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Thesis overview.

This thesis focuses on the use of solid-state fermentation (SSF) as an approach to
produce fungal biopesticides through the valorisation of solid wastes (agro-industrial
wastes) as substrates. This study is developed in the framework of the project “Estrategias
de optimizacion de procesos de obtencion de bioproductos a partir de residuos orgénicos
mediante fermentacion en estado sélido (BIOPRO, CTM2015-69513-R)” and
corresponds to the first work focused on fungal biopesticides performed in the research
group. In particular, two different fungal strains presenting different biocontrol
applications have been used in this thesis, Beauveria bassiana (BB) and Trichoderma
harzianum (TH). Several agro-industrial residues have been tested as substrate for both
fungal strains, with rice husk and beer draff as the most relevant. Much of the work has
been focused on improving the packed bed bioreactor (PBB) configuration, one of the
most promising yet least exploited SSF reactor outside of laboratory scale.

The first results block of the thesis corresponds to SSF parameters validation and
optimization (Chapter 4) and substrate screening (Chapter 5). Optimization tests with
both strains in 0.5 L SSF PBB batch system were performed using rice husk as substrate
by means of design of experiments. Moisture, initial inoculum concentration, airflow and
C/N ratio were identified as key parameters for process development establishing
optimum values. When working with BB, 65-70% moisture, 5.5x10° conidia g''dm
inoculum concentration, 20 mL/min airflow, 25°C temperature and 40 C/N ratio were
found as optimum values. When working with TH, same values were obtained for most
of the tested parameters except for moisture (55-60%) and C/N ratio (25-55). Mixing
presented a negative effect on BB conidia production but was positive to THs” when
performed at 24 or 48 h after inoculation. Robustness of the performed fermentation
process was demonstrated through box-plots, establishing a highly probable conidia
production range valid both for BB and TH when using rice husk as substrate (5.0x10%-
1.3x10° conidia g''dm). Substrate screening allowed the definition of more suitable agro-
industrial wastes as substrates, serving as a basis for selection of residues to perform and
scale-up fungal conidia production. PCA analysis showed different relevant parameters
depending on the strain. When working with BB, relevant parameters (initial pH and air-
filled porosity AFPr) link to proper adaptation to the substrate to ensure fungal growth.
When working with TH, relevant parameters (cumulative oxygen consumption, initial

moisture and total sugar content) relate to potential substrate biodegradability.



The second results block of the thesis corresponds to fungal conidia production
strategies and scale-up of the SSF process in PBB up to 22 L. In Chapter 6, sequential
batch reactor (SBR) was tested as a strategy to produce fungal conidia in PBB using both
BB and TH. Process scale-up is presented with two substrates: rice husk (as a way to
overcome SSF scale-up drawbacks due to its naturally high AFPr) and beer draff
complemented with wood chips. SBR strategy was not successful using rice husk, neither
with BB nor with TH, due to the presence of non-inoculated Aspergillus niger (AN) in
the substrate, capable of withstanding autoclaving. When using beer draff, single batch
strategy was still the preferred approach for BB conidia production. However, successful
SBR was conducted using TH in a 22 L PBB, obtaining 5 consecutive batches presenting
sustained conidia production at values close to 2.0x10° conidia g'dm, despite showing
relevant temperature differences between different reactor widths. When using beer draff,
differences in performance observed between 1.5 L and 22 L allowed the definition of a
minimum AFPr value of 80% when working with beer draff or similar agro-industrial
wastes. Both substrates demonstrated uniformity throughout the packed bed, as both
conidia production, moisture and pH at final fermentation time did not present significant
differences within bed height, demonstrating the robustness of the fermentation. In
Chapter 7, selected PBB fermentations are compared with tray bioreactor fermentation,
incorporating chitinase activity measurement as an indicator of the biopesticide activity.
Different behaviour was detected in tray bioreactor depending on the used strain: while
conidia production was dependant on airflow distance but chitinase production was
independent when working with BB, opposite behaviour was observed when working
with TH. When comparing reactor configurations, relevant differences in conidia
production were observed when working with BB, while they were not observed when
working with TH, suggesting higher versatility of the TH strain. No significant
differences in terms of mean temperature were observed between reactors, indicating an
overall correct heat transfer.

Third results block presents product application and biocontrol potential of the
products obtained from 22 L PBBs. For BB, biocontrol potential was tested against the
pest T. molitor, both in larvae and adult stages. BB virulence was not detected against
larvae stage. However, virulence was demonstrated against adult stage, as insect mortality
increased with concentration. Higher virulence was detected with biopesticide obtained
from beer draff fermentations in comparison to rice husk. However, virulence diminished

in comparison to plate samples, indicating the need of a correct process optimization at



all levels (fermentation, purification and formulation) to maintain virulence after
fermentation.

Overall, results presented in this thesis represent a step towards the use of PBB as
an alternative approach to fungal biopesticide production using agro-industrial wastes as

substrates by SSF.



Resum de la tesi.

Aquesta tesi es centra en 1’Us de la fermentacio en estat solid (FES) com a métode
de produccio6 de biopesticides fungics a través de la valoritzacié de residus solids (agro-
industrials) com a substrats. Aquest estudi s’ha desenvolupat en el marc del procés
“Estrategias de optimizaciéon de procesos de obtencion de bioproductos a partir de
residuos organicos mediante fermentacion en estado sélido (BIOPRO, CTM2015-69513-
R)” 1 correspon al primer treball orientat a la producci6 de biopesticides fingics portat a
terme en aquest grup de recerca. Concretament, en aquesta tesi s’han utilitzat dues soques
fungiques que presenten diferents aplicacions en el camp del control biologic, Beauveria
bassiana (BB) i Trichoderma harzianum (TH). Diversos residus agro-industrials s’han
analitzat com a substrat per a les dues soques, sent clofolla d’arros i bagas de cervesa els
més estudiats en aquesta tesi. Gran part de la feina ha estat enfocada a la millora del
reactor de llit empacat (RLE) com a forma d’operacio, ja que €s un dels reactors més
prometedors perd menys explotats en FES fora de 1’escala de laboratori.

El primer bloc de resultats correspon a I’optimitzaci6 (Capitol 4) i a ’avaluacid
de substrats (Capitol 5). Les proves d’optimitzacié amb les dues soques es van realitzar
en RLE FES de 0.5 L utilitzant clofolla d’arrdos com a substrat. Utilitzant BB, es van
trobar els segiients valors optims de produccié de conidis: 65-70% humitat, 5.5x10°
conidis g"'ms concentraci6 d’inocul, 20 mL/min cabal d’aire, 25°C temperatura i 40 ratio
C/N. Utilitzant TH, es van obtenir els mateixos valors per la majoria dels parametres
exceptuant la humitat (55-60%) i el ratio C/N (22-55). L’agitaci6 del material va presentar
efecte negatiu en la produccié de conidis de BB pero va ser positiu per a TH quan es
practicava a les 24 o 48 h després d’inocular. La robustesa del procés de fermentacio es
va demostrar utilitzant grafics de caixa, establint un rang altament probable de produccio6
de conidis valid per BB i TH utilitzant clofolla d’arrds com a substrat (5.0x103-1.3x10°
conidis g''ms). Els resultats de 1’avaluacio de substrats van permetre definir residus agro-
industrials adequats per a la produccio, servint com a base per la seleccié de residus per
a produccio i escalat de la produccio6 de conidis fungics. L’analisi PCA va revelar diferent
parametres rellevant en funcid de la soca utilitzada. Respecte a BB, els parametres
rellevants (pH inicial i porositat) estan relacionats amb una correcta adaptacio al substrat
per assegurar el creixement fungic. Respecte a TH, els parametres rellevants (consum
acumulat d’oxigen, humitat inicial i sucres totals) estan relacionats amb la degradacio

potencial del substrat.



El segon bloc de resultats correspon a estratégies de produccio i escalat fins a 22
L del procés de FES. Al Capitol 6, I’estratégia de batch seqiiencial (SBR) s’analitza com
a estratégia de produccidé de conidis fungics en RLE utilitzant tant BB com TH. Es
presenta 1’escalat del procés amb dos substrats: clofolla d’arrds (com a opcid per evitar
els possible inconvenients habituals de 1’escalat de FES gracies a la seva elevada
porositat) 1 amb bagas de cervesa amb estelles de fusta. L’estratégia de SBR no va ser
exitosa amb aquest substrat degut a la preséncia d’Aspergillus niger (AN) al substrat no
inoculat i1 capag de resistir cicles d’autoclau. Utilitzant bagas de cervesa, I’estratégia de
batch també va ser la preferible en la producci6 de conidis de BB. En canvi, I’estrateégia
de SBR va resultar exitosa utilitzant TH en RLE de 22 L, aconseguint 5 batchs
consecutius mantenint la produccié de conidis a valors proxims a 2.0x10° conidis g''ms,
malgrat obtenir diferéncies significatives de temperatura en [’amplada del reactor. Es van
observar comportaments diferents segons 1’escala utilitzant bagas de cervesa, permetent
definir un valor minim de 80% de porositat en fermentacions de bagas de cervesa o
residus similars. Es va obtenir uniformitat al llarg de la columna empacada amb els dos
substrats, ja que no es van observar diferéncies significatives respecte a I’alcada del
reactor entre la produccid de conidis, la humitat i el pH mesurats al final de la fermentacio,
demostrant la uniformitat i robustesa de la fermentacid. Al Capitol 7, diversos RLE
seleccionades son comparades amb fermentacions en reactor de safates, amb ’afegit de
la mesura de I’activitat quitinasa com a indicador de possible activitat biopesticida. Es
van detectar diferents comportaments en els reactors de safates en funci6é de la soca
utilitzada: utilitzant BB, la producci6 de conidis va resultar ser dependent de la distancia
a I’entrada a 1’aire pero la de quitinases va resultar-ne independent, en canvi, TH va
presentar el comportament oposat. Comparant totes les fermentacions, es van observar
diferéncies rellevants en la producci6 de conidis en els resultats de BB, mentre que no es
van observar en TH, suggerint major versatilitat de la soca de TH. No es van observar
diferéncies significatives entre la temperatura mitjana dels diversos reactors, fet que
indica correcta transferéncia de calor als reactors.

