dwb) of
DDGS, which agrees very well with the literature value of 10% crude fiber. This softening and
opening of the DDGS structure explains the observed decrease in cellulose content during the
“control SSF” period. This speculation is supported by the acidic sugar liberation examination

(Fig. 5-6), which showed that the amount of glucose released via dilute acid hydrolysis increased
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after the control SSF period. Again, this is proposed here to be due to a penetration of moisture
into the component DDGS matrices which increased their susceptibility towards acidic
hydrolysis by an increased access of acids to the DDGS components. The cellulose content

increased significantly over the twelve day larval digestion period. It indicated that the larvae can
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Fig. 5-3 Cellulose Content of Control DDGS + Larvae during 12 Day Larval Digestion
Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the control solid state fermentation
(SSF) period which involved a sterile fermentation period. The day of the sample represents time elapsed since
inoculation of the substrate with larvae. Day 0 sample is DDGS after the control SSF period, prior to larval
inoculation. N = 3; means followed by different letters are significantly different at a = 0.05 by Fisher’s LSD; p <
0.001; LSD =2.90;
use non-cellulosic materials for their activities and left cellulose behind, increasing the cellulose
concentrations.

The crystallinity of the extracted cellulose, shown on Fig. 5-4, increased from both the
control SSF treatment and larval digestion period although this change was not statistically

significant.
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Fig. 5-4 Crystallinity Index of Cellulose from Control DDGS + Larvae during 12 Day

Larval Digestion

Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the control solid state fermentation
(SSF) period which involved a sterile fermentation period. The day of the sample represents time elapsed since
inoculation of the substrate with larvae. Day 0 sample is DDGS after the control SSF period, prior to larval
inoculation. N = 3; means followed by different letters are significantly different at o = 0.05 by Fisher’s LSD; p =
0.0689; LSD =9.74;

Free glucose in the substrate, shown on Fig. 5-5, increased from both the control SSF and
from the larval digestion period. As previously mentioned, this sugar indicates the amount of
glucose liberated during the SSF and BSFL treatments. After the larval digestion started on Day
0, the free sugar increased, indicating the free sugar was produced through the activities of larvae

and associated gut microbial flora.
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Fig. 5-5 Free-Glucose in Spent Feed from Control DDGS + Larvae during 12 Day Larval

Digestion

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Pre-hydrolysis or free-glucose is a measure of the soluble glucose
concentration of a substrate. In DDGS, it is produced during larval digestion via enzymatic actions of the Black
Soldier Fly larvae (BSFL), and via mechanical hydrolysis by the BSFL of bound sugars, starches, and amorphous
cellulose. Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the control solid state
fermentation (SSF) period which involved a sterile fermentation period. The day of the sample represents time
elapsed since inoculation of the substrate with larvae. Day 0 sample is DDGS after the control SSF period, prior
to larval inoculation. N = 6; means followed by different letters are significantly different at o = 0.05 by Fisher’s
LSD; p <0.001; LSD = 0.440;

The sugar liberation of control DDGS via acidic hydrolysis is shown on Fig. 5-6. Acid
hydrolysis sugar liberation of DDGS following the control SSF period, shown by comparing the
untreated sample to day 0 on Fig. 5-6, increased significantly. The amount of liberated glucose
decreased significantly by day three to similar levels to untreated DDGS and remained there
through day 12 of larval digestion. The initial increase in acidic sugar liberation during the
control SSF period would be due to the following: allowing a long moisture absorbance time
swelled the starch, protein, and lignocellulose matrices giving rise to higher liberated glucose
compared to untreated DDGS due to greater access of acids to glucans. Starch is more susceptive

to hydrolysis than cellulose, is easily hydrolyzed by acid. It is present in DDGS, accounting for
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up to 10% of the carbohydrates in DDGS, and gave rise in part to the large day 0 sugar liberation
as compared to later sampling days. This starch was primarily utilized by the BSFL during the
first three days of digestion and allowed for the response from less digestible substrate
components, primarily cellulose, to be observed after day 0. In addition to potential starch
response following the control SSF period, any native amorphous cellulose regions would
remain after the control SSF period in the absence of SSF organisms' actions, and be hydrolyzed

by the dilute acid. Acidic hydrolysis was also a measure of the amorphous cellulose.
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Fig. 5-6 Sugar Liberation by Acid Hydrolysis of Spent Feed from Control DDGS +

Larvae during 12 Day Larval Digestion

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Glucose liberated from acid hydrolysis is a measure of the structurally weak
glucose concentration of a substrate such as starches and amorphous cellulose. BSFL quickly digest starches.
Longer larval digestion times therefore show primarily amorphous cellulose glucose. Untreated dried distiller's
grains with solubles (DDGS) is DDGS prior to the control solid state fermentation (SSF) period which involved a
sterile fermentation period. The day of the sample represents time elapsed since inoculation of the substrate with
larvae. Day 0 sample is DDGS after the control SSF period, prior to larval inoculation. N = 6; means followed by
different letters are significantly different at o = 0.05 by Fisher’s LSD; p < 0.001; LSD = 0.73;

From Fig. 5-5, larval digestion increased the free-glucose in the control sample,
indicating a removal and hydrolysis of amorphous cellulose to glucose. This correlated to the

increase in CI shown on Fig. 5-4 during that time. As the larvae digested the control sample, the
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amorphous cellulose and other glucose containing substrates such as starch and glucose-protein
complexes were digested by the larvae which explains why days 3-12 showed lower acidic
hydrolysis glucose yields (i.e., less amorphous cellulose) compared to day 0. The acid hydrolysis
trend from days three to twelve of the control sample closely follow that of the cellulose content
of the substrate during that period.

Although the cellulose content increased from day 3 to day 12 of larval digestion, the
acidic hydrolysis glucose yields remained relatively flat during that time period. Acidic
hydrolysis yields are a measure of the amorphous cellulose in DDGS. This suggested that BSFL
alone did not possess a strong ability to degrade cellulose structure from a crystalline to
amorphous state alone, and confirms the crystallinity index results from Fig. 5-4 which shows

this to be the case.
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Fig. 5-7 Sugar Liberation by Enzymatic Hydrolysis of Spent Feed from Control DDGS +

Larvae during 12 Day Larval Digestion

Glucose % = mg glucose/(mg dry wt. of substrate * 0.507) * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Enzymatic hydrolysis is preceded by dilute acid hydrolysis which removes
structurally weak glucose polymers and free-glucose. Glucose liberation via enzymatic hydrolysis (cellulase) is
therefore a measure of the amount of sugars which can be recovered from crystalline cellulose particles under the
current system. Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the control solid state
fermentation (SSF) period which involved a sterile fermentation period. The day of the sample represents time
elapsed since inoculation of the substrate with larvae. Day 0 sample is DDGS after the control SSF period, prior
to larval inoculation. N = 3; means followed by different letters are significantly different at oo = 0.05 by Fisher’s
LSD; p > 0.006; LSD = 1.23;
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Several factors determine the total available sugar from DDGS such as the crystallinity
index of the cellulose and the shift in relative composition of components in the substrate.
Although changes in CI of the control SSF and larval digestion sample (Fig. 5-4) were
insignificant, as the crystallinity index and concentration of the cellulose increased, so too did the
glucose yield from enzymatic hydrolysis increase (Fig. 5-7). The enzymatic hydrolysis of the
control SSF sample, shown on Fig. 5-7, showed a decrease after the control SSF period, and a
significant increase to day three. The glucose liberation percent increased slightly thereafter, due
to an increase in the concentration of cellulose in the undigested larval feed.

Untreated DDGS showed high enzymatic sugar liberation. Because the DDGS was not
held for extended periods of time at high moisture, there was insufficient moisture penetration
into the substrate which prevented the acidic hydrolysis from liberating as much glucose from
the untreated sample as it otherwise would have. The glucose which escaped acid hydrolysis in
the untreated sample instead became liberated during the enzymatic hydrolysis of the untreated
sample. The enzymatic sugar liberation assay was done at slightly acid pH in a liquid sample
suspension for 48 hours. These factors combined to release the starch glucoses similarly to day 0
acid hydrolysis as shown above. An increase in the enzymatic sugar liberation during larval
digestion correlated with an increase in the total cellulose content of the undigested larval feed,
and may indicate that the larvae have increased the crystalline cellulose’s susceptibility to
enzymatic hydrolysis. This was likely due to a micronization of the DDGS fibers and an increase
in their surface area. Easily hydrolyzed glucose polymers and amorphous cellulose was removed

during acid hydrolysis performed prior to this assay.
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The total sugar yield, shown on Fig. 5-8, from the process increased during the larval
digestion time, as well as from untreated to day 12 of larval digestion. Increases to the free
glucose in the feed bed were the largest contributor to the increases in the total sugar yields from

DDGS.
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Figure 5-8 Combined Sugar Liberation of Spent Feed from Control DDGS+Larvae

during 12 Day Larval Digestion

Glucose % = mg glucose/(mg dry wt. of substrate * 0.507) * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Combined sugar liberation is a combination of the free-glucose, and yields
from both acidic and enzymatic hydrolysis of glucose. Error bars are added standard deviations from each
analysis. Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the solid state fermentation
(SSF) period. The day of the sample represents time elapsed since inoculation of the substrate with larvae. Day 0
sample is DDGS after the SSF period, prior to larval inoculation.

Overall, data from BSFL digestion of DDGS without SSF indicated that larval digestion
can efficiently concentrate cellulose in DDGS, but it did not necessarily increase the ratio of
amorphous to crystalline cellulose. Some of the amorphous cellulose was hydrolyzed and
digested along with starches during BSFL digestion. The removed amorphous cellulose and
starch glucose was not all utilized by the larvae, as an increase in free glucose in the substrate
was seen over time. Larval digestion increased the surface area of cellulose which, along with
increasing the cellulose concentration, increases the enzymatic sugar liberation. Overall this

contributed to a slight increase in glucose yields by day 12 of larval digestion of DDGS
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compared to the untreated sample (Fig 5-8). It suggested that the larval digestion can contribute
to the liberation of sugar, however, the larval treatment requires additional means to increase the
efficiency of sugar liberation to a level utilizable in the larger production scheme. The addition
of enzymes through SSF, or through simple addition of commercial enzymes is needed to
increase the amount of sugars which can be liberated from DDGS after larval digestion. The
treatment of SSF was considered as the pretreatment of DDGS in the following experiments to

modify DDGS before larval treatment.

5.3.3 Solid State Fermentation and Larval Digestion of Lignocellulosic Biomass
5.3.3.1 Evaluation of Fungal Organism and Particle Size Effect on Lignocellulosic Biomass
Given the ability of the larvae to increase the relative cellulose content while removing
the other constituents from DDGS, and the ability of SSF organisms to degrade the cellulose, it
was proposed to combine the two treatments by doing larval digestion first, followed by SSF.
Previous literature had indicated the presence of anti-microbial compounds capable of disrupting
bacterial and fungal species growth. This was also supported by the egg laying buckets in our
BSFL rearing. The substrate typically became covered in mold, and then when the BSF eggs
hatched, the neonate larvae would digest the substrate and mix it about. The mold would no
longer be visible at that point. Thus the order of SSF and larval treatments may be critical. To
narrow down the list of fungal organisms suitable for SSF of DDGS, a series of experiments
were made and are reported here. The examined conditions included the particle size of the
starting DDGS material (achieved through knife milling, and separation by sieving of wheat
DDGS), SSF microorganism used, acidic hydrolysis conditions, order of SSF/larval addition, and

starting size of the larvae.
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Fig. 5-9 Mycelium Coverage of DDGS (0-10)

Subjective mycelia coverage is a measure of the cultivation of dried distiller's grains with solubles (DDGS) via
fungal organisms as determined by visual inspection of the DDGS surface covered by fungal mycelium. The scale
went from 0 (no coverage) to 10 (full coverage).

Fig. 5-9 shows the values for the subjective measurement of mycelium coverage of
DDGS over time. Most strains had an extensive mycelia network by the 5™ day post-inoculation,
except for Trichoderma reesei, which showed very little mycelia growth. Fig. 5-10 shows the
height at which the fungal growth protruded from the surface of the DDGS. The height of the
fungi increased for most isolates, except for Aspergillus fumigatus which peaked quickly then
receded, and Phanerochaete chrysosporium which remained steady. This growth parameter was
measured as an indicator of the virility of the fungi, and its suitability to utilize DDGS as a
growth substrate however these growth patterns were later revealed to be more symptomatic of
the fungal strain used, rather than an indicator of the strain’s growth. Different organisms have

different growth patterns, and the enzymatic contributions or substrate degradations cannot be
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accurately predicted from visual inspection alone. However, these measurements may serve as a
guide for additional fermentations by these organisms within the same or similar systems.

After the SSF run of DDGS, done to determine which SSF organisms were the most
suitable to break down DDGS for subsequent larval digestion, the DDGS was subjected to dilute
acid and subsequent enzymatic hydrolysis to quantify the amount of overall substrate and

cellulose degradation.

12

10

Subjective Hyphae Height

- — me—wn— — =u

0 5 10 15 20 25 30

Days of Solid State Fermentation

——@——  326- Aspergillus niger
@ 322- Aspergillus niger
v 3652- Trichoderma reesei
A 6370- Phanerochaete chrysosporium
— & — 163- Aspergillus fumigatus
— —B——  164- Aspergillus fumigatus
<> 54330- Trichoderma koningii

Fig. 5-10 Protruding Hyphae Height (0-10)

Subjective hyphae height is a measure of the cultivation of dried distiller's grains with solubles (DDGS) via
fungal organisms as determined by visual inspection of the volume of container occupied by fungal hyphae. The
scale went from 0 (no hyphae) to 10 (expansion of hyphae to full container volume).

As shown on Table 5-2, the highest rate of acidic sugar liberation was seen by
Aspergillus fumigatus BRRL 163, and Aspergillus niger BRRL 326. Given that the sugar
liberation for enzymatic hydrolysis was fairly consistent across the samples, the combined values
of sugar liberation for both acidic and enzymatic hydrolysis were nearly identical to those of the
acidic sugar liberation, albeit slightly higher. The sugar liberation values shown below are much

less than for control DDGS + larvae. The sugars below are total reducing sugars as measured by
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3,5-DNS, which was later found to be sub-optimal for measuring sugars in acidic solutions. All
other sugar measurements pertaining to SSF were obtained using a glucose specific enzymatic
assay which had a larger pH tolerance, and performed well in our system. Based on the results of
the sugar liberation and growth patterns of the SSF fungi, Aspergillus niger, Trichoderma
koningii, Phanerochaete chrysosporium, and Aspergillus fumigatus were chosen for further use

in SSF combined with larval digestion of DDGS.

Table 5-2 Sugar Liberation (%, reducing sugar mgs/ dry weight of the carbohydrates in
DDGS) of Post-SSF DDGS to Reducing Sugars by Acidic and Enzymatic Hydrolysis

Sugar Liberation (%) Sugar Liberation (%)

Fungal Identity Sample DDGS to Sugars by DDGS to Sugars by

Acidic Hydrolysis Enzymatic Hydrolysis
Aspergillus niger BRRL 326 2.67 1.14
Aspergillus niger BRRL 322 1.47 1.21
Trichoderma reesei BRRL 3652 1.31 1.35
Phanerochaete chrysosporium BRRL 6370 2.06 1.22
Aspergillus fumigatus BRRL 163 2.69 1.37
Trichoderma koningii BRRL 54330 1.93 1.40
Aspergillus fumigatus BRRL 164 1.91 1.09

It was observed that the proposed fungal strains could grow on DDGS, and they could
increase the degradation of the substrate compared to (non-fermented) control DDGS. However,
the fungal growth was very slow, and the amount of substrate degradation was low. During these
experiments, we found that the availability of oxygen affected the growth of fungi in our setup.
Therefore containers which had holes in the lid were used in subsequent SSF applications. The
substrate was mixed each day during SSF aseptically.

As mentioned earlier, mold growth may be inhibited by the secretion of BSFL. A
previous research, shown on Table 5-3, has shown an antibiotic activity from larval secretions
(waste) as well as from homogenized larval bodies (representing an internal immune system for
the insect, thought to be present primarily in the haemolymph). One of the antimicrobial

substances in larval extracts has been identified as hexanedioic acid'®®.
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Table 5-3 Minimum Inhibitory Concentration of the Larval Extract Fractions from
Hermetia illucens larvae

C of the extract frctions {mgfml) MIC of antibiotics (ug/mlL)

Microorganisms Strain Watar Ethyl acetate Chlorotomm heath Armmcilln
Gram-positive bactenia
MRASAt (elnicatly isolated) 25 NT# =100 =80 =50

KCCM 40885 =100 =100 =100 B0 25
KRCCM 12256 100 MY =100 25 rd
KCCM 35404 50 25 =100 20 i
KCCM 11236 25 NT =100 <3125 03125
KCCM 11326 28 NT =100 NT NT
KCCM 11316 125 26 =100 0.078125 0078125
KCCM 11234 125 >100 ~100 80 20
KCCM 12177 25 NT =100 =20 =20
KCCM 11328 126 25 =100 NT NT
KCCOM 11282 25 50 =100 =20 =30

cilfinresistant Saphylococcus aunsus

1'213

Reprinted from Park et al.”"~, with permission from Wiley.

To test the feasibility larval digestion followed by SSF, spent feed which had been stored
in the freezer was placed into 250mL Erlenmeyer flasks. Half of the feed was sterilized via
autoclave at 121°C for 15 minutes, thinking that the inhibitory substance may be heat labile.
Three-day seed cultures of the SSF organisms were used to inoculate the spent feed. The flasks
were stored at 30°C and checked daily for the presence of fungal growth. After a week of
incubation, growth was seen on the sterilized spent feed by Aspergillus fumigatus. The growth
was concentrated in areas of low feed concentration, not colonizing the large chuck of substrate
directly. It is possible that the other fungal strains under analysis were growing, but just were not
detected by visual inspection. For all organisms, observed or not, the spent feed was a poor
substrate for fungal growth and seemed to retard the metabolic activities of the fungi.

Several fungal organisms were used in SSF of DDGS, as well as Lactobacillus plantarum
isolated from digested feed beds of the BSFL which was discussed in Study 1 presented here.
Phanerochaete chrysosporuim is a white-rot fungi which secrete of a variety of peroxidases and
oxidases which act non-specifically on the heteropolymer lignin through the generation of lignin
free-radicals, which then undergo cleavage reactions®. Phanerochaete chrysosporium is unique
among white rot fungi in that it leaves cellulose nearly unchanged while degrading other
constituents. Phanerochaete chrysosporium is typically known for its ligninolytic abilities;

however the fungus can produce both hemicellulases (xylanase and B-xylosidase) and cellulases

76



(CMCase and B-glucosidase). It also has a high optimum temperature of 40 °C which makes it
ideal for compost piles in which heat transfer may be limited. These characteristics have made
Phanerochaete chrysosporium a candidate for use in biotechnology applications related to
cellulosic materials. Aspergillus fumigatus is a saprotroph which is fairly ubiquitous throughout
nature, and is often found in decaying matter, such as in compost heaps?'*. It produces a diverse
variety of extracellular enzymes including cellulases and other glycoside hydrolases, amylases,
hemicellulases, lignin degrading enzymes, poly-peptide degrading enzymes, chitinases, lipases,
and phosphatases which are useful bioprocessing of lignocellulosic materials. Trichoderma
koningii is another fungal strain which is ubiquitous throughout nature, being frequently isolated
from soil samples. It produces a variety of extracellular enzymes, but is most frequently noted
for its cellulase enzyme production. One research group isolated and purified four principle
components of cellulase from 7richoderma koningii, and all were found to be able to hydrolyze
various modified cellulose polymers, albeit at different rates?!>. Comparatively little research has
been conducted on Trichoderma koningii as compared to other species in the Trichoderma
genus. However among those Trichoderma species for which a larger body of research is
available, a variety of extracellular enzymes are noted which suggests, by extension, that this
would be true for Trichoderma konigii as well. Aspergillus niger is a common contaminant of
food and produces black mold on some fruits and vegetables. It has GRAS status by the U. S.
FDA under the Food, Drug, and Cosmetic Act!®®. It produces a wide variety of extracellular
enzymes, and thus is used in a wide variety of industrial processes such as: the production of
glucoamylase for sugar production; pectinase production used for juice and wine clarification;
production of proteases which are used to reduce the gluten content of beer; and more. Relevant
to this project is the production of cellulase complexes. Aspergillus is known to produce high
amounts of f-amylase particularly®?.