El tercer bloc de resultats correspon a I’aplicaci6 del producte i al potencial de
control biologic dels productes obtinguts en les fermentacions de 22 L en RLE. Per a BB,
el potencial de control bioldgic es va provar contra la plaga 7. molitor, tant en fase larval
com adulta. No es va detectar viruléncia de BB contra la fase larval. Per contra, es va
demostrar viruléncia contra la fase adulta, ja que la mortalitat va augmentar amb la

concentracio. Es va detectar viruléncia més elevada en el biopesticida obtingut a partir de



bagas de cervesa en comparacid6 amb clofolla d’arrds. Malgrat tot, la viruléncia va
disminuir en comparacié amb les mostres en placa, senyalant la necessitat d’optimitzacid
del procés en bloc (fermentacio, purificacio i formulacid ) per mantenir la viruléncia
després de la fermentacio.

En general, els resultats presentats en aquesta tesi serveixen com un pas endavant
en I’is de RLE com a alternativa per a la producci6 de biopesticides fungics mitjangant

FES utilitzant residus agro-industrials com a substrats.



Resumen de la tesis.

Esta tesis esta centrada en el uso de la fermentacion en estado solido (FES) como
método de produccion de biopesticidas fungicos mediante la valorizacion de residuos
solidos (agro-industriales) como sustratos. Este estudio se ha ejecutado en el marco del
proceso “Estrategias de optimizacioén de procesos de obtencidon de bioproductos a partir
de residuos orgédnicos mediante fermentacién en estado sélido (BIOPRO, CTM2015-
69513-R)” y corresponde al primer trabajo orientado a la produccion de biopesticidas
fungicos de este grupo de investigacion. Concretamente, en esta tesis se han utilizado dos
cepas fungicas que presentan diferentes aplicaciones en el campo del control biologico,
Beauveria bassiana (BB) y Trichoderma harzianum (TH). Varios residuos agro-
industriales se han analizado como sustrato para las dos cepas, con la cdscara de arroz y
el bagazo de cerveza como los dos mas estudiados en esta tesis. Gran parte del trabajo ha
sido enfocado a la mejora del reactor de lecho empacado (RLE) como modo de operacion,
por ser uno de los reactores mas prometedores peré menos explotados en FES fuera de la
escala de laboratorio.

El primer bloque de resultados corresponde a la optimizacion (Capitulo 4) y a la
evaluacion de sustratos (Capitulo 5). Las pruebas de optimizacion con las dos cepas se
realizaron en RLE FES de 0.5 L con cascara de arroz como sustrato. Con BB, se
obtuvieros los siguientes valores ptimos de produccion de conidios: 65-70% humedad,
5.5x10% conidios g'ms concentracion de indculo, 20 mL/min caudal de aire, 25°C
temperatura y 40 ratio C/N. Con TH se obtuvieros los mismos valores para la mayoria de
los parametros, excepto para la humedad (55-60%) y la ratio C/N (22-55). La agitacion
del material present6 efecto negatico en la produccion de conidios de BB per6 fue positivo
para TH cuando se practico a las 24 o0 48 h después de inocular. La robustez del proceso
de fermentacion se demostrd con graficas de caja, estableciendo un rango altamente
probable de produccion de conidios valido para BB y TH usando céscara de arr¢oz como
sustrato (5.0x10%-1.3x10° conidis g''ms). Los resultados de la evaluacion de sustratos
permitieron definir residuos agro-industriales adecuados para la produccion, sirviendo
como base para la seleccion de residuos para produccion y escalado de la produccion de
conidios fingicos. El analisis PCA reveld diferentes pardmetros relevantes en funcion de
la cepa usada. Respecto a BB, los parametros relevantes (pH inicial y porosidad) estan
relacionados con la correctada adaptacion al sustrato para asegurar el crecimiento

fangico. Respecto a TH, los parametros relevantes (conusmo acumulado de oxigeno,



humedad inicial y azucares totales) estan relacionades con la degradacion potencial del
sustrato.

El segundo bloque de resultados corresponde a estratégia de produccion y
escalado hasta 22 L del proceso de FES. En el Capitulo 6, la estratégia de batch sequencial
(SBR) se analiza como estratégia de produccion de conidios fungicos en RLE utilizando
tanto BB como TH. Se presenta el escalado del proceso con dos sustratos: céscara de
arr¢oz (como opcidn para evitar posibles inconveninetes habituales de la FES gracias a
su elevada porosidad) y bagazo de cerveza con astillas de madera. La estratégia de SBR
no tuvo éxito con la cascara debido a la presencia de Aspergillus niger (AN) en el sustrato
no inoculado y capaz de resistir ciclos de autoclave. Con bagazo de cerveza, la estratégia
de batch fue preferible en la produccion de conidios de BB. Sin embargo, la estratégia de
SBR result6 exitosa usando TH en RLE de 22 L, consiguiendo 5 batchs consecutivos
manteniendo la produccion de conidios en valores proximos a 2.0x10° conidios g''ms, a
pesar de lasdiferencias de temperatura observadasr en la anchura del reactor. Se
observaron diferentes patrones seglin la escala usando bagazo de cerveza, permitiendo
definir un valor minimo de 80% de porosidad en fermentaciones de bagazo de cerveza o
residuos similares. Se obtuvo uniformidad en la altura de la columna empacada con los
dos sustratos, puesto que no se observaron diferencia significarivas respecto a la altura
del reactor entre la produccion de conidios, la humedad y el pH medidos al final de la
fermentacion, demonstrando la uniformidad y la rebustez de la fermentacion. El el
Capitulo 7, varios RLE seleccionados son comparados con fermentaciones en reactor de
bandejas, con el anadido de la medida de la actividad quitinasa como indicador de posible
actividad biopesticida. Se detectaron diferentes patrones en los reactores de bandejas en
funcién de la cepa usada: con BB, la produccion de conidios resulto ser dependiente de
la distancia de entrada del aire per6 la de quitinasas resultd independiente, en
comparacion, TH presentd el comportamiento opuesto. Comparando todas las
fermentaciones, se observaron diferencias relevantes en la produccion de conidios en los
resutlados de BB, aunque no se observaron en TH, sugeriendo mayor versatilidad de la
cepa de TH. No se observaron diferencias significativas entre la temperatura media de los
reactores, hecho que indica correcta transferencia de calor en los reactores.

El tercer bloque de resultados corresponde a la aplicacion del producto y al
potencial de control bioldgico de los productos obtenidos en las fermentaciones de 22 L
en RLE. Para BB, el potencial de control biologico se teste6 contra la plaga 7. molitor,

en ambas fases larvaria y adulta. No se detectd virulencia de BB contra la fase larvaria.



Sin embargo, se demosr6 virulencia contra la fase adulta, puesto que la mortalidad
augmentd con la concentracion. Se detectd virulencia mas elevada en biopesticida
obtenido usando bagazo de cerveza en comparacion con céscara de arroz. A pesar de todo,
la virulencia fue menor en comparacion con las muestras en placa, sefialando la necesidad
de la optimizacion del proceso en bloque (fermentacidn, separacion y formulacion) para
mantener la virulencia después de la fermentacion.

En general, los resultados presentados en esta tesis sirven como un paso adelante
en el uso de RLE como alternativa para la produccion de biopesticidas fingicos mediante

FES usando residuos agro-industriales como sustratos.
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Introduction

1.1. Pest control: from chemical pesticides to biopesticides

Insect pests have always represented a major threat to crops all over the world.
The coexistence of insects and plants has often adversely affected agriculture, rising the
need to develop products for crop protection. For a long time, chemical pesticides were
thought to be the best option against pests, as they significantly raised crop yields since
the very beginning of their use (Stenersen, 2004). However, their drawbacks soon began
to arose, as they pose a serious threat both to human health (due to their toxicity and
mutagenic capabilities) and to the environment (as they are toxic not only for insect pests
and weeds but also for the rest of non-targeted organisms, including both animals and
plants (crops), spreading contamination through soil, air and water while conferring
resistances against them to insects due to their mutagenic properties) (Bolognesi, 2003;
Thakore, 2006; Sharma et al., 2014). All these problems support an urgent need to shift
away from this tendency to obtain healthier crops while also protecting both environment
and human health. This change is in turn supported by Integrated Pest Management (IPM)
and backed up with increasing difficulties in discovering new synthetic pesticides (Pretty
and Bharucha, 2015; Mascarin and Jaronski, 2016).

One of the proposed paths within IPM relies on applying biopesticides instead of
chemical pesticides. Biopesticides involve the use of biological insecticides, mainly
obtained by microbial fermentation, which represent a solid alternative to chemicals due
to their harmless nature both to humans and to the environment and to the fact that they
have not been shown to cause resistance when applied to insect pests (Allen and Levy,
2013; Smalling et al., 2013; Lai and Su, 2011). In 2017, the worldwide crop protection
market was valued around 56.7 billion U.S. dollars, showing an increasing tendency from
2008 to 2018 with maximum values reached in the last years around 50-57 billion U.S.
dollars, as presented in Statista (2021). As shown in Figure 1.1., total pesticides (including
biopesticides) use was superior to 4.1 million tonnes worldwide by 2018 (from which
nearly 1.4 million tonnes corresponded to China, almost 407k tonnes corresponded to the
U.S. and 222k tonnes corresponded to Brazil on average), as presented by the Food and
Agricultural Organization (FAO). In 2019, 5.2-8.2% of crops pesticides market was
occupied by biopesticides (nearly 4 billion U.S. dollars), their growth is projected to
outpace that of chemical pesticides, with variable growth per year between 10-20%

(Marrone, 2019). Forecasts expect the biopesticides sector to grow worldwide from 4.3
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to 8.4 billion USD in the 2020-2025 period at a Compound Annual Growth Rate of 14.7%
from 2020 to 2025 (Markets and Markets, 2020).
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Figure 1.1. Total pesticides use evolution from 1990 to 2018. Obtained from FAO
database in April 2021.

Global biopesticide products market based on the types of microbes used is shown
in Figure 1.2. Bacterial products occupied 60% of the total biopesticide worldwide market
as of 2015. Among them, Bacillus thuringiensis (BT) is the most used of all biopesticide
products, since biopesticides derived from this microorganism can decompose quickly
enough to be harmless against soil and water (Abubaker et al., 2015) while being highly
specific towards the most common insect pests such as Lepidoptera, Coleoptera and
Diptera (Mnif and Ghribi, 2015). Nevertheless, as shown in Figure 1.2., fungal
bioproducts have also attracted global market’s attention, having reached more than 25%
of the total biopesticide worldwide market as of 2015, and have earned their place mostly
due to their broader spectrum as well as to their production yields when compared to

bacterial bioproducts (Copping and Menn, 2000).
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Figure 1.2. Global biopesticide market based on the types of microbes used. Data from

Mishra et al. (2015).

1.2. Fungal biopesticides

Fungal biopesticides represent a solid alternative both to chemical pesticides and
to BT based biopesticides. Fungi have evolved towards a parasitic lifestyle, becoming
capable of infecting more than 1000 host species, which highlights their relevance in pest
control, being crucial in the deaths of most insects and arachnids (Humber, 2008;
Boomsma et al., 2014). As shown in Figure 1.3., research on fungal biopesticides has not
stopped growing for the last 30 years, particularly since the 2000’s, with more than 420
research documents published in 2020, according to Scopus. Among the large diversity
of fungal biopesticides, two major groups must be distinguished due to their superior
biocontrol capabilities, being entomopathogenic fungi (mainly represented by the genera

Beauveria) and antagonistic fungi (mainly represented by the genera Trichoderma).
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Figure 1.3. Fungal biopesticides research evolution from 1981 to 2020. Obtained from
Scopus in April 2021.
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1.2.1. Entomopathogenic fungi: Beauveria spp.

Entomopathogenic fungi are defined as fungi that can act as parasite of insects,
killing or seriously disabling them. The majority of the fungal entomopathogens present
an infective route based on contact with the insects’ cuticle rather than based on ingestion,
which is the most common for bacteria, viruses and other infective agents, effectively
functioning as direct contact pathogens (Mascarin and Jaronski, 2016). Its infection cycle
is schematized in Figure 1.4. After dispersion by wind, rain or insect vectors, asexual
spores (namely conidia) attach to insect cuticle and germinate, forming a germ tube. The
growing hyphae can breach the cuticle and penetrate the hemolymph, a nutrient-rich
environment. Once there, the fungus undergoes a morphogenetic differentiation, going
from filamentous growth to single-celled blastospores, which colonize internal tissues
and evade the host immune system while also secreting toxic metabolites to support the
colonization, culminating in the host’s death. When that occurs, conidiophores emerge
from the host’s dead body after a few days, producing newly infective conidia
(sporulation) to continue the pathogen’s life cycle. (Mascarin and Jaronski, 2016). An
extensive list of fungal genera which possess entomopathogenic properties was reviewed

by Evans et al. (1997), from which the most relevant is Beauveria spp.
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Figure 1.4. Schematic representation of the basic infection cycle in Beauveria bassiana.

Adapted from Mascarin and Jaronski (2016).
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The genera Beauveria is one of the most extensively studied entomopathogenic
fungi around the world, with thousands of isolates documented (Rehner et al., 2011). It is
pathogenic to more than 700 species of hosts, including various species in Acari and
Insecta (Inglis et al., 2001; Zimmerman, 2007). Some fungal strains in the genus also
present endophyte capabilities, being able to live inside several plants without harming
them and allowing the colonisation of insects if they are susceptible to the fungal spores
(Behie et al., 2012; Meyling and Eilenberg, 2007). Scopus search conducted in April
(2021) retrieved almost 5300 documents related to the genus, almost 93% of which are
research articles. The first one was published in 1912, with a growing tendency from the
1960s and especially from the 1990s to the present, with more than 300 documents (even
surpassing 400 in 2020) published in each of the last three years. Beauveria spp. products
are commercialized all over the world. Extensive lists of Beauveria spp. worldwide
products, and particularly about Beauveria bassiana (BB), were reviewed by Faria and

Wright (2007) and Mascarin and Jaronski (2016).

1.2.2. Antagonistic fungi: Trichoderma spp.

Antagonistic fungi are defined as fungi which affect or supress the normal activity
of a plant pathogen, effectively serving as BCAs. Consequently, most antagonistic fungi
are in symbiosis with the plant in which they live, triggering responses to benefit both
fungi and plant (Verma et al., 2007; Martinez-Medina et al., 2019). Among all
antagonistic fungi, the genera Trichoderma spp. have gained wide acceptance as effective
BCA.

Trichoderma spp. are widely known for their antagonistic activity against several
soil phytopathogens, involving both fungi, bacteria and invertebrates, however, its effect
against non-fungal species is much more occasional (Verma et al., 2007). Srivastava et
al. (2016) summarised all of 7Trichoderma spp. biological control mechanisms, which are:
(1) induced systemic resistances against plant pathogens, (ii) fungistasis (resistance to
solid compounds which inhibit fungal growth), (iii) production of cell wall degrading
enzymes (some of which are key in lysis of cell wall of pathogenic fungi), (iv)
competition with other fungi (7richoderma spp. can rapidly colonize the roots and benefit
from its nutrients), (v) mycoparasitism of other fungi and (vi) production of secondary
metabolites (mainly enzymes, which has been widely exploded at industrial level to

obtain several enzymes like cellulases, hemicellulases or proteases among others)
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(Schuster and Schmoll, 2010; Verma et al., 2007). Processes of mycoparasitism,
competition and metabolites production after mycelial growth around the rhyzosphere are
well documented and exemplified in Figure 1.5. Notably, its use has been greatly
successful against soil-borne diseases for which no resistant sources have been identified

in plants (Sharma et al., 2014).

a)
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Plant growth hormones // \
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Figure 1.5. Principal antagonistic activities presented by Trichoderma spp:
mycoparasitism (a), competition (b) and mycelial growth around plant rhizosphere

coupled with metabolites production (c). Adapted from Verma et al. (2007).

Although their endophytic capabilities have not been studied in depth as those of
Beauveria spp., some works have already presented 7richoderma spp. as an endophyte,
such as Glare et al. (2012). A Scopus search performed in April 2021 retrieved more than
18500 documents related to the genus, more than 90% of which are research articles. The
first one was published in 1897, showing a growing tendency as the one showed by
Beauveria spp., albeit having higher absolute number of publications, with higher growth
observed specially from the 2000s to the present, with more than 1250 documents
published in 2020. As presented by Verma et al. (2007), Trichoderma spp. based BCAs
are available in the market, even though a vast majority of them are promoted as soil
enhancers or growth promoters. Among all Trichoderma species, when regarding BCA
capabilities, Trichoderma harzianum (TH) is considered as the most effective (Gao et al.,

2002).
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1.3. Fungal biopesticides production by solid-state fermentation

1.3.1. Solid-state fermentation and submerged fermentation comparison for
fungal biopesticide production

Propagules are the infective agent of fungal BCAs. Mass-scale production of
commercial BCAs has been successfully achieved both from submerged fermentation
(SmF) and solid-state fermentation (SSF) approaches, with different product
characteristics depending on the used system (Pham et al., 2010., Mascarin and Jaronski,
2016). The growth of filamentous fungi occurs naturally on culture media surfaces. In
unstirred liquid media, a layer of mycelium appears with spores, whereas mycelia or
pellets are produced with agitation, making spore formation highly difficult and causing
dispersion. In solid cultures, mycelium growth is carried out on the solid surface, but also
in the cavities with free spaces, homogeneously colonizing the media. Spore yields
decrease with excess water since the cavities are occupied by water and are thus
unavailable for fungal growth (De la Cruz Quiroz et al., 2015). Process optimization
focuses on improving both conidia production and quality in terms of activity
conservation. Both are essential for the supply of biopesticides based on
entomopathogenic fungi, which in turn are affected by many other variables (Muiiiz-
Paredes et al., 2017).

Three types of propagules can be produced by entomopathogenic fungi, including
spores, mycelium, and chlamydospores, each of them possessing their own characteristics
in terms of production, stability and biocontrol activity. Most of the produced BCAs use
spores as active ingredient due to difficulties in downstream processing of mycelia and
chlamydospores, even though mycelia biocontrol activity is also excellent and
chlamydospores present better stability than mycelia (Verma et al., 2007). Regarding
spore production, aerial spores (namely conidia) produced by SSF and submerged spores
(namely blastospores or submerged conidia) produced by SmF should be distinguished.
The differences between aerial conidia and blastospores/submerged conidia are shown in
Table 1.1. The morphological, functional, and biochemical differences displayed by aerial
conidia in contrast to blastopores and submerged conidia enable them to persist longer in
harsh environmental conditions (Holker et al., 2004; Lopez-Perez et al., 2015), effectively
promoting aerial conidia as the preferred propagules for fungal biopesticide production.
Differences in thermotolerance between conidia in different entomopathogenic fungal

species have also been presented (Souza et al., 2014). Most BCAs are produced by species
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that present conidia with a hydrophobic surface, which are more thermotolerant than the

hydrophilic ones, and thus are more prone to resist environmental conditions when used

as biopesticides.