Another question which was investigated at this time was whether the particle size of the
DDGS had an effect on its degradation by SSF organisms, and subsequently, by larvae.
Homogeneous, fine, and coarse samples of DDGS were moistened and sterilized for use in SSF.
Four strains (Phanerochaete chrysosporuim, Trichoderma koningii, Aspergillus fumigatus,
Aspergillus niger) were selected which showed the greatest substrate degradation. Urea was also
added to the sterilized DDGS, which was adjusted to 75% moisture prior to the addition of

fungal seed culture.
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From Fig. 5-11, it is seen that greater than 72% by weight of unground DDGS has
particle sizes greater than 1410um. Milling of the DDGS had the effect of redistributing these

larger fractions into smaller pieces, primarily greater than 353 pm.
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Fig. 5-11 Particle Size Analysis of DDGS

Grinding of dried distiller's grains with solubles was done using a knife mill. Particle size analysis was obtained
using standard sieves. The fraction (%) represents the fraction of particles in the sample greater than the mesh size
at that coordinate, but not greater than the next largest mesh size shown.

Fig. 5-12 shows the cellulose content of ground DDGS following SSF. Aspergillus
fumigatus resulted in the least decrease in cellulose content, followed by Phanerochaete
chrysosporium, Trichoderma koningii, and Aspergillus niger. Aspergillus niger growing on the fine
particle size, and Trichoderma koningii and Aspergillus niger growing on the homogeneous
particle size showed the greatest reduction in cellulose content of all strain and particle size

combinations.
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Fig. 5-12 Cellulose Content of Ground DDGS Fractions (dwb)

Reference dried distiller's grains with solubles (DDGS) is an autoclaved sample of DDGS at the same particle size
as the grouping, but without fermentation. N = 3; Means followed by different letters are significantly different at
o = 0.05 by Fisher’s LSD across all particle sizes; p <0.001; LSD = 2.49;

For all strains, except Aspergillus niger which saw the greatest cellulose % reduction in
the fine particle size sample, the homogeneous blend showed the greatest reduction in cellulose
content (Fig. 5-12). By comparing the cellulose content of fermented DDGS Fig. 5-12 to the
cellulase activities of the SSF organism Fig. 5-15 we can see that higher cellulase activity leads
to a lower cellulose content as would be expected. There appear to be some correlation between
the CI of fermented DDGS cellulose (Fig. 5-13), and cellulase activity, but this relationship is
less clear than that between cellulase and overall reductions in cellulose concentrations. As
previously stated, the SSF organisms are known to produce different amounts of specific
cellulases. 4. niger for instance produces high amounts of B-glucosidase which cleaves two -1,4
linked glucose monomers into glucose which alone wouldn’t significantly reduce the
crystallinity index. Additionally, these SSF organisms produce synergistic enzyme cocktails so

predictions of changes to cellulose CI based on a broad cellulase assay are challenging. The
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Fig. 5-13 Crystallinity Index of Ground DDGS Cellulose

Reference dried distiller's grains with solubles (DDGS) is an autoclaved sample of DDGS at the same particle size
as the grouping, but without fermentation. N = 3; Not significant at a=0.05; p = 0.41;

superior cellulase production for the homogeneous particle size among SSF organisms is thought
to be due to the presence of large and small particles, which provide scaffolding for hyphae and
quickly hydrolyzed source of nutrients respectively. For all strains and particle sizes of substrate,
except Trichoderma koningii coarse ground DDGS, SSF reduced the crystallinity of the cellulose
(Fig. 5-13). This makes sense as the extracellular enzymes produced by the SSF organisms serve
to break down/apart the crystalline structure of the cellulose particles. Homogeneous ground
DDGS samples had intermediary crystallinity index values; coarse ground DDGS had the highest
crystallinity; and fine ground DDGS had the least. This supports the theory of extracellular
enzyme degradation as the crystallinity index of cellulose is inversely correlated with the surface
area of the particles. Smaller particles allow for the greatest access of enzymes to cellulose in the
substrate.

Since the two main components in wheat DDGS are protein (40%) and carbohydrates
(50%), the fermented DDGS fractions were tested for cellulase and protease. Most of the
carbohydrates are assumed to be lignocellulose and resistant starch, with the former being the

most prevalent. In order to test the enzyme activities of the post-SSF samples, 5g (wet wt.) of
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sample was mixed into 25mL of 50mM Tris-HCI pH 7.5 with 100mM NaCl, vortexed and
centrifuged, and the supernatant was decanted and stored. SmL of buffer was added to the pellet
which was again vortexed and centrifuged. The supernatant fractions were combined and stored

at 4 °C. The enzyme activities were back calculated to represent a dry basis for the feeds used.
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Fig. 5-14 Protease Activity of Post-SSF Homogeneous, Coarse, and Fine DDGS Fractions

N = 3; means followed by different letters are significantly different at o = 0.05 by Fisher’s LSD; p < 0.001; LSD
=1.81;

The SSF resulted in protease production for all samples as summarized on Fig. 5-14. No
trend was seen for the effect of particle size on the protease production by SSF organisms.
Aspergillus niger was the best protease producer, and Aspergillus fumigatus the worst. The
following discussion on Figs. 5-14 to 5-21 will refer to individual samples by referencing the
SSF organism followed by the ground DDGS particle size. So Aspergillus niger Coarse refers to
SSF of coarse ground DDGS by the fungus Aspergillus niger. The relationship between protease
activity and substrate particle size was less consistent across strains (Fig. 5-14). Phanerochaete
chrysosporium showed the greatest protease activity with fine substrate size; Aspergillus
fumigatus showed the greatest with coarse; Aspergillus niger showed the greatest with coarse, but
homogeneous was a very close 2™ and Trichoderma koningii showed the greatest with

homogeneous particle size. Aspergillus niger Coarse was the greatest protease producer, followed
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by Aspergillus niger Homogeneous/ Trichoderma koningii Homogeneous/ Aspergillus fumigatus
Coarse/ Phanerochaete chrysosporium Fine which all tied for 2" place essentially. Since the
relationship between particle size and protease activity was inconsistent across strains, this
suggests that the differences may be due to differences in strain metabolic activities.

Fig. 5-15 shows the cellulase activities of selected fungal strains used to treat ground
DDGS fractions. Cellulase activity was the greatest across all strains, except for Aspergillus
niger in which the fine particle size resulted in the highest cellulase activity, for the
homogeneous particle size. Phanerochaete chrysosporium was a consistently good cellulase
producer. Aspergillus niger and Trichoderma koningii were second to Phanerochaete
chrysosporium in cellulase production, but differed on the particle size to which they responded

best. Aspergillus fumigatus was the worst cellulase producer.
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Fig. 5-15 Cellulase Activity of Post-SSF DDGS

N = 3; means followed by different letters are significantly different at a. = 0.05 by Fisher’s LSD; p < 0.001; LSD
=802.18;
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Pre-hydrolysis glucose was increased by SSF for all samples as shown on Fig. 5-16.
Extracellular enzyme production was hydrolyzing starch and cellulose faster than the fungi could

uptake the glucose produced. When evaluating the effect of enzyme production by SSF
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Fig. 5-16 Pre-Hydrolysis Sugars from Post-SSF of Homogeneous, Course, and Fine

DDGS Fractions
Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of

carbohydrates in untreated DDGS; Pre-hydrolysis or free-glucose is a measure of the soluble glucose
concentration of a substrate. In DDGS, it is produced during solid state fermentation (SSF) via enzymatic actions
of the SSF organisms. Reference dried distiller's grains with solubles (DDGS) is an autoclaved sample of DDGS
at the same particle size as the grouping, but without fermentation. N = 3; means followed by different letters are
significantly different at o = 0.05 by Fisher’s LSD; p < 0.001; LSD = 0.43;
organisms towards sugar production, it is seen that the differences in pre-hydrolysis glucose
(Fig. 5-16) follow closely the trend for differences in protease production (Fig. 5-14). Cellulase
production wasn’t correlated to pre-hydrolysis glucose. This makes sense as proteins comprise a
much higher percentage of DDGS than cellulose. The degradation of proteins has a large impact
on the release of sugars upon submerging of the substrate in liquid in liquid due to an opening of
the DDGS protein matrix. Because the homogeneous ground DDGS particle size resulted in the
greatest protease and cellulase production in general, the pre-hydrolysis glucose concentration

was the greatest for that particle size among SSF organisms. In the case of P. chrysosporium and
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A. niger the homogeneous particle size was second in pre-hydrolysis glucose to the fine and
coarse particle sizes respectively (Fig. 5-16). This is because protease production was greatest
for the P. chrysosporium Fine and A. niger Coarse samples (Fig. 5-14). In every sample, the
free-glucose was higher following SSF than in the untreated DDGS due to the enzymatic activity
of the SSF organisms. In summary, differences in the free-glucose in DDGS can be explained
primarily by differences in protease activity of the fungal SSF organism.

The grinding process did not significantly change the amount of glucose which can be
liberated from DDGS via dilute acid hydrolysis as shown by comparing the reference samples on
Fig. 5-17. SSF by Phanerochaete chrysosporium on coarse DDGS significantly increased the
amount of sugars which can be liberated by acid hydrolysis. Phanerochaete chrysosporium also

showed the highest cellulase activity among SSF strains assayed, and shows excellent
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Fig. 5-17 Acid Hydrolysis Sugar Liberation from Post-SSF of Homogeneous, Coarse, and

Fine DDGS Fractions

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Glucose liberated from acid hydrolysis is a measure of the structurally weak
glucose concentration of a substrate such as starches and amorphous cellulose. Reference dried distiller's grains
with solubles (DDGS) is an autoclaved sample of DDGS at the same particle size as the grouping, but without
fermentation. N = 3; means followed by different letters are significantly different at oo = 0.05 by Fisher’s LSD; p
=0.002; LSD =0.601;
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degradation of DDGS as determined by visual inspection. Phanerochaete chrysosporium is a
white rot fungus which is well known for its cellulolytic ability. Extracellular enzymes produced
by this organism degrade the structure of cellulose as well as the component matrices in the
substrate which allow for a greater degree of substrate hydrolysis by dilute HCI.

By comparing the CI of fermented DDGS on Fig. 5-13 to the sugars released by acidic
hydrolysis on Fig. 5-17 we can see that they share an inverse relationship for the homogeneous
and coarse DDGS particle sizes. As SSF reduces the crystallinity of cellulose, converting
crystalline cellulose to amorphous cellulose, these amorphous celluloses are hydrolyzed during
acidic hydrolysis to produce higher glucose yields. There is also a strong correlation between the
amount of sugars released by acidic hydrolysis (Fig. 5-17) and the cellulose content of DDGS
following SSF (Fig. 5-12) as was expected.