Table 1.1. Main differences between propagules produced by fungal entomopathogens.

Aerial conidia

Blastospores/
Reference
submerged conidia

Production mode

SSF

SmF

Insects living in

Insects living in the

high humidity ' )
Infectivity low humidity Mascarin and Jaronski,
boundary of the
environment (20106)
phylloplane
Slower infection Faster infection and
Germination o
and germination germination
Propagule-host Schrank and Vainstein,
Generally shared Generally not shared
environment (2010)
Viability Longer Shorter
Thinner, thicker Larger, thinner outer
Morphology

outer wall

walls, not clustered

Uv-resistance

Higher resistance

: Muiioz et al. (1995)
Lower resistance

Cytoplasm

Few organelles

Many cytoplasmic

organelles

Bundles of fascicles

Presence

Absence
Holder et al. (2007)

Virulence Higher virulence Lower virulence
] Faria and Wraight, (2007)
Higher resistance Lower resistance to )
Resistance Muiiiz-Paredes et al.
to abiotic factors abiotic factors
(2017)
Hydrophilic nature,
Highly
_ particularly its surface.
hydrophobic
Binding to
nature. ) Muiioz et al. (1995)
Hydrophobicity o hydrophobic surfaces.
Binding to ) Holder et al. (2007)
. Properties sometimes
hydrophilic .
between hydrophilic
surfaces .
and hydrophobic
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SSF is the most used method to produce fungal infective propagules (De la Cruz
Quiroz et al., 2015; Mascarin and Jaronski, 2016). As opposed to SmF, SSF is defined as
a process that occurs in the absence or near absence of free water, generally using a natural
substrate as a carbon and energy source. The substrate must possess enough moisture to
support both growth and metabolic activity of the microorganism (Thomas et al., 2013).
The intrinsically low moisture levels typical of solid cultures represent the main
difference between SSF and SmF (Manpreet et al., 2005). The most relevant advantages
and disadvantages of SSF in comparison with SmF according to different authors
(Pandey, 2003; Botella et al., 2005; Couto and Sanroman, 2006; Holker et al., 2004;
Thomas et al., 2013) are presented in Table 1.2.

Table 1.2. Advantages and disadvantages of SSF in comparison to SmF.

SSF advantages SSF disadvantages
. Difficulties on homogenizing the
. Reduced costs due to low water medium, causing temperature and composition
needs, implying low residual water gradients, among others.
treatment. . Metabolic heat exchange usually presents
. Better yields and lower capital an important problem, especially when working

investment due to the generalized use of

at large scale, complicating temperature control.

agro-industrial residues as substrates. . Scale-up difficulties.

. Lack of foams. . Substrate nature difficults measurements
. Softer or null agitation. and monitoring of operational parameters (pH,
o Better aeration due to the porosity temperature, moisture, substrate and product

given by the bulking agent, ensuring high

concentrations and nutrient conditions).

oxygen transfer to the microorganisms. . Fermentation time is higher due to the
general use of microorganisms with low specific

growth rate.

1.3.2. Variety of substrates used for fungal SSF

Substrate selection is one of the most important steps to go through when starting
a fungal SSF process. A wide variety of substrates used for SSF fungal conidia production
are shown in Table 1.3. Substrate selection depends on several factors, mainly cost and
availability. All solid substrates have features in common, primarily their macromolecular
structure, which is normally composed of cellulose, lignocellulose, pectin or other

polysaccharides. The natural material serves both as nutrient source and as support for
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fungal growth. However, solid media is degraded during fungal growth, causing changes
in its physical and geometrical features which might cause changes in heat and mass

transfer (Pandey et al., 2008; De la Cruz Quiroz et al., 2015).

Table 1.3. Substrates used for fungal conidia production with various entomopathogenic

fungi.
Fungal strain Solid substrate/support Reference
Refused potatoes and sugar-cane bagasse
Santa et al. (2005)
(60%-40%)
Rice husk, wheat bran, pigeon pea husk, urad
husk, pongamia seed cake, jatropha seed Mishra et al. (2016)
cake and tea leaf waste
Wheat bran and rice bran Dhar et al. (2016)
Rice, crushed sorghum, wheat bran and rice
Dhar (2011)
Beauveria bassiana bran
Parboiled rice Tarocco et al. (2005)
Rice and crushed sorghum Dhar (2011)
Nufiez-Gaona et al.
Wheat bran
(2010)
. Ye et al. (2006)
Rice
Xie et al. (2012)
White rice Pham et al. (2010)
Beauveria
Metarhizium Mar and Lumyong
Rice, wheat, rye, corn and sorghum
Isaria (2012)
Paecilomices
Zhang and Yang
Straw and wheat bran (33.3%-66.6%)
Trichoderma (2015)
harzianum Different combinations of wheat straw, Mishra and Sundari
wheat bran and wheat grain (2017)
Trichoderma
Polyurethane foam and rice husk Barrera et al. (2019)
asperellum
Trichoderma Stevia residue, rice bran, wheat bran, rice Hong-jun et al.
ghuizhouense chaff, rice straw (2021)
Various Trichoderma Cavalcante et al.
) Wheat bran and corn
strains (2008)
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Table 1.3. (cont). Substrates used for fungal conidia production with various

entomopathogenic fungi.

Fungal strain Solid substrate/support Reference
Trichoderma
Aspergillus Grape wine residue Jin et al. (2016)
Rhizopus
Trichoderma viride Omwango et al.
Pineapple waste
and Aspergillus niger (2013)
. Bhanu Prakash et al.
Rice
(2008)
Metarhizium
Broken maize Moslim et al. (2005)
anisopliae
) Da Cunha et al.
Rice and sugarcane bagasse (9:1)
(2020)
Metarhizium Méndez-Gonzalez et
First quality rice grains
robertsii al. (2020)
Clonostachys rosea Wheat bran and maize meal Zhang et al. (2014)
Conithyrium
Wheat bran Liu et al. (2018)
minitans

Several studies have focused on substrate optimisation, most of them using BB as
BCA. In many of these works, the optimal chosen substrate turns out being a combination
of various substrates, particularly when using agro-industrial wastes due to their
synergistic effects. Most solid substrates must undergo some sort of pre-treatment prior
to the SSF process (Raimbault, 1998; De la Cruz Quiroz et al. 2015).

Typically, fungal SSF substrates can be divided into two main categories: crops
and agro-industrial wastes. Crops were the first used substrates to perform fungal SSF
bioprocesses, and among them rice has been recognised by many authors as an optimal
substrate (Jenkins et al., (1998); Posada-Florez, (2008); Lopez-Perez et al., (2015) and
Muiiiz-Paredes et al., (2017)). Other crops such as cereal gains are also commonly used
for mass production of aerial conidia, as stated by Moslim et al. (2005) and Jaronski
(2014). However, using crops as substrates presents major drawbacks, as they represent
a reduction in the quantity of available food in a world in which food scarcity has arisen
as an enormous problem. This major issue is overcome with the use of agro-industrial
residues as SSF substrates, which can provide sufficient nutrients for fungal growth while

also serving as support (De la Cruz Quiroz et al., 2015). It must be pointed out that by
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promoting the use of waste and waste mixtures as substrates, the obtained products
present an added value due to residue valorisation, a mostly relevant assumption in the
actual frame of a circular economy (Ballardo et al. 2017).

Agro-industrial wastes have gained importance during recent years for conidia
sporulation due to a considerable reduction in production cost (Lopez-Perez et al. 2015),
although their real potential as substrates is yet to be harnessed (Balasubramanian and
Tyagi, 2017). As shown in Table 1.3, a wide variety of residual wastes has been used,
most of them being low-cost residues or poorly used by-products, so their use contributes
to reduce environmental pollution. Nevertheless, physical and chemical characterization
of agro-industrial wastes is sometimes complex due to their heterogeneity. Nutrient
content and availability in grains and forages have different sources of variation. Plant
variety and geographical origins are considered the most relevant, causing difficulties in
maintaining consistency between batches (Lopez-Perez et al. 2015).

Among agro-industrial wastes, a relevant volume is composed of cellulosic
materials, which might be better suited for SSF due to their high water absorption capacity
in comparison to that of starchy materials (Santa et al. 2005). Many fungal strains are able
to hydrolyse cellulose and lignocellulose using enzymes (Novy et al. 2015; Sanchez,
2009). De la Cruz Quiroz et al. (2015) stated that starchy and lignocellulose materials are
the most used substrates in fungal SSF processes. Nevertheless, lignocellulosic wastes
are mostly used for enzyme and bioethanol production rather than for germinating conidia

(Kelbert et al. 2015; Cheirsilp and Kitcha, 2015).

1.3.3. Fungal SSF reactor design

Typical SSF reactor designs can be found in Figures 1.6. and 1.7. (Krishania et
al., 2018; Méndez-Gonzalez et al., 2018; Méndez-Gonzalez et al, 2017; Xie et al, 2012;
Pham et al. 2010). Comparison between different types of reactors is always complicated
since achieving similar conditions is difficult, resulting in conflicting experimental data.
This highlights the noteworthy relevance of reactor design and engineering in
entomopathogenic fungi SSF, even though comparisons of conidial yields between
different reactor designs are very scarce (Muiiz-Paredes et al. 2017). Reactors used in

different works (when described) are listed in Table 1.4.
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Figure 1.6. Schematic representation of typical reactor designs in fungal SSF:

Packed bed

a) polypropylene bags, b) packed bed reactor and c) tray reactors.