SSF did not significantly increase the amount of amorphous cellulose in DDGS
evidenced by the small change in acidic hydrolysis glucose yields compared to the reference for
every sample except P. chrysosporium Coarse. This response may be due to a hydrolysis of
starch polymers during the SSF period as well, which would also further explain the large
increases seen in pre-hydrolysis glucose concentrations.

Fig. 5-18 shows that Aspergillus niger and Trichoderma koningii resulted in the greatest
sugar liberation by enzymatic hydrolysis. Enzymatic hydrolysis accounted for a large amount of
the total sugar yield from DDGS hydrolysis. Therefore, while factors prevent the increase in
sugar yield from acid hydrolysis, changes to DDGS structure enabled large increase enzymatic
sugar liberation yields. As expected, the release of glucose from enzymatic hydrolysis (Fig. S-
18) was correlated strongly to the cellulose concentration of DDGS (Fig. 5-12) with higher
cellulose concentrations producing higher glucose yields. Enzymatic hydrolysis glucose yields
also increased as the CI of fermented DDGS cellulose (Fig. 5-13) increased. There was more
crystalline cellulose in the samples with high cellulose concentrations with high CI. This led to
greater glucose yields from enzymatic hydrolysis of those samples. Both the cellulose content,
and CI of the samples share an inverse relationship with the cellulase activity in those samples.
Therefore, cellulase activities in fermented DDGS (Fig. 5-15) had an inverse relationship to

glucose yields via enzymatic hydrolysis (Fig. 5-18) in SSF DDGS.
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Surprisingly, given the superior enzyme production by the homogeneous ground DDGS
particle size, this size yielded the least total glucose from fermented DDGS (Fig. 5-19), except in
the case of A. niger when it was second after the coarse particle size. The coarse particle size
yielded the most glucose due to inferior degradation of DDGS by the SSF organisms. A lack of
SSF action resulted in more amorphous being present on the coarse ground DDGS resulting in
higher acidic hydrolysis glucose yields than other particle sizes. On Fig. 5-12 it is seen that the
coarse particle size had the highest cellulose content which led to the greatest enzymatic
hydrolysis glucose yields (Fig. 5-18). Without considering bioconversion of proteins to larval

biomass, a coarse DDGS particle size is best for glucose production, but the worst for efficiency
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Fig. 5-18 Enzymatic Hydrolysis Sugar Liberation from Post-SSF of Homogeneous,

Coarse, and Fine DDGS Fractions

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Enzymatic hydrolysis is preceded by dilute acid hydrolysis which removes
structurally weak glucose polymers and free-glucose. Glucose liberation via enzymatic hydrolysis (cellulase) is
therefore a measure of the amount of sugars which can be recovered from crystalline cellulose particles under the
current system. Reference dried distiller's grains with solubles (DDGS) is an autoclaved sample of DDGS at the
same particle size as the grouping, but without fermentation. N = 3; means followed by different letters are
significantly different at o = 0.05 by Fisher’s LSD; p < 0.001; LSD = 1.357;
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of cellulose conversion to glucose.

The fine DDGS particle size, which had the second highest cellulose content following
SSF, yielded the second highest total glucose yields for most organisms (Fig. 5-19). Therefore it
was the second most efficient for conversion of cellulose into glucose. These sugars were
derived from high pre-hydrolysis glucose, and enzymatic hydrolysis. These are both factors of
having a small particle size which limited the effect of protein matrices binding proteins, as well
as allowed access for enzymes during enzymatic hydrolysis.

The homogeneous particle size resulted in the lowest total glucose production among the
particle sizes (Fig. 5-19). For all organisms except A. fumigatus this difference was under two
percent from the highest yielding particle size for a given organism indicating that it wasn’t
extremely lower yielding. Because the homogeneous particle size also had the lowest cellulose
content as shown on Fig. 5-12, but resulted in nearly comparable total glucose yields it was the

most efficient conversion of cellulose to glucose. SSF increased the total glucose yield compared
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Fig. 5-19 Combined Sugar Liberation from Post-SSF of Homogeneous, Coarse, and Fine

DDGS Fractions

Glucose % = mg glucose/(mg dry wt. of substrate * 0.507) * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Combined sugar liberation is a combination of the free-glucose, and yields
from both acidic and enzymatic hydrolysis of glucose. Error bars are added standard deviations from each
analysis.
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to untreated DDGS in every case. Based on the above information, it was decided to utilize the
homogenous blend DDGS in a combination experiment of SSF and larval digestion. This has the
added benefit of reducing the amount of grinding needed. It also confirms that particle size
reduction to a point can increase the production of extracellular enzymes of interest. The
homogeneous ground DDGS sample was chosen for all further SSF work, including the control
DDGS + Larvae shown in the previous section.

In summation of the above results it was seen that: DDGS is a suitable organism for
robust fungal growth; the selected fungal strains have high protease and cellulase activity which
act upon the substrate during SSF; SSF decreases the cellulose content and CI of cellulose of
DDGS through cellulase production; free-glucose in DDGS is highly correlated to protease
activity following SSF; that SSF does not increase the amount of glucose which can be liberated
by acid hydrolysis from DDGS due to a reduction in overall cellulose content and uptake by
fungal organisms; and that SSF greatly increases enzymatic glucose liberation, and free-glucose
in the substrate which greatly increase total glucose yields from DDGS compared to untreated

DDGS.

5.3.3.2 Larval Digestion of SSF-Treated Lignocellulosic Biomass

From this point on, the results will be referring to a combination of SSF of homogeneous
ground DDGS. This fermented DDGS was fed to larvae in order to assess the effects of SSF on
DDGS, and how SSF contributes to larval digestion of DDGS.

From the SSF combined with BSFL digestion experiments it was shown that BSFL are
capable of growing on post-SSF DDGS. As can be seen from Figs. 5-20 to 5-24, the wet weight
of the larvae increased for all samples except for Lactobacillus plantarum, but the gain was not
identical across SSF types. Additionally, the weight of the larvae fluctuated over the digestion
period, and did not show a linear increase across time. One explanation for this is that the larvae
gained weight initially as the nutrients in the substrate were converted into larval biomass.
Towards the beginning of the larval digestion period the easily digested components of the
substrate such as starches and amorphous celluloses were utilized contributing to early weight
gain. Then as the substrate becomes less nutritious, the weight gain stagnated and even decreased

in some cases as the larvae began to live primarily off of their fat stores.
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This is supported by comparing the ‘Dry % Substrate Utilized by Larvae’ in Tables 5-8
to 5-12 and their respective Figs. 5-20 to 5-24 larval weight gain, with the exclusion of day 12
for the Trichoderma koningii sample for reasons explained below. The weight of the larvae
increased as the substrate was utilized, but as the larval digestion period continued, the
concentration of cellulose rose and the substrate became less nutritious. Both larval weight gain
and substrate utilization were then retarded. Since the dry weight of the larvae was not measured,
the actual incorporation of substrate into larval biomass from these results is unknown. Some of
the digested substrate was also utilized for larval metabolic and kinesiological processes, and

was lost as CO» to the atmosphere.
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Fig. 5-20 Larval Parameters Phanerochaete chrysosporium SSF+Larvae

N = 6; mean and std. dev.;

Table 5-4 System Changes in Phanerochaete chrysosporium SSF + Larvae

Day 0 3 6 9 12

% Substrate Utilized by Larvae (dwb) 0 33 33 39 40
Weight of Larvae Under Unchanging Numbers (mg, wwb) 100 1259 111.1 101.9 1109
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Fig. 5-21 Larval Parameters Trichoderma koningii SSF+Larvae

N = 6; mean and std. dev.;

Table 5-5 System Changes in Trichoderma koningii BRRL54330 SSF + Larvae

Day 0 3 6 9 12

% Substrate Utilized by Larvae (dwb) 0 11 39 55 95
Weight of Larvae Under Unchanging Numbers (mg, wwb) 100.0 104.1 122.1 1280 109.0
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Fig. 5-22 Larval Parameters Aspergillus fumigatus SSF+Larvae

N = 6; mean and std. dev.;
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Table 5-6 System Changes in Aspergillus fumigatus BRRL 163 SSF + Larvae

Day 0 3 6 9 12

% Substrate Utilized by Larvae (dwb) 0 34 44 59 69
Weight of Larvae Under Unchanging Numbers (mg, wwb) 100 137.0 119.7 142.0 1494
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Fig. 5-23 Larval Parameters Aspergillus niger BRRL 322 SSF+Larvae

N = 6; mean and std. dev.;

Table 5-7 System Changes in Aspergillus niger BRRL 322 SSF + Larvae

Day 0 3 6 9 12

% Substrate Utilized by Larvae (dwb) 0 24 41 46 68
Weight of Larvae Under Unchanging Numbers (mg, wwb) 100 111.7 104.3 124.7 126.0

The last contention with larval size data is that the larvae were not known to be of a

certain generation since they did not all come from the same clutch of eggs, or collection of eggs

at a similar time period. The only criteria for being utilized in the digestion studies was that they

had not yet began to pupate. Thus, they are likely in their 4™ or 5™ instars. As larvae pupate, they

shed their digestive systems, develop a hard chitin exoskeleton (to protect from predation; it also

becomes dark brown and blends into soils and typical natural pupation substrates), and become

immobile during metamorphosis. There are 5 instars in total in the black soldier fly larvae,

between which they molt their exoskeleton, and excrete a new larger one to allow their bodies to
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expand in size. Smaller larvae from earlier instars have far greater opportunity for size gains,
while 4" and 5" instars larvae are approaching their maximum body weight, and while they may
contribute greatly to substrate reduction/degradation, will not incorporate the substrate into dry
larval biomass much at all. The substrate is used to power their higher metabolic needs at that
size. Due to using late instar larvae, the total gain in larval biomass was less than what can be
expected when utilizing less mature larvae, but mature larvae still an effect on the substrate

through their digestion of the substrate.