Polypropylene bags have traditionally been preferred for commercial-scale
production (Couto and Sanromén, 2006). However, tray bioreactors are currently used in
most industrial processes (Nigam and Pandey, 2009., Krishania et al., 2018., Mascarin et
al., 2019), even though they require far more space than their predecessors. Their
simplicity, low cost, ease of operation and superior parameter control have made them
preferable over polypropylene bags (Thomas et al. 2013, Krishania et al., 2018). Bed
thickness is a crucial limitation for increasing productivity in tray bioreactors, as
acknowledged by Xie et al. (2012) (increasing substrate thickness yielded worst conidia
production). Relevant differences in substrate bed thickness have been reported by some
authors. Jou and Lo (2011) reported an optimal bed thickness for fungal growth and
activity in trays at 28°C and 95% relative humidity of 1.0 cm, which maintained constant
air temperature in static tray bioreactor. Krishania et al. (2018) pointed that substrate

thickness might be of 5 to 15 cm per tray.
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The type of reactor used determines aeration conditions. Traditional
polypropylene bags and flasks are systems with no forced aeration, resulting in limited
gas exchange and limited heat transfer, and are solely used if natural gaseous exchange
with the environment is sufficient (Lopez-Perez et al. 2015). In comparison, both column
and tray bioreactors air inlets allow gaseous exchange both for O, and CO, as well as
heat and volatile compound removal. Column reactors might be also presented as rotatory
drums, providing better aeration and limited damage to the inoculum or product at the
cost of only using 30% reactor volume as operating volume (Couto and Sanroman, 2006).
In both trays and columns, mass and heat transfer limitations present a serious drawback
when scaling, causing gradients within the substrate bed and diminishing total
productivity (Pandey et al., 2008; Krishania et al., 2018).

Many works have used different reactor configurations at lab scale, even though
the best results from scaling up have still been achieved using the tray configuration
(Thomas et al. 2013). However, the development of packed bed bioreactors (PBBs) has
gained relevance in the last years since they are much easy to handle and less labour
intensive in comparison to trays (Krishania et al., 2018). Méndez-Gonzélez et al. (2020)
compared the three configurations using Metarhizium robertsii at lab scale, obtaining
highest conidia production and productivity with PBB. Despite its advantages, recent
efforts and achievements, to the author’s knowledge, no industrial conidia production has
been successful with PBBs, which highlights the need of more research on this reactor
design to use them to produce fungal conidia by SSF (Méndez-Gonzalez et al., 2018, da
Cunha et al., 2020).

1.3.4. Culture conditions in fungal SSF

To properly run a SSF process, it is necessary to consider a wide range of
parameters, which are summarized in Figure 1.7. However, scarcity of information
relating to the optimization of several parameters is still common, which highlights the
need to research on them for every fungal SSF fermentation. The final aim in any
optimization process should be obtaining the maximum conidial yield while ensuring
high conidial virulence (Garza-Lopez et al. 2012; Rodriguez-Gomez et al. 2009). Also,
ensuring the lowest cost, particularly during downstream processing, requires the use of
post-harvesting strategies such as formulation and drying processes (Mascarin and

Jaronski, 2016).
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Figure 1.7. BCA production summary: microorganisms, reactors and culture conditions.

After an extensive literature review which is summarized in Table 1.4, parameters

affecting conidia SSF production have been classified in two groups depending on its

relevance on the production process: major parameters (temperature, moisture, aeration

rate, inoculum size/concentration and porosity/particle size) and minor parameters (pH,

C/N ratio, nutrient supplementation and inoculum age) (Krishna, 2005; Hallsworth and

Magan, 1996; Pandey et al., 2008, De la Cruz Quiroz et al., 2015; Muiiz-Paredes et al.,

2017; Méndez-Gonzalez et al., 2020).
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Table 1.4. Summary of SSF conidia production with its main parameters.

Aeration Inoculum size/ Conidia
Area (cm?) Substrate
Type of rate (mL  Temp concentration C/N  Nutrient production
Fungal strain  or volume moisture pH Reference
(mL) reactor %) min!) or °O) (% v:vand/or ratio addition (conidia
m (]
%02 spores mL™) gldm)
2400 cm? Tray Max achieved
) 40 ) 25 ©) 10% ) No Xie et al. (2013)
per tray bioreactor 3.94x10°
Yang et al.
63.61 cm>  Petri dishes 50 No 25 “) 10% No Yes 6.23x10° @
(2010) @
Erlenmeyer 25— 7.6x10° — Mishra et al.
500 mL 40 - 67 No 28 ©) 1x10® Yes
flasks 22.67 1.8x10° (2016)
Beauveria
Serological Garza-Lopez et
bassiana 75 mL 40 16% ® 28 - 1x10° ) No 1.51x10° @
bottles al. (2012)
Serological Nuiez-Gaona et
75 mL 66 ® No 28 ©) 5x107® © ) No ® 1.18x101°
bottles al. (2010)
Erlenmeyer
250 mL 75 ® No 3.5x10° @
flasks Santa et al.
26 6.0 1x107 ) No
Column (2005)
1000 mL ) 65 ® 60 ® 9.9x10°@
bioreactor
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Table 1.4. (cont) Summary of SSF conidia production with its main parameters.

Introduction

Aeration Inoculum size/ Conidia
Area (cm?) Substrate
Type of rate (mL  Temp concentration C/N  Nutrient production
Fungal strain  or volume moisture pH Reference
reactor min!) or °O) (% v:vand/or ratio addition (conidia g’
(mL or L)) (%)
%02 spores mL™) !dm)
7.0 Dhar et al.
Not stated  Petri dishes 0 Not stated 25 ® 1x10° 5:1 Yes ® 2.66x107 @
® (2016)
6.0 Tarocco et al.
250 mL Flasks 20-50 ® No 26 ) ) No 2.6x10° @
(b) (2005) (@
Not stated
Tray
Beauveria (20 m? . 38 No 25 ) ) ) No 1.7 x101 @ Ye et al. (2006)
bioreactor
bassiana room)
Non
. 10%, Pham et al.
Not stated specified 40 ® No 25® () ®) No 0.0405 ©
) 1x107 ® (2010)
container
1500- Lara-Juache et
1300 mL Biofilm ©) 30 6.0 ©) ) Yes 1.23x10°®
2500 al. (2021)
Trichoderma 6.0 ) Nitrogen Zhang and
Not stated Bottles 75 ® No 30® 1x107 ®® ) 1.49x1010 @ ®
harzianum ® ® Yang, (2015)
97.5 or
16 L total Tray
Trichoderma . 76.9 (for  420-1130  23-28 18.1 Barrera et al.
Tray area  bioreactor/ ()  1x10%-1x10°® Yes 2.57x107 @@
asperellum each ® ® ® (2019)
not stated fixed bed
substrate)
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Table 1.4. (cont) Summary of SSF conidia production with its main parameters.

Inoculum
Aeration Conidia
Area (cm?) Substrate size/
Type of rate (mL Temp C/N  Nutrient production
Fungal strain or volume moisture pH concentration Reference
reactor min!) or (°C) ratio addition (conidia
(mL) (%) (% v:v and/or
%02 g‘ldm)
spores mL™)
28.30x108@
Trichoderma
Erlenmeyer (TH) Cavalcante et al.
harzianum / 250 mL 33-73 No 30 -) 1x10° “) No
flasks 24.10x108@ (2008)
viride
(T.viride)
2924 ¢m?
Trichoderma Tray Jou and Lo,
per tray (2- . 50 2,50 28 0 ) ) No 1x1010®
virens 3 bioreactor (2011)
Trichoderma
viride Achieved but Omwango et al.
500 mL Beakers -) -) ) -) 2% ) No
Aspergillus not stated (2013)
niger
Trichoderma Sterilised
Not stated 50 No 25 “) 20 ® ) Yes Not stated Chu et al. (2017)
pseudokoningii bags
Trichoderma Daryaei et al.
63.61 cm>  Petri dishes No No 250 () 2x10° ) No 1.51x10°@®
atroviride (2016)
Trichoderma Amino Hong-jun et al.
Not stated ~ Not stated 50-70 No 28 3.0 1x108™ ) . 7x10° @™
guizhouense acids (2021)
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Table 1.4. (cont). Summary of SSF conidia production with its main parameters.

Introduction

Inoculum
Area Aeration Conidia
Substrate size/
(cm?) or Type of rate (mL Temp C/N  Nutrient production
Fungal strain moisture pH  concentration Reference
volume reactor min!) or (°O) ratio addition (conidia
(%) (% v:v and/or
(mL) %02 gldm)
spores mL™)
Trichoderma
Erlenmeyer Achieved but ]
Aspergillus 250 mL 65 No 30 ) 1x107 ) Yes ® Jin et al. (2016)
flasks not stated
Rhizopus
6.76. 5.3x10!°
Polypropylene 223 - Yeast Bhanu Prakash et
Not stated No 26 0-7.1 1x10° ) 4.7x10'° ,
bags 75.68 ® extract ® al. (2008) ¥
® 4.5x10"0@
Column Arzumanov et al.
Not stated 57-58®  0-180® 25 ) 1x107 ) ) 7x10°@
bioreactors (2005)
Column Dorta and Arcas,
Not stated ] 47 0.34 @ 27 ) 1x10° ) No 2.8x1011©@
Metarhizium bioreactors (1998)
anisopliae Polypropylene Moslim et al.
Not stated ) No 28 ) Not stated ) No 0.042 ©
bags (2005) ©
6 units of
Column 28.2 — 4.02x10°
100 cm? or 1000 or da Cunha et al.
bioreactor, 48 29.8 ) 1x107© ) No Max average
400 cm? 12000 ) (2020)
packed bed ® achieved
each
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Table 1.4. (cont). Summary of SSF conidia production with its main parameters.

Aeration Inoculum size/ Conidia
Area (cm?) Substrate
Type of rate (mL Temp concentration C/N  Nutrient  production
Fungal strain or volume moisture pH Reference
(mL) reactor %) min!) or (°C) (% v:vand/or ratio addition (conidia g’
m (]
%02 spores mL™) 1dm)
Metarhizium Thomas and
63.61 cm? Petri dishes ) No 240 (o) 6x10° No No 1x10° @
Sflavoviride Jenkins, (1997)
Metarhizium Not stated Polypropylene Passive Not stated (at 1.5x10° Jenkins et al.
35-60% 25 () Q) No
flavoviride  (1kg per bag) bags aeration least 6x10°) 4-5x10100 (1998) ©
30x40 cm
Variable,
bags Polypropylene )
0.1tolin
70x30x3cm bags
tray, 0.16 Meéndez-
Metarhizium trays (x12) Tray 26 to
30% to 1.28 in ) 2x10° ® ) No 1.58x10° @ Gonzalez et al.
robertsii 20x2 cm bioreactor 320
columns (2020)
columns Column
(L ngm_l
(number not  bioreactor ®
min') ®
stated)
Between
Clonostachys 80000 cm? Tray Zhang et al.
) 50 and ) 24 () 7.5x107 © ) No 3.36x1010@
rosea per tray bioreactor (2014)
70%
40 L tank
Conithyrium Special tray 20 to
volume, 250 ) GDD @ 7.0 ) ) Yes 1.5x1010 @ Liu et al. (2018)
minitans bioreactor 28
mL per flask

22



Table 1.4. (cont). Summary of SSF conidia production with its main parameters.

Introduction

Aeration Inoculum size/ Conidia
Area (cm?) Substrate
Type of rate (mL Temp concentration C/N  Nutrient  production
Fungal strain  or volume moisture pH Reference
(mL) reactor %) min!) or °O) (% v:vand/or ratio addition (conidia
m °
%02 spores mL™) g'ldm)
Kassa et al.
63.61 cm*>  Petri dishes 5 No 25 ) 1x107 No No 10x10' @
Metarhizium (2008)
anisopliae 10:1 to Safavi et al.
63.61 cm*>  Petri dishes ) ) ) ) 1x10° Yes ® 3.75x107 @
Beauveria 75:1 ® (2007)
bassiana 25.8- Balakrishnan et
Notstated  Petri dishes ) No 6.5 ) ) Yes®  2.05x10°@©
28.2 al. (2011)
Isaria
Not stated Stable,
Beauveria Mar and
(10 cm Test tubes value not ) 25 ) ) ) No 530.6x10° @
Metarhizium ) Lumyong, (2012)
height) stated
Penicillium

(a): statistic modelling study; (b): optimized parameter; (c): g conidia g"'dm; (d): best production obtained, typically in tests where various substrates are tested, or best production

for each tested substrate; (¢): mass production process; (f): conidia g dry powder (final product); (g): mL inoculum kg 'substrate; (h): CFU g'!; (i): CFU bottle™ (volume not

stated); (j): response surface methodology (RSM) study; (k): m s'; (I): conidia mL!; (m): conidia insect; (n): L h'! g initial dm; (0): spores L!; (p): conidia g'dm;

(q): productivity: conidia g''dm h!; (r): GDD: gas double-dynamic; (s): conidia 100mL!; (t): average temperature; (u): conidia g”! dry powder; (v): CFU mL!; (w): CFU g''dm;
(x): spores per gram of support.
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1.3.4.1. Major parameters

Aeration rate: since they are aerobic organisms, fungi must be provided with
some sort of aeration to maximize both growth and sporulation. As stated in section 1.3.3,
aeration can only be optimised in column or tray configuration. Majorly, authors agree
on the relevance of aeration in fungal SSF growth for various reasons: it supplies oxygen
but also removes CO» and excess heat, while displacing other volatile metabolites that
might cause problems if they accumulate (Krishna, 2005) and enhances spore production
(Santa et al., 2005, Méndez-Gonzalez et al., 2020) specially in column bioreactors.
Regarding heat removal, even though most of the produced metabolic heat can be
transferred to the air as latent heat or water vaporization, optimal water content has to be
maintained in order to make up for water loss during fermentation (Dorta and Arcas,
1998). Lopez-Perez et al. (2015) stated that BB is sensitive to a 5% increase in CO»
concentration, whereas Papavizas (1985) stated that Trichoderma spp. can withstand up
to 10%. Méndez-Gonzalez et al. (2020) obtained maximum conidia production when CO>
production rate dropped by 50%. CO: studies have also demonstrated that fungal
vegetative growth is not always proportional to sexual one, as presented by da Cunha et
al. (2020) performing successive cultivations of Metarhizium anisopliae. However,
different aeration rates do not always affect conidia production, as found by Arzumanov
et al. (2005) with Metarhizium anisopliae.

It is noteworthy to mention that, while considering the optimal aeration rate for an

SSF system, parameters such as temperature, heat removal, and moisture content should

also be considered, given the close relationship between them.

Temperature: optimal temperature highly depends on the fungal strain, even
though it can vary as a function of the fungal infection cycle stage (Hallsworth and
Magan, 1996). From the reviewed literature, temperatures in the range of 25-30°C are
the most common among the studied strains (Table 1.4).

Generally, Beauveria’s upper temperature growth limit is of 34-36°C Higher
temperatures may greatly reduce efficacy (Ugine, 2011; Mascarin and Jaronski, 2016).
Using BB, Santa et al. (2005) pointed out that temperature was not as relevant for conidia
production as other parameters, with its optimal value always located at 25 + 1°C (Yang
et al. 2010; Xie et al. 2012; Pham et al. 2010). Regarding Trichoderma strains, existing
literature reveals a wide range of temperatures in which the species can grow, varying

from 0°C in Trichoderma polysporum to 40°C in Trichoderma koningii (Tronsmo and
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Dennis, 1978), even though the optimal growth temperature for most Trichoderma spp.
strains range is between 25-30°C (Kubicek and Harman, 1998). Daryaei et al. (2016)
found that the temperature at which conidia are produced affects both germination and
bioactivity, implying that formulations consisting of conidia obtained in the highest
germination yield might not result in optimal bioactivity, requiring a trade-off between
quantity and quality.

Despite being one of the most well-known fungal growth SSF parameters,

temperature control becomes more challenging when scaling up. Consequently, it is a key

factor when designing reactors at bench or industrial scale. Moreover, it is highly related

with forced aeration, mostly due to metabolic heat removal-associated difficulties

(Krishna, 2005., Pandey et al., 2008).

Moisture: regardless of the chosen substrate, moisture is one of the critical
parameters to consider while optimizing fungal SSF processes. Substrates need to possess
a minimal water content to ensure fungal growth and metabolism. As presented in Table
1.4, optimal values typically vary between 40-80% (w/w). Same organisms can grow in
different substrates differing in water holding capacity, thus making it impossible to rely
on the amount of moisture alone regardless of the nature of the substrate (Manpreet et al.
2005). An adjustment is sometimes needed to achieve sufficient initial moisture values
for fungal growth.

Moisture content primarily depends on the chosen substrate, as well as on the
process constitution, as shown by Mishra et al. (2016) using seven different substrates
with BB. Some substrates, mainly crops, have been optimized for specific fungi (data
shown in Table 1.4). Working with various Trichoderma strains, Cavalcante et al. (2008)
stated that the use of low-moisture substrates inhibits fungal growth. However, surpassing
certain values also results in losses in spore production, with optimal values ranging from
40-65% depending on the substrate, values used recently by others authors (Chu et al.
2017). Using response surface methodology, Bhanu Prakash et al. (2008) inferred optimal
moisture content to optimize conidial yields of Metarhizium anisopliae as 75.68% for
sorghum, 73.21% for barley, and 22.34% for rice. Using the same substrate and fungal
strain, Santa et al. (2005) found optimal moisture values of 75% when working in
Erlenmeyer flasks (250 mL), while this value was lowered to 65% when working in a
1000 mL column type reactor with forced aeration. Lower initial moisture was needed
while providing aeration with saturated air, which might have helped maintain substrate

moisture. Moisture evolution throughout the fermentation must also be taken into
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consideration, particularly when scaling, as moisture loss might result in a decrease in
spore productivity. In a 16 L total volume reactor working with rice husk and
polyurethane foam, Barrera et al. (2019) suffered moisture loses from initial values
between 76.9-97.5% to final values of 32.1%.

Moisture arises as a relevant optimization parameter in fungal SSF processes with

values mainly depending on the substrate, on the selected fungal strain, scale of the

process and reactor configuration.

Inoculum size/concentration: as shown in Table 1.4, inoculum concentration
values are often presented in SSF fermentation studies. Some studies have focused on
determining the optimal inoculum concentration. For BB, some reports indicate that the
optimum concentration lies between 1x10° and 1x107 conidia per gram of dry matter
(g''dm) (Nufiez-Gaona et al. 2010; Pham et al. 2010; Santa et al. 2005), for Trichoderma
asperellum the optimum concentration was of 1x107 conidia per g''dm (Barrera et al.,
2019) and for Trichoderma viride, concentrations of 1x10” CFU bottle! (volume not
stated) were reached. Lower values were not enough to produce conidiation and higher
values were discarded due to the toxins produced from conidia accumulation (Zhang and
Yang, 2015).

Nevertheless, it must be taken into consideration that these results could vary if

using non-sterilized residues, hereby affecting inoculum concentration.

Porosity/particle size: particle size reduction is nearly mandatory when using
agro-industrial wastes as substrates (De la Cruz Quiroz et al. 2015). With sugarcane
bagasse, Membrillo et al. (2011) reported that the size and geometry of the substrate
particles affect fungal specific growth rate, as well as product yields. Manpreet et al.
(2005) identified the optimal substrate particle size as between 1 mm and 1 cmy; this
parameter represents a compromise between the accessibility of the nutrients and the
availability of oxygen. Santa et al. (2005) found an optimal particle size range between
0.8-2 mm using refused potatoes as substrate for BB sporulation in 250-mL Erlenmeyer
flasks. Pandey (1992) reported higher productivities while working in 500 mL
erlenmeyers with substrates containing mixed particle sizes between 180 pm to 1.4 mm.
Moreover, it is important to remember that particle size tends to diminish during SSF
processes (Krishna, 2005).