3.0 300
—&— Length (mm)
| —&— Height (mm) ]
25 v— Width (mm) 250
—— Weight (mg)
’é‘ 20 4 200
£ =)
@ E
= -
o 15 1150 <€
2 Ry
5 )
E =
O 10r | 1 100
0.5 150
[ L 2 * —*— 3
0.0 T T T T T 0
0 3 6 9 12 15

Days of Larval Digestion

Fig. 5-24 Larval Parameters Lactobacillus plantarum SSF+Larvae
N = 6; mean and std. dev.;

Table 5-8 System Changes in Lactobacillus plantarum SSF + Larvae

Day 0 3 6 9 12

% Substrate Utilized by Larvae (dwb) 0 33 42 44 70
Weight of Larvae Under Unchanging Numbers (mg, wwb) 100 1124 111.5 1169 96.9

As the time of larval digestion increased, a larger percent of the dry matter of the
substrate was utilized by the larvae. The larvae reduced the substrate dry matter by utilizing it as
a feed source for their metabolic processes. The total utilization of the substrate is not consistent
across samples. Trichoderma koningii showed the greatest amount of substrate utilization,
followed by Lactobacillus plantarum, Aspergillus niger, Aspergillus fumigatus, and finally by
Phanerochaete chrysosporium. The total substrate utilization seen on Table 5-5 on day 12 of the

Trichoderma koningii sample was 95%. This was much higher than the other samples, and is
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questionable given that the substrate had a cellulose content of between 11.3 to 33.5% (dwb)
during the digestion period and that BSFL are inefficient cellulose digesters. This is likely an
outlier caused by removing too much substrate during earlier testing days, giving the false
impression that the larvae had consumed a lot more than they had. The data is reasonable up to
day 9 in this sample. Total substrate utilization by BSFL approached 70% by day 12 of larval
digestion for most samples.

The trend of DDGS substrate utilization by the BSFL matched the trend of protease
production by SSF organisms from the earlier SSF studies on DDGS here in Study 2 (Fig. 5-
14).The protease activity in the post-SSF samples of 100% DDGS went in the order from highest
to lowest of Aspergillus niger, Trichoderma koningii, Aspergillus fumigatus, and Phanerochaete
chrysosporium. As DDGS contains a high percentage of protein, these high protease producing
organisms provided a superior degradation of the substrate. This opening of the DDGS structural
matrix may also have a synergistic effect, allowing the other enzymes greater access to the other
constituents in DDGS, notably cellulose. This is supported by the fact that, although the order of
cellulase activity in post-SSF homogeneous 100% DDGS was Phanerochaete chrysosporium,
Aspergillus niger, Aspergillus fumigatus, and Trichoderma koningii, the cellulose content of these
substrates was inverse to this relationship, with the exception of Aspergillus niger.

This makes sense as protein is present in a much higher percentage than D-glucose
cellulose homopolymers (which the cellulose test measured). Therefore protease activity had a
greater impact on the opening of the DDGS matrix than cellulase. It also allowed for greater
substrate degradation overall, including that of cellulose. SSF organisms which contribute to the
greatest amount of substrate degradation result in the most nutrient available feed for larval
feeding. Additionally, fungal biomass which is manufactured during the SSF process is readily
digested by larvae, making cleanup from the SSF process less of an issue. BSFL are naturally
saprophagous and therefore well suited to competition with natural waste digesting

microorganisms.
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The cellulose content of the substrates was reduced following SSF, except for Aspergillus
fumigatus which experienced a slight but statistically insignificant increase in cellulose content
as shown on Fig. 5-25. The cellulose content was reduced the most for Aspergillus niger. When

comparing the SSF samples to the control DDGS sample which had identical treatment, but with
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Fig. 5-25 Cellulose Content of SSF+Larvae during 12 Day Larval Digestion

Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the solid state fermentation (SSF)
period. The day of the sample represents time elapsed since inoculation of the substrate with larvae. Day 0 sample
is DDGS after the SSF period, prior to larval inoculation. N = 3; means followed by different letters are
significantly different at a = 0.05 by Fisher’s LSD within groupings; for Phanerochaete chrysosporium,
Trichoderma koningii, Aspergillus fumigatus, Aspergillus niger, Lactobacillus plantarum p = 0.003, < 0.001, =
0.001, < 0.001, < 0.0011 respectively and LSD = 3.67, 4.91, 4.38, 5.43, 5.91 respectively;
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a sterile SSF period, the SSF samples did not reduce the cellulose content more than the control
sample. Control cellulose reduction went from 14% for untreated DDGS to 9% for control
DDGS after the sterile SSF period. This is similar to all SSF samples, except for Aspergillus
fumigatus, and suggests that although the SSF organisms produce cellulase and have a
degradative effect on the cellulose fibers, they do not convert a large amount to amorphous
cellulose during the SSF period. An analysis in this study on SSF of DDGS (Fig. 5-12) showed
that A. niger and T. koningii could reduce the cellulose content of homogeneous ground DDGS
to around 5%. The conditions of the SSF for use with BSFL were slightly different, mainly
having a greater moisture content, indicating an area for improvement and optimization with
regards to cellulose degradation during SSF. The cellulose content reduction here can be
attributed primarily to swelling of the cellulose fibers during the SSF period as discussed in
Section 5.3.1. This contributed to a general 5% reduction in cellulose content.

A major finding of SSF combined with BSFL digestion experiments is that the cellulose
content of DDGS was concentrated by larval digestion. The relative cellulose content of the
substrate increased significantly during larval digestion for all samples evaluated as shown on
Fig. 5-25. From looking at the system change data on Tables 5-8 to 5-12, it was seen that as
larval time increases, reduction in the dry matter is seen. Looking at the cellulose content data, it
can be seen that the undigested substrate is highly composed of cellulose. This is supported by
anecdotal evidence which states that BSFL are poor utilizers of cellulosic materials.

The increase in cellulose content was not high enough to say that the cellulose was not
utilized at all; rather it was resistant to digestion and became more concentrated over time as
other substrate constituents were metabolized by the larvae. This increase in cellulose content
was the least among SSF feeds for Phanerochaete chrysosporium, which displayed the greatest
cellulase activity. This makes sense as cellulase would make the cellulose fraction more
susceptible to the BSFL’s digestive system. Cellulase decreases the crystallinity of cellulose, and
amorphous cellulose is more susceptible to degradation and removal by the BSFL’s digestive

system.
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Fig. 5-26 Crystallinity Index of SSF+Larvae during 12 Day Larval Digestion

Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the solid state fermentation (SSF)
period. The day of the sample represents time elapsed since inoculation of the substrate with larvae. Day 0 sample
is DDGS after the SSF period, prior to larval inoculation. N = 3; means followed by different letters are
significantly different at o = 0.05 by Fisher’s LSD within groupings; for Phanerochaete chrysosporium,
Trichoderma koningii, Aspergillus fumigatus, Aspergillus niger, Lactobacillus plantarum p > 0.05, = 0.054, >
0.05, > 0.05, = 0.001 respectively and LSD = N/A, 11.09, N/A, N/A, 8.15 respectively;

The SSF organisms which have the greatest protease activity, Aspergillus Niger and
Trichoderma koningii, also showed the fastest increase in cellulose content during the larval
digestion period. Since DDGS is highly comprised of proteins, these constituents will be greatly

hydrolyzed and susceptible to BSFL digestion, facilitating their expedient removal. DDGS
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protein concentrations are nearly three times the concentration of cellulose which gives protease
activity more weight in the overall DDGS degradation. The cellulose content for the
Lactobacillus plantarum treated sample showed a comparable increase in cellulose content over
the larval digestion period. Given that it displayed no cellulase activity, but did display high
protease activity, as seen on Table 4-2 culture #5, this gives more weight to the theory that high
protease activity plays a large role in facilitating the concentration of cellulose through the
expedient digestion of DDGS proteins. This increase in cellulose content of the substrates is
strongly correlated and partially causal of the increase in sugar liberation by acidic and
enzymatic hydrolysis.

As shown on Fig. 5-26 the cellulose crystallinity index was increased by SSF, and
subsequently decreased by larval digestion. The change was not significant for any SSF
organism following either SSF or 12 day larval digestion as compared to the untreated sample.
Trichoderma koningii and Lactobacillus plantarum both showed a significant increase by day 6
of larval digestion. This again shows that SSF does not increase the ratio of amorphous to
crystalline regions of cellulose. This may be due to a lack of de-crystallization, or more likely to
a removal of amorphous regions due to fungal enzyme activities. Larval digestion showed a
significant decrease in cellulose crystallinity from days 3 to 12 for samples Trichoderma koningii
and Lactobacillus plantarum as well as a general decrease in Aspergillus fumigatus and
Aspergillus niger up to day 9 although these were not statistically significant.

The concentration of free glucose in the substrates represents a substantial amount of the
carbohydrates in DDGS as seen on Fig. 5-27. SSF increased this amount significantly for all
samples except Trichoderma koningii, and Aspergillus niger. The amount of free glucose in the
substrate was also increased over the larval digestion period. This may be due to continuing
action of the extracellular enzymes excreted during SSF, as well as larval digestive processes.
This increase was similar to the control DDGS + Larvae sample over the larval digestion period
(Fig. 5-5). However, SSF produced nearly double the amount of free glucose than the control
except in the case of Trichoderma koningii which was nearly identical to the control. Larval
digestion produced similar amounts of free glucose compared to non SSF DDGS. Aspergillus
niger produced much more free glucose, and produced it earlier in the larval digestion period
compared to all other samples. This organism produces large amounts of B-glucosidase, an

enzyme that cleaves bio-cellulose into glucose. This may explain the higher free glucose
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production in that sample. The present research supports previous research on the effect of BSFL
digestion of dairy manure'® as the crystallinity index was shown to decrease over the larval
digestion period. This was due to an opening of the structure due to enzymes present from SSF
and from larval mastication which physically shears cellulose fibers. This leads to an increase in
amorphous cellulose regions which are released during larval digestion and acidic hydrolysis as
glucose. This is shown in the large increase in pre-hydrolysis glucose, as well as increasing
acidic glucose liberation values which are greater than either the non fermented DDGS, or SSF
periods alone (i.e., Day 0).

The amount of glucose which can be liberated from DDGS via dilute acid hydrolysis is
shown on Fig. 5-28. It did not change significantly for the sample processed using Aspergillus
fumigatus during SSF or larval digestion; although a slight increase was observed.
Phanerochaete chrysosporium was the only fungal sample which resulted in a greater amount of
glucose being liberated following SSF which is noted by comparing values for untreated DDGS
and day 0 samples. Phanerochaete chrysosporium, Trichoderma koningii, and Aspergillus niger
larval digestion significantly increased the acid hydrolysis glucose yield as the larval digestion
time increased. This may be due in large part to the cellulose concentrating effect of larval
digestion, rather than a change to the properties of the substrate. The values for acidic sugar
liberation are rather low compared to the increase in cellulose content so there are other factors at
play here as well. In general, SSF was not found to generate large amounts of amorphous
cellulose, which is the primary source of dilute acid hydrolysis glucose.

A low free-glucose and high acidic hydrolysis following the control SSF period indicated
that DDGS contains a high amorphous cellulose and/or starch content as discussed in 5.3.2.
Fungal SSF (Figs. 5-27 day 0 and 5-28 day 0) produced higher free glucose and lower acidic
hydrolysis glucose yields than the control DDGS treatment. This indicates that the amorphous
cellulose was cleaved from DDGS and was, along with starches, hydrolyzed to glucose during
SSF. These sugars were partially used by the SSF organisms during the SSF period, but since the
control DDGS contained no fermentation organism, day 0 acid hydrolysis yields were very high

for the control sample.
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Fig. 5-27 Free-Glucose in Spent Feed from SSF+Larvae during 12 Day Larval Digestion

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Pre-hydrolysis or free-glucose is a measure of the soluble glucose
concentration of a substrate. In DDGS, it is produced during larval digestion and solid state fermentation (SSF)
via enzymatic actions of the Black Soldier Fly larvae (BSFL) and SSF organisms; and via mechanical hydrolysis
by the BSFL of bound sugars, starches, and amorphous cellulose. Untreated dried distiller's grains with solubles
(DDGS) is DDGS prior to the SSF period. The day of the sample represents time elapsed since inoculation of the
substrate with larvae. Day 0 sample is DDGS after the SSF period, prior to larval inoculation. N = 3; means
followed by different letters are significantly different at a = 0.05 by Fisher’s LSD within groupings; for
Phanerochaete chrysosporium, Trichoderma koningii, Aspergillus fumigatus, Aspergillus niger, Lactobacillus
plantarum p < 0.001, < 0.001, < 0.001, < 0.001, < 0.001 respectively and LSD = 0.29, 0.45, 0.39, 0.82, 0.52
respectively;

Of particular interest is the Lactobacillus plantarum acid hydrolysis data. A large and
significant increase in sugar liberation was seen following the SSF period which followed a
similar trend to the control SSF sample on day 0. A large initial glucose yield was followed by a

decrease and then fluctuation around 2% for days six through twelve. This pattern of sugar

99



HE Untreated
I Day 0
1 Day 3
= 4 =2 Days
= I Day 9
© I Day 12
S
c 3
S o
© bc
!G_J bc
Qo ab
3 o2} bc
3
8 a
=
O]
1 -
0 “r-
o
O
N
G‘b
& <
% ©
2 I\
& A
&
2
Q‘(\

Solid State Fermentation Organism

Fig. 5-28 Sugar Liberation by Acid Hydrolysis of Spent Feed from SSF+Larvae during
12 Day Larval Digestion

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Glucose liberated from acid hydrolysis is a measure of the structurally weak
glucose concentration of a substrate such as starches and amorphous cellulose. SSF and BSFL quickly hydrolyze
starches. Longer larval digestion times therefore show primarily amorphous cellulose glucose. Untreated dried
distiller's grains with solubles (DDGS) is DDGS prior to the solid state fermentation (SSF) period. The day of the
sample represents time elapsed since inoculation of the substrate with larvae. Day 0 sample is DDGS after the
SSF period, prior to larval inoculation. N = 3; means followed by different letters are significantly different at o =
0.05 by Fisher’s LSD within groupings; for Phanerochaete chrysosporium, Trichoderma koningii, Aspergillus
fumigatus, Aspergillus niger, Lactobacillus plantarum p = 0.019, < 0.001, > 0.05, = 0.049, < 0.001 respectively
and LSD = 0.63, 0.73, N/A, 1.17, 0.61 respectively;

100



10

H Untreated

I Day 0
@ Day 3
= 8- 1 Day6
= I Day 9 c
© I Day 12 T be
(- C
o
E abc
g aabT
—
(0]
o
N
1$)
=
o
£l
@d\
({\’b
o

Solid State Fermentation Organism

Fig. 5-29 Sugar Liberation by Enzymatic Hydrolysis of Spent Feed from SSF+Larvae
during 12 Day Larval Digestion

Glucose % = mg glucose/(mg dry wt. of substrate * 0.507) * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Enzymatic hydrolysis is preceded by dilute acid hydrolysis which removes
structurally weak glucose polymers and free-glucose. Glucose liberation via enzymatic hydrolysis (cellulase) is
therefore a measure of the amount of sugars which can be recovered from crystalline cellulose particles under the
current system. Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the solid state
fermentation (SSF) period. The day of the sample represents time elapsed since inoculation of the substrate with
larvae. Day 0 sample is DDGS after the SSF period, prior to larval inoculation. N = 3; means followed by
different letters are significantly different at o = 0.05 by Fisher’s LSD within groupings; for Phanerochaete
chrysosporium, Trichoderma koningii, Aspergillus fumigatus, Aspergillus niger, Lactobacillus plantarum p <
0.001,=0.086,=0.001, =0.003, = 0.046 respectively and LSD = 0.82, N/A, 1.21, 1.29, 1.46 respectively;
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liberation is speculated to occur for the same reason as the control sample (Fig. 5-6). A lack of
cellulase to remove the amorphous cellulose combined with a starch response produced large
glucose yields following SSF. Then, larval digestion removed the amorphous cellulose, and
hydrolyzed starch contributing to high pre-hydrolysis glucose concentrations, but lower acidic
hydrolysis yields than day 0. The Lactobacillus plantarum treated sample released nearly the
same amount of sugar as the control sample immediately following SSF, but released more
sugars at every day of larval digestion, indicating that SSF using this organism had a beneficial
effect on glucose yields. By comparing the glucose yields from acidic hydrolysis to the
crystallinity index of the cellulose, on Fig. 5-26 we can see that the CI and glucose yields from
acid hydrolysis have an inverse relationship for a given SSF organism. An increase in CI means
that there is less amorphous cellulose present compared to crystalline cellulose. Amorphous
cellulose is cleaved during dilute acid hydrolysis and therefore a higher CI results in lower
glucose yields from acidic hydrolysis. Additionally, glucose yields from dilute acid hydrolysis
were highly correlated to the amount of cellulose in the sample for fungal SSF treated DDGS as
was expected. This relationship was more complex for the L. plantarum treated DDGS. Because
acidic hydrolysis glucose yields did not change for the control DDGS during the larval digestion
phase, the fourth hypothesis of this research, that BSFL can increase acidic sugar yields, was
disproven. BSFL digestion did improve total sugar yields, but amorphous cellulose regions were
presumably removed during BSFL digestion, leading to higher pre-hydrolysis glucose yields in
digested DDGS.

Because the amorphous cellulose was primarily removed during acidic hydrolysis, the
enzymatic hydrolysis results represent changes to the porosity in highly crystalline cellulose
regions and cellulose particle size. As shown on Fig. 5-29, enzymatic hydrolysis of the substrates
showed no significant change for the Trichoderma koningii sample. The results were also
inconsistent across the fungal SSF strains with all other samples seeing either no significant
change from the untreated DDGS to day 12, or a significant decrease. Lactobacillus plantarum
treated DDGS showed an increase in enzymatic hydrolysis glucose yields over the larval
digestion period. Phanerochaete chrysosporium produced high glucose yields following SSF and
during initial larval digestion.

The use of SSF greatly increased the enzymatic glucose yields as compared to

unfermented DDGS. All SSF treated samples showed higher glucose liberation as compared to
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the control sample as discussed in section 5.3.2., indicating that SSF degraded the cellulose
therein making them more susceptible to enzymatic liberation. This proved the third hypothesis
of this research that SSF would weaken DDGS cellulose structure and facilitate greater sugar
yields via enzymatic hydrolysis. Micronization of cellulose fibers from BSFL digestion also
served to increase the surface area of the cellulose fibers and thus their susceptibility towards
enzymatic hydrolysis

Fig. 5-30 shows the complete picture for glucose yields from SSF and larval treated
DDGS. Compared to untreated DDGS, Trichoderma koningii, and Aspergillus niger SSF had
decreasing effect on the glucose yields seen by comparing untreated to day 0 glucose yields.
Aspergillus fumigatus SSF showed a slight increase in glucose yields, while Phanerochaete
chrysosporium and Lactobacillus plantarum SSF greatly increased day 0 glucose yields from
untreated DDGS. Larval digestion further increased the total glucose yields from the SSF period,
and especially compared to untreated DDGS. The majority of the increase in these samples came
from increases to the pre-hydrolysis glucose yields. Phanerochaete chrysosporium and
Lactobacillus plantarum had good hydrolysis yields. Phanerochaete chrysosporium SSF
produced the lowest cellulose content substrate, indicating that it was slightly superior in
degradation of cellulose. Total glucose yields of the control sample were shown at 4.5 - 6.5%
earlier in this study (Fig. 5-8). SSF along with larval digestion resulted in total glucose yields of
3.5-11%, and were always higher than the control by day 6 of larval digestion for every sample.
Most samples showed immediate glucose yield increases over control following SSF and 3 days
of larval digestion. Therefore, while the use of BSFL was shown to increase the glucose yields
from DDGS over a 12 day larval digestion, the use of SSF helped to increase this yield in every
case.

Overall, combination of SSF and larval digestion led to a large increase in the total
glucose yields from SSF as compared to the control sample, and especially compared to
untreated DDGS. The degradation of DDGS by SSF organisms also allows for greater substrate
incorporation of DDGS into larval biomass. This experiment also elucidated the need for
sterilization of SSF organisms prior to BSFL digestion, as well as the importance of air flow in

BSFL systems.
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Table 5-9 shows the result of the bioconversion study in which very young larvae were
used to digest SSF DDGS for the purpose of assessing the impact of SSF on larval growth. The
amount of substrate utilized by the larvae varied between samples as seen previously, but was
much lower than the 70% shown before. This indicates that young larvae require much less

nutrients, and take a longer time to utilize the substrate provided as compared to later instar
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Fig. 5-30 Combined Sugar Yield of Spent Feed of SSF+Larvae during 12 Day Larval

Digestion

Glucose % = mg glucose/(mg dry wt. of substrate * 0.507) * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Combined sugar liberation is a combination of the free-glucose, and yields
from both acidic and enzymatic hydrolysis of glucose. Error bars are added std. dev. from each analysis.
Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the solid state fermentation (SSF)
period. The day of the sample represents time elapsed since inoculation of the substrate with larvae. Day 0 sample
is DDGS after the SSF period, prior to larval inoculation.
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larvae. The percent utilized was highest for the control sample, and the Aspergillus fumigatus,
the latter of which was due to a high survivorship among larvae. The control sample also showed
the best substrate utilization when using mature larvae. Those that survived in the Phanerochaete
chrysosporium sample were small compared to those in other samples. Therefore, while they had
grown considerably, the total weight of larvae from start to finish decreased resulting in a
negative substrate incorporation % for that sample.