Porosity depends not only on the substrate but also on the reactor scale. Ideally,

small particle size could provide a larger surface area for microbial attachment, even
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though an extremely small particle size would cause substrate agglomeration, affecting
oxygen transfer and retarding microorganism development. On the other hand, large
particle sizes provide better oxygen transfer but limit surface area for fungal attachment
(Yazid et al. 2017).

Despite its influence in SSF process optimization, accurate particle size values do

not exist due to the heterogeneity of the processes, so an optimal value range must be

selected for each particular process depending on the studied substrates (Pandey et al.,

1999).

1.3.4.2. Other parameters

Mixing/agitation: mixing/agitation have an important influence in SSF
processes, as they help at having correct oxygen transfer throughout the substrate as well
as helping at heat removal. Despite its usefulness mixing is not optimized in most cases,
as it is not advisable depending on the characteristics of the used substrate, type of reactor
or fungal strain. It is specially complicated to apply agitation properly when working with
fungal strains, as it might disrupt mycelial attachment to the solid support, thus affecting
spore production (Krishna, 2005). Most fungal optimization studies opt for not applying
agitation, however, some studies like Zhang et al. (2014) have successfully applied
mixing techniques (in this case growing Clonostachys rosea in wheat bran and maize
meal (3:1)), demonstrating that mixing might be favourable for fungal sporulation when
applied correctly.

Inoculum age: despite being though to play an important role in the fermentation
process (as conidia quality tends to diminish with age), this factor is still not often studied
in conidia production, according to Muifiiz-Paredes et al. (2017). So far, obtained results
are scarce, sometimes controversial and strongly strain dependant. In several
Metarhizium spp. strains, Isaria and BB, conidia germination tends to decrease as the
culture ages (Smith and Edgington, 2011; Hallsworth and Magan, 1996). Nevertheless,
in some in some Isaria fumosorosea strains and in Metarhizium anisopliae viability
increases as culture ages, probably due to maturation (Mufiiz-Paredes et al. 2016; Moslim
et al. 2005).

pH: as shown in Table 1.4, pH is often ignored during optimisation procedures,
mainly due to it being more dependent on the selected substrate than on the strain. Correct

pH regulation is a complex process when working on SSF, as it tends to vary mainly due
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to changes caused by growth characteristics and also because of the nitrogen source
(Krishna, 2005). Conidial fungi can grow over a wide range of pH values; most fungal
strains tolerate a pH range from 4 to 9 but grow and sporulate maximally near neutral pH
(Papagianni, 2004). Some studies have highlighted major relevance regarding pH effect
in fungal SSF, effectively showing significant interactions between various parameters.
Mishra et al. (2016) stated that an elevation in the pH of the system caused by hydroxide
ion accumulation might limit growth in BB. Santa et al. (2005) reported pH as one of the
most influencing parameters in BB conidia production and Zhang and Yang (2015)
reported an optimal pH value of 6.0 for conidia production in TH. Some 7richoderma
strains can growth in highly acidic pHs, as shown by Hong-jun et al. (2021) working with
Trichoderma guizhouense at an optimal value of 3.0.

C/N ratio: C/N ratio is not frequently considered in optimisation processes, as
shown in Table 1.4. Recent studies have obtained increased conidia production when
fermenting high C/N ratio substrates, implying that high carbon ratios are beneficial for
conidia production (Mishra et al. 2016) until a maximum C/N ratio is reached (Sharma et
al. 2002). In Trichoderma spp., sporulation is highly influenced by the nature of carbon
and nitrogen sources (Verma et al. 2007). A minimum C/N ratio value of 14 was presented
by De la Cruz Quiroz et al. (2015), stating that higher values favour sporulation induction,
and also presenting starchy substrates as the best for conidia production due to their
adequate C/N ratio. Barrera et al. (2019) obtained an optimal C/N ratio of 18 using
Trichoderma asperellum and polyurethane foam as support. However, Safavi et al. (2007)
found that conidia produced within lower C/N ratios were generally more virulent.

It is also relevant to note that many substrates, particularly lignocellulosic wastes,
can be slow or non-biodegradable carbon sources. In these cases, the use of a C/N ratio
based on biodegradable organic carbon would be more adequate, as it highly differs from
the ratio solely based on chemical analyses (Puyuelo et al. 2011).

Nutrient supplementation: it is often used to enhance conidia production, even
though it is not majorly implemented as shown in Table 1.4. Recent studies have achieved
higher conidia production by supplementing their substrate/media with nutrients (Mishra
et al.,, 2016; Balakrishnan et al., 2011; Jin et al., 2016). However, nutrient
supplementation is not always needed to achieve sufficient spore production yields
(Cavalcante et al. 2008; Mar and Lumyong, 2012). In fact, it is one of the often-ignored

parameters in SSF processes optimization, mostly due to the rise in costs that might
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represent, except when nutrients are provided adding a supplementary substrate, which

might ideally be an agro-industrial waste.

1.4. Main challenges on fungal SSF conidia production

Although fungal SSF research has not stopped growing and its tendency seems to
continue rising in the next years (as shown in Figure 1.3), most of the efforts have still
been done at laboratory scale. Most of them are not intended to end up as feasible
solutions at larger scales, manifesting a huge gap between laboratory and industrial
application. As shown in Table 1.4, most of the presented studies have been done at
laboratory scale, highlighting the need of more research studies to develop fungal SSF
industrial processes. To follow this direction, several challenges must be addressed.

In the frame of a circular economy and in a world where food waste has arisen as
an enormous problem (it is estimated that around 1/3-1/2 of the world food production is
not consumed) (Russ and Schnappinger, 2007; Stenmark et al., 2016), SSF fungal
fermentation must be directed to the priority use of agro-industrial wastes (or food waste)
as substrates. In some countries, a tendency shift has become urgent, as nowadays most
fungal conidia production is still performed using cereal grains as major substrate
(Mascarin et al., 2019). Companies should focus on using waste as substrates for fungal
SSF. However, more research in SSF conidia production must be conducted to reach this
point. This research must be focused on three key points, which are substrate selection,
process optimization and process scale-up.

As it has been presented in Table 1.3, a vast majority of agro-industrial wastes
have been tested for fungal SSF conidia production with various strains. However, not all
these SSF processes have been optimized, even at laboratory scale, hampering their
potential to be scaled-up to bench or industrial scale. This optimization must be carried
on from the moment of the substrate selection, aiming to obtain high productivities from
the very initial tests. As presented in section 1.3, sufficient knowledge on the effect of
some relevant parameters in SSF processes is still lacking. Although some of the
parameters mentioned in section 1.3.4 are known to have superior impact/relevance on
fungal SSF conidia production in comparison to others, none of them should be optimized
without taking into consideration its effect on the others, adding difficulties on which
parameters should be optimized in each SSF process. A careful selection must be done,

mostly depending on the nature of each process and its final requirements.
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The other inherent problem within all SSF processes lays on their scale-up. As
previously stated, numerous problems must be addressed when scaling-up fungal SSF
processes. Several constraints regarding the scale-up effect are present, mainly related to
heat and mass transfer phenomena presented in the solid-liquid interphase (Cerda et al.,
2017; Soccol et al., 2017; Krishania et al., 2018), thus difficulting the application of the
technology at industrial scale. In addition, when addressing fungal SSF scale-up, a shift
concerning used reactor configurations is needed, with the aim to achieve higher
productivities when comparing with the conventional ones. As stated in section 1.3.3,
many industrial SSF fungal production processes are still based on bags or trays. In the
last years, more emphasis has been given to column configurations and packed bed
reactors, mostly due to their superior achievable productivity, and as shown in table 1.4,
new reactor configurations, mostly based on columns or trays, are arising at laboratory
scale. However, research on them is still scarce. Among them and with the aim of future
industrial implementation, packed bed bioreactors should be further investigated due to
their potential application beyond laboratory scale (Méndez-Gonzalez et al., 2020; da
Cunha et al., 2020).

To sum up, the need to further develop both sustainable and scalable fungal SSF
processes is currently ongoing, yet still at earlier development phases. Combined
potential of suitable substrates and reactor configurations with optimized operational
strategies must be studied to achieve an optimized process which maximizes productivity

while maintaining a sustainable approach.
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Research objectives

This research has been developed within the MINECO/2016/BIOPRO project
(Optimization strategies for the production of bioproducts using organic wastes by solid-
state fermentation)” of the composting research group (GICOM) at UAB. The
consolidated background of GICOM on the valorization of organic wastes was used as
the starting point of this study. Although the group had previously worked on the
production of biopesticides through SSF processes, works were focused on the
development and scale-up of Bacillus thuringiensis-based fermentations. This is the first
work on the research group based on the production of fungal biopesticides by SSF, both
for BB and TH.

The main objective of this research was to study the production of a biopesticide
based on conidia obtained by solid-state fermentation of agro-industrial wastes produced
using either BB or TH, determining the possibilities of process scale-up.

To achieve this main goal, the following specific objectives have been developed:

e To validate and optimize SSF parameters at lab-scale in packed bed batch
systems for both BB and TH.

e To identify the adequate substrates out of several agro-industrial residues
at lab-scale

e To understand the role and relevance that several parameters play on BB
and TH conidia production by SSF.

e To test novel SSF conidia production strategies based on packed bed
reactors at laboratory scale, with the aim of maximizing conidia
productivity.

e To scale up the most feasible strategy(s) up to 22 L, with the aim of
maintaining conidia productivity while overcoming major SSF scale-up
drawbacks.

e To determine the feasibility of performing the SSF process in tray
bioreactor in a preliminary attempt using same residues and fungi than in
packed bed reactors.

e To test the virulence of the BB fermentation product(s) against insect

pest(s) at laboratory scale.

33






Chapter 3

Materialsand methods






Materials and methods

|

3.1. Materials

3.1.1. Fungal strains

Two strains were obtained from Coleccion Espafiola de Cultivos Tipo (CECT):
Beauveria bassiana (BB) (CECT 20374) and Trichoderma harzianum (TH) (CECT
2929). As established by the strains’ provider and as shown in Figure 3.1, the original
lyophilized strains were recovered using liquid medium (potato dextrose for BB, malt
extract for TH) and cultured in potato dextrose agar (PDA) (BB) or in malt extract agar
(MEA) (TH) at 30°C for 68 days. After fungal growth and conidiation, conidia were
extracted using 10 mL of liquid medium and preserved at —80°C in sterile cryovials
containing 10% (v/v) glycerol. More information on the cryopreservation and fungal

culture preservation can be found elsewhere (Simione, 2009; Humber, 2012).

Growth culture

+2mL
medium m (6-8 days) Extraction
(BB or TH) with 10 mL
1mLin medium
plate o
Initial fungal - -sss
culture % ) —_—) Working lot 1
(lyophilised) D )
Initial fungal Extraction with 10
culture mL medium
(resuspended Conservation with
in medium) 10% glycerol
[EE R TR S L O S )

Working lot 2

Seed lot 1 "
—_—) Working lot 3
—_—) Working lot 4

Seed lot 2

Figure 3.1. Lyophilized strains recovery and conservation. Adapted from Simione

(2009). Some icons were provided by BioRender (https://biorender.com/).

3.1.2. Inoculum preparation

In each fermentation test, 1 mL of working lot was cultured using PDA or MEA
at 25-30°C. After fungal growth and conidiation occurred (6-8 days for both strains),

aerial conidia were harvested using 10 mL Tween 80 dilution (0.1% for BB or 0.01% for
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TH). Conidia in the suspension were counted using Neubauer chamber (Brand™ 717805)
(see 3.3.1) and diluted to the appropriate concentration for each test using Tween 80
dilution at the same concentration used in conidia harvesting. Inoculum quality was
visually controlled by means of optical microscope at 100x augments (Zeiss Axioskop).

Typical culture growth in plates for BB in PDA and TH in MEA are shown in Figure 3.2.

Figure 3.2. Plate growth and conidia visualization at 100x augments (diluted to 1x10’

conidia mL") of BB (a) and TH (b).

3.1.3. Substrates

A total of nine agro-industrial wastes were used as substrates for fungal growth
and conidiation. All substrates were autoclaved using disposable autoclaving bags
(Dominique Dutscher, France). All substrates went through three autoclaving cycles
(121°C for 30 min) before fermentation except on Chapter 4 tests, where only one
autoclaving cycle was provided. Characterization of each substrate is presented in the
correspondent results Chapter.

Rice husk was used as substrate for fungal growth and conidiation in optimization

and screening tests (results Block 1) and in process scale-up (results Block 2). It was
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supplied by Husk Ventures S.L. (Barcelona, Spain) and stored at room temperature (20-
25°C) before use. A total of 6 different rice husk supplies were used throughout the tests.
Rice husk moisture was adjusted to appropriate values in all tests before inoculation and
autoclaving, considering the 10% inoculation volume in the initial moisture calculations.

Volume of added water was calculated following Equation 3.1.

_ X+ M-Hi

Hf =~ (3.1)

Where:

Hf: final substrate moisture after water addition (%)

X: water volume to add to obtain the desired Hf value (mL)
M: initial substrate mass (g)

Hi: initial substrate moisture (%)

Beer draff was used as substrate in substrate screening (Results block 1, Chapter
5) and in process scale-up (Results block 2). It was supplied by Cervesa del Montseny
S.L. (Sant Miquel de Balenya) and stored frozen before use. A total of 3 different beer
draff supplies were used throughout the tests. Beer draff’ moisture and AFPr were
adjusted to appropriate values in all tests by mixing the substrate with the necessary
quantity of wood chips (Acalora, Ivars d’Urgell) before inoculation and autoclaving.

In the substrates screening tests (Results Block 1, Chapter 5), apart from rice husk
and beer draff, six different agro-industrial wastes were also tested as substrates: apple

pomace from juice production (Mooma, Fontanilles), whisky draff (local Scottish

distillery), soy fiber and rice fiber from vegetable beverages industry (Liquats Vegetals
S.L., Viladrau), wheat straw (UAB experimental farms), orange peel (from orange juice
machine at the bar of Escola d’Enginyeria at UAB) and potato peel (Patatas Torres,
Montmel6). All of them were stored frozen before use except for wheat straw, which was
stored at room temperature (20-25°C) due to having nearly no water content as rice husk.
Some substrates were mixed with rice husk to enhance their AFPr or to modify other
initial parameters such as moisture, the proportions are shown within their
characterization in the correspondent results chapter. When working with wheat straw,
initial moisture was adjusted in the same way as when working with rice husk. When
working with apple pomace and orange peel, substrates were grounded before use. Initial

values for all tests are given in each correspondent results chapter. If not stated otherwise,
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differences in initial values between BB and TH batches in each test have not been

significant.

Pre-fermentation appearances of all substrates are shown in Figure 3.3.

Figure 3.3. Pre-fermententation appearance of all used agro-industrial wastes: rice husk
(a), beer draff (b), apple pomace (c), whisky draff (d), soy fiber (e) and rice fiber (f). Raw
material (left) and after autoclaving (right) appearance of all used wastes: wheat straw

(g), orange pomace (h) and potato peel (i).
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3.2. Solid-state fermentation systems

Inoculum volume in each reactor in all SSF tests was 10% of its total volume, (Xie
et al., 2016; Pham et al., 2010; Yang et al., 2010). When scaling, the followed criterion

was superficial velocity per gram of dry matter (m? s”! g"'dm), following Equation 3.2:

Q
Vphase = Z (3.2)

Where:
Vphase: superficial velocity (m? s! g-'dm)
Q: airflow per gram of dry matter (m® g''dm s)

A reactor area (m?)

3.2.1. SSF system 1: 0.5 L scale

SSF system 1 was designed, built and well described in numerous previous works
of the GICOM group, the first ones being Ballardo (2016) and Cerda (2017). Briefly, this
system allows to perform SSF tests at 0.5L scale in a controlled environment in terms of
both O supply (on-line monitoring of the process through respirometry) and temperature
(controlled by water baths). Constant airflow was provided by means of a mass flowmeter
(Mass-Stream D-6311, Bronkhorst, Netherlands) and humidified before entering the
reactors from the bottom, forcing it to flow through the substrate across all the reactor’s
height until reaching the top of the reactor. Exhaust gases flow through a vapor trap to
prevent excess water from reaching the Oz sensor. The oxygen percentage in the output
gases was measured by an electrochemical O2-A2 oxygen sensor (Alphasense, UK)
connected to an on-line self-made data acquisition system (Arduino®-based), that
recorded O> concentration and calculated the respiration rates as shown in section 3.3.2.
Air supply and data acquisition system were the same in all SSF systems.

The reactors consisted of a polyvinyl chloride (PVC) cylinder of 13 cm height and
7 cm diameter, corresponding to a working volume of 0.45 L and a total volume of 0.5 L.
All tests were performed using approximately 100 g of substrate. To prevent possible
contamination of the material after autoclaving, all reactors were always loaded inside a
laminar flow chamber. Previously they were cleaned with water and bleach, as they are
PVC-made out and they could not be autoclaved.

The experimental setup of SSF system 1 for one reactor is shown in Figure 3.4.
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Figure 3.4. Experimental set-up of SSF system 1 (a) and bioreactor appearance (b).

3.2.2. SSF system 2: 1.5 L scale

SSF system 2 consisted of polyvinyl chloride (PVC) cylindrical reactors of 21 cm
height and 10.5 cm internal diameter, corresponding to a working volume of 1.35 L and
a total volume of 1.5 L.

All tests run in SSF system 2 were performed with a 300 g of non-inoculated
substrate load. Temperature sensors (standard Thermochron iButton device, Maxim
Integrated, U.S.) and a temperature probe were used to obtain accurate temperature
profiles at different reactor heights, its distribution is shown in section 3.3.4. Reactors
were loaded and mixed with the appropriate volume of inoculum in 3 rounds of 100 g to

ensure a homogeneous distribution of the inoculum while maintaining sterile conditions.
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Rest of the test performance was identical to SSF system 1. Reactor set up is shown in

Figure 3.5

a) To vapor trap, O, b)

1.5 L reactor sensor and data

acquisition system

I_Temperature probe |

Exhaust gases

Optional air outlet |

]| |
..... 10.5 cm

From air flow
Supporting net

meter and
Al optional air inlet | -\

humidifier
Figure 3.5. Reactor set-up of SSF system 2 (a) and bioreactor appearance (b).

3.2.3. SSF system 3: 22 L bioreactor

SSF system 3 consisted of a cylindrical stainless-steel reactor with a total volume
of 22 L with a removable inner basket (dimensions were 48 cm height x 24.5 cm
diameter). 3000 g of non-inoculated substrate (rice husk) or 4000 g (beer draff + wood
chips) were loaded into the basket (corresponding to 90% of its working volume) in each
batch. The reactor set-up is shown in Figure 3.6.

Temperature of the solid media was monitored on-line in the lower half of the bed
by means of a temperature probe (Pt-100 sensors, Sensotrans). A temperature profile at
different heights of the bed was obtained, complete sensor distribution is shown in section
3.3.4. To work in conditions as sterile as possible, the reactor