Aside from that, SSF actually increased the incorporation of substrate into larval biomass
as compared to the control sample. This is not due to larval competition either since the amount
of food provided for each larvae was well in excess of what they could eat, and the area of the
container was sufficiently large to allow for access to feed. The survivorship of larvae was low,
indicating that young larvae are not equipped to digest SSF feed directly. The microorganisms
overwhelmed the larvae’s immune system killing them before they had a chance to mature.
Among those that did mature, SSF DDGS provided a good feed. This indicates the need for

sterilization of SSF feed prior to larval feeding when using young larvae.

Table 5-9 Bioconversions of SSF DDGS into BSFL

Substrate
Final Dry Incorporation
M () ()
Dry % Weight of Yo at 1.00 Yo
Larvae Survival . .
. Substrate . Survivorship
SSF Organism o Under (Increase in o
Utilized by . (%)
Larvae Unchanging larval
Numbers biomass (g,
(mg) dwb)/starting
feed (g, dwb))

Phanerochaete chrysosporium (Mean * Std. Dev.) 9.3+1.1 32+0.8 -145+7.0 15.1+15.6
Trichoderma koningii (Mean + Std. Dev.) 28.5+29.4 148+3.2 79.1 +26.1 53+£3.7
Aspergillus fumigatus (Mean = Std. Dev.) 45.0+£89 12.1£2.6 552+£183 41.8+13.5

Aspergillus niger (Mean =+ Std. Dev.) 260+74 154+28 80.4+17.3 7.8+3.9

Lactobacillus plantarum (Mean + Std. Dev.) 27.5+£12.6 148+4.4 75.5+30.2 95+19

Control (Mean + Std. Dev.) 47.9+39 124+1.1 43.7£9.0 142 +3.1

5.3.4 Optimization of Sugar Liberation from SSF and Larval Digested DDGS

Glucose liberation experiments were optimized for several process parameters, and then
SSF and larval digestion samples were re-tested. The following shows the result of these
optimized sugar liberation experiments. The optimization of the conditions for acidic hydrolysis
of DDGS further increased the yields of glucose from DDGS carbohydrates via a harsher acidic

hydrolysis treatment. Higher temperatures were shown to increase the amount of glucose
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released during hydrolysis. Using screw-cap tubes created a sealed area during hydrolysis. This
increased the pressure within the tube as the temperature increased due to expansion of the
gasses in the headspace, and as the vapor pressure in the tube rose. This higher pressure led to a
higher boiling temperature of the dilute acid solution which further helped to drive hydrolysis of
cellulose. Under non-optimized acidic hydrolysis conditions, a closed vessel was used to prevent
evaporation and concentration of the analytes during hydrolysis. These vessels were not screw-
cap and were therefore not airtight. So while the pressure in those were greater than atmospheric,
leading to both a higher boiling point and higher solution temperature than in an open vessel, this
effect did not likely occur to the same extent under non-optimized conditions. The substrate
concentration was changed from 60 mg/mL to 100 mg/mL, as this substrate loading was shown
to be the optimal concentration for glucose production.The pre-hydrolysis sugars from the acid
hydrolysis optimized run of the sugar liberation experiments, shown on Fig. 5-31 again indicated
that larval digestion provided an increase in the free glucose.

The amount of glucose released from acidic hydrolysis of the control DDGS, which had
undergone a sterile SSF treatment, was dramatically increased by optimizing the hydrolysis
conditions (Fig. 5-32). Day 0 control DDGS acidic hydrolysis glucose yields went from 4 to
10% after optimization. Glucose yields for other days in the control sample went from around
1% under non-optimized acidic hydrolysis to around 4% under the optimized conditions. For all
SSF treated samples, increases to acidic hydrolysis glucose yields were between 2-3 times
greater under optimized conditions. The Phanerochaete chrysosporium, Trichoderma koningii,
and Aspergillus fumigatus samples used for the optimized glucose liberation experiments were
prepared fresh, while the other three samples were analyzed using the same substrates for non-
optimized and optimized. The trend in glucose yields from day to day during larval digestion for
a given SSF sample was nearly identical from the non-optimized to the optimized acid hydrolysis
results for all samples, but the differences between days were more exaggerated in the optimized
version. This indicates a good level of reproducibility for SSF and larval digestion of DDGS.
The major difference is that the day 0/post-SSF Lactobacillus plantarum glucose yield was not
significantly greater than all other days for that sample as it was for the control sample.
Lactobacillus plantarum showed the greatest overall glucose yield. The control sample showed a
strong day 0 glucose response, due most likely to having intact starch polymers and amorphous

cellulose.
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Fig. 5-31 Optimized Free-Glucose in Spent Feed from SSF+Larvae during 12 Day Larval

Digestion

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Pre-hydrolysis or free-glucose is a measure of the soluble glucose
concentration of a substrate. In DDGS, it is produced during larval digestion and solid state fermentation (SSF)
via enzymatic actions of the Black Soldier Fly larvae (BSFL) and SSF organisms; and via mechanical hydrolysis
by the BSFL of bound sugars, starches, and amorphous cellulose. Untreated dried distiller's grains with solubles
(DDGS) is DDGS prior to the SSF period. The day of the sample represents time elapsed since inoculation of the
substrate with larvae. Day 0 sample is DDGS after the SSF period, prior to larval inoculation. N = 3; means
followed by different letters are significantly different at o = 0.05 by Fisher’s LSD within groupings; for
Phanerochaete chrysosporium, Trichoderma koningii, Aspergillus fumigatus, Aspergillus niger, Lactobacillus
plantarum p > 0.05, > 0.05, = 0.004, < 0.001, < 0.001, < 0.001 respectively and LSD = N/A, N/A, 1.47, 0.50,

0.61, 0.24 respectively;
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Fig. 5-32 Optimized Sugar Liberation by Acid Hydrolysis of Spent Feed from
SSF+Larvae during 12 Day Larval Digestion

Glucose % = [mg glucose/(mg dry wt. of substrate * 0.507)] * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Glucose liberated from acid hydrolysis is a measure of the structurally weak
glucose concentration of a substrate such as starches and amorphous cellulose. SSF and BSFL quickly hydrolyze
starches. Longer larval digestion times therefore show primarily amorphous cellulose glucose. Untreated dried
distiller's grains with solubles (DDGS) is DDGS prior to the solid state fermentation (SSF) period. The day of the
sample represents time elapsed since inoculation of the substrate with larvae. Day 0 sample is DDGS after the
SSF period, prior to larval inoculation. N = 3; means followed by different letters are significantly different at o =
0.05 by Fisher’s LSD within groupings; for Phanerochaete chrysosporium, Trichoderma koningii, Aspergillus
fumigatus, Aspergillus niger, Lactobacillus plantarum p > 0.05, = 0.005, = 0.008, > 0.05, > 0.05, < 0.001
respectively and LSD = N/A, 1.23, 1.76, N/A, N/A, 0.83 respectively;
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Glucose yields from enzymatic hydrolysis following optimized dilute acid
hydrolysis, shown on Fig. 5-33, were nearly identical to those following non-optimized dilute
acid hydrolysis in both the trend and the amount. The main exception is that control enzyme
hydrolysis yields were slightly higher following the harsher optimized acid hydrolysis. This
indicates that acid hydrolysis may have a small impact on the enzymatic hydrolysis glucose
yields.

Phanerochaete chrysosporium and Lactobacillus plantarum again showed the greatest
glucose yields from enzymatic hydrolysis. This indicates that these organisms are superior in
increasing the porosity of cellulose fibers, thereby providing a greater access to enzymes.
Additionally, they also facilitate the greater overall breakdown of DDGS component matrices,
allowing for greater larval digestion. Micronization by BSFL during the larval digestion period
may not contribute a large degree to reducing the crystallinity of cellulose fibers, but a reduction
in the particle size greatly increases the surface area which enables for greater glucose yields by
enzymatic hydrolysis. Solid state fermentation is shown here to be additive in increasing the
degradation of DDGS and subsequent enzymatic hydrolysis glucose yields during the larval
digestion period as compared to the control sample.

Non-optimized glucose yields were between 4-10 % of the weight of carbohydrates in
DDGS. Optimization of the acidic hydrolysis step increased the glucose yields to 5-16% of the
carbohydrates, and increased them in every sample as seen on Fig. 5-34. When comparing larval
digestion periods (day 3 to day 12) across samples, SSF and larval digestion treatment serves to
increase the glucose yields compared to the control sample in nearly every case. Aspergillus
niger is the exception, and was nearly identical to the control. As shown in section 5.3.2.,4. niger
produced high amounts of protease and comparable amounts of cellulase compared to other SSF
organisms. This resulted in lower amounts of cellulose being present in DDGS fermented with A.
niger than other organisms except 7. koningii , but the CI of the DDGS wasn’t altered very
much. Low cellulose content in the 4. niger sample could explain the lack of glucose production
under optimized conditions. Lactobacillus plantarum and larval digestion had the greatest effect

on glucose yields, owing to a large acidic glucose yield.
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Fig. 5-33 Optimized Sugar Liberation by Enzymatic Hydrolysis of Spent Feed from

SSF+Larvae during 12 Day Larval Digestion

Glucose % = mg glucose/(mg dry wt. of substrate * 0.507) * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Enzymatic hydrolysis is preceded by dilute acid hydrolysis which removes
structurally weak glucose polymers and free-glucose. Glucose liberation via enzymatic hydrolysis (cellulase) is
therefore a measure of the amount of sugars which can be recovered from crystalline cellulose particles under the
current system. Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the solid state
fermentation (SSF) period. The day of the sample represents time elapsed since inoculation of the substrate with
larvae. Day 0 sample is DDGS after the SSF period, prior to larval inoculation. N = 3; means followed by
different letters are significantly different at o = 0.05 by Fisher’s LSD within groupings; for Phanerochaete
chrysosporium, Trichoderma koningii, Aspergillus fumigatus, Aspergillus niger, Lactobacillus plantarum p =
0.051, > 0.05, > 0.05, > 0.05, = 0.019, > 0.05 respectively and LSD = 1.10, N/A, N/A, N/A, 1.63, N/A
respectively;
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These optimized acidic hydrolysis conditions helped to make up for deficiencies in SSF
treatments in regards to total sugar yields. The total sugar yields for Trichoderma koningii and

Aspergillus fumigatus were now greater than those of Phanerochaete chrysosporium as shown

25
I Day 0
=3 Day 3
20k [ 1 Day6
H Day 9 T
B Day 12 B
<
S 151 -
e
() —_
2 ) |
o) _
n
g I
:3) 10 T
)
5 -
0 =T U =T T =T =T
N S o >
SO U &
0 \ O N @ &P
R \© N )
X <@ 4 N Q
O & N N
o & \ oy N
¢® & o® o
\(\fb «(\ ng 6\0
© P
&
‘A Solid State Fermentation Organism

Fig. 5-34 Optimized Sugar Yield of Spent Feed of SSF+Larvae during 12 Day Larval

Digestion

Glucose % = mg glucose/(mg dry wt. of substrate * 0.507) * 100%; 0.507 is the decimal percentage of
carbohydrates in untreated DDGS; Combined sugar liberation is a combination of the free-glucose, and yields
from both acidic and enzymatic hydrolysis of glucose. Error bars are added std. dev. from each analysis.
Untreated dried distiller's grains with solubles (DDGS) is DDGS prior to the solid state fermentation (SSF)
period. The day of the sample represents time elapsed since inoculation of the substrate with larvae. Day 0 sample
is DDGS after the SSF period, prior to larval inoculation.
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on Fig. 5-34. This was not the case in the non-optimized sugar hydrolysis as shown on Fig. 5-30.
SSF and larval digestion still had a positive effect on glucose yields under optimized conditions
as compared to the control. And optimized conditions for acidic hydrolysis helped to increase the
total glucose yields for every sample, except for Aspergillus niger. Lactobacillus plantarum is
the best organism to use for SSF applications of DDGS when using BSFL, due to the superior

glucose yields produced from both acidic and enzymatic hydrolysis under optimized conditions.

5.3.5 Proximate Analysis of DDGS and Larvae from SSF and Larval Digestion

Proximate analysis results for SSF (day 0 of SSF samples), DDGS (Control day 0), SSF
and BSFL digested DDGS, and BSFL are shown on Fig. 5-35. Ash content is relatively
unchanged by SSF staying around 5%, but is heavily increased during larval digestion. It reaches
its highest, around 13%, by day 12 of larval digestion for Trichoderma koningii, Aspergillus
niger, and Lactobacillus plantarum. Larval ash content is higher than DDGS at around 7%. The
ash content increase during larval digestion can be attributed partially to a decrease in the
relative concentrations of other components through larval respiration, and incorporation of the
organics into larval biomass. The larvae secrete calcium carbonate, a calcium rich substance
through their larval integument which helps to harden their exoskeleton. As the larvae molt
through instars, they shed their hardened exoskeletons, called larval castings. As these castings
become more prevalent in the feed bed of DDGS, the ash content rises, further explaining ash
content increases during larval digestion.

SSF has the effect of increasing the protein content and reducing the carbohydrate
content of DDGS. This is seen by comparing the day 0 control sample to the day 0 for the SSF
treated samples. This proves the second hypothesis of this research that SSF will improve the
nutrient profile and increase the digestibility of DDGS. Carbohydrates make up over half of the
weight of DDGS at 56%, compared to BSFL which contains only 33% carbohydrates. The
reduction of carbohydrate during SSF is due to a decrease in the fiber content of DDGS.
Aspergillus niger fermentation resulted in the greatest reduction of DDGS carbohydrates which
had a day 0O carbohydrate concentration of 43%. Larval digestion increased the carbohydrate
content over the 12-day digestion period for every sample except Phanerochaete chrysosporium.
The decrease in carbohydrates was less than the increase in cellulose content over the larval

digestion period indicating a concurrent reduction in other carbohydrates, presumably starch and
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hemicelluloses. Phanerochaete chrysosporium and Lactobacillus plantarum had a slight
carbohydrate decrease from days 6 to 12 of larval digestion. These samples also resulted in the
greatest total glucose yields under acidic and enzymatic hydrolysis for both non-optimized and
optimized conditions. This indicates that these samples have superior degradative properties to
the DDGS component matrices. SSF and BSFL digestion resulted in lower day 12 carbohydrate
concentrations compared to the control except in the case of Aspergillus niger, and Trichoderma
koningii. The latter of which had equal carbohydrate concentrations to the control. This confirms
that SSF in general is an effective way to increase utilization of DDGS carbohydrates.

The protein content of DDGS and BSFL are both high at 38 and 37% respectively. SSF
increases this for every sample between 2-5%, except for Aspergillus niger which increases it by
8% to 46%. The increase in proteins following SSF is due to the production of fungal biomass,
or bacterial protein in the case of L. plantarum. Larval digestion reduces the protein content of
DDGS. This decrease was the greatest for Aspergillus niger treated sample, which had a final
protein concentration of 20%. BSFL, which are shown here to have a high protein content, digest
the DDGS proteins using them for metabolism and incorporation into larval biomass.

The fat content of DDGS was low at 2%, compared to BSFL which have a fat content of
23%. The fat content of BSFL is dependent upon the feed source and is highly variable ranging
from 15-50%'%. Therefore BSFL fat contents in the present are closer to the lower end of the
range for BSFL. This may be the result of feeding them low fat DDGS. SSF increased the fat
content for every sample to 3-5%, while larval digestion had no impact on fat contents. The fat
content did not have a consistent trend over the larval digestion period. The fat content of BSFL.
is relatively low here compared to most literature values. DDGS has a low fat content, and likely

does not supply optimal levels of fat to support high fat larval biomass creation.
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Fig. 5-35 Proximate Analysis of DDGS and Larvae from SSF and Larval Digestion

The days in the sample labels represent the time elapsed since inoculation of solid state fermented (SSF) dried
distiller's grains with solubles (DDGS) with Black Soldier Fly larvae (BSFL). Day 0 for each sample represents
the substrate after SSF, but prior to the inoculation with BSFL. The control sample underwent an identical, but
sterile SSF treatment. The effect of SSF can be seen by comparing day 0 for SSF samples to day 0 of the control.
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6 SUMMARY AND CONCLUSIONS

DDGS, a by-product of grain ethanol fermentation, contains large amounts of protein,
resistant starch, and cellulose. The recovery of glucose from the hydrolysis of that starch and
cellulose represents an attractive way to increase the total glucose, and thereby ethanol, yields
from the starting grains in bioethanol production. This helps to alleviate food security, increase
energy independence, and improve the economy of bioethanol production. Glucose recovery is
possible through dilute acid and enzymatic hydrolysis, although this process complicates protein
recovery. Since the competitiveness of biofuel much depends on the yields of high value
commodities from the inputs. In the current practise, the DDGS is utilized as the feedstuff which
is not considered as a high value product. Thus additional recovery of valuable substances, such
as proteins, is a critical factor that should coexist with the sugar recovery. BSFL are well suited
towards agricultural scale production, and are capable of living on and converting DDGS into
high protein, high fat larval biomass. BSFL bioconversion using DDGS yields high protein and
fat biomass and concentrates carbohydrates in DDGS, greatly increasing value recovery from the
biofuel byproduct.

Despite its benefits, it was shown that BSFL also have less digestive abilities with higher
cellulose content feeds. Results from this research showed that the use of SSF, which is a low
energy and food-safe process, facilitates the degradation of DDGS by BSFL digestion through
the secretion of extracellular enzymes, notably cellulase. It also increases the protein
concentration of DDGS.

Study 1 proves the first hypothesis of this research, that the concentration of enzymes in
spent larval feed is dependent upon the composition of the starting feed. SSF was then shown to
improve the nutrient profile and increase the digestibility of DDGS, as well as increase sugar
liberation, thereby proving the second and third hypothesis respectively. Finally, the fourth
hypothesis, that BSFL action is sufficient to increase sugar liberation in wheat DDGS, was

disproven.
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The following objectives were achieved: 1) testing enzyme activity of spent larval feeds,
3) evaluate cellulose crystallinity changes from BSFL and SSF treatmens, 4) to measure sugar
liberation changes from BSFL and SSF treatments, and 5) to quantify changes to DDGS during
processing by proximate analysis; objective 2) to determine feed consumption rates and
bioconversion was not fully realized, but efforts have led to further research opportunities.

Together, SSF and subsequent BSFL digestion of DDGS is an efficient way to recover
DDGS proteins and fermentable glucose which proves the overall hypothesis of this research. In
addition to improving the total glucose yield from starting grains, this process helps to further
commercialize DDGS and insect biomass. Insect biomass represents a burgeoning agricultural
field which is set to revolutionize the agricultural and aquaculture industries. Finally, the creation
of multiple product streams from DDGS bioprocessing gives DDGS robustness against

commodity prices and improves the economy of this process.

116



7 PROSPECTIVE RESEARCH

For further research, characterization of the specific enzymes produced by the target SSF
organisms needs to be assayed, and changes to DDGS structures more thoroughly quantified. A
greater scientific understanding of the parameters which effect SSF, particularly for
Phanerochaete chrysosporium would allow for greater utilization of this organism in
delignification processes for lignocellulosic biomass. In order to fully utilize these organisms as
a pretreatment step prior to BSFL digestion, a greater understanding of fungal infections of
larvae is needed to prevent retardation of larval growth, and to maximize the survivorship
particularly of young larvae. Given that previous research has shown that L. plantarum is capable
of co-SSF with certain fungal organisms, trails involving such co-fermentation are needed.
Additionally, co-fermentations using combinations of the fungal organisms used in the current
research may prove useful and should be evaluated. These co-fermentations may enhance the
nutritive properties of DDGS above and beyond a monoculture involving either bacterial or
fungal fermentation organisms. One of the notable changes to DDGS during SSF is to the
lignocellulose itself, which is made primarily of hemicellulose. Further research is needed to
quantify change in liberation of monomeric sugars from dilute acid hydrolysis of DDGS. An
evaluation of the differences in bioconversion, fermentation, and sugar liberation of other
biomass materials would also be of interest, particularly corn DDGS due to its similar yet distinct
characters to wheat DDGS. Finally, research is needed on the palatability of DDGS fed BSFL in
animal feeding trials, particularly for aquaculture and poultry operations as these represent the

largest potential markets for BSFL protein meal.
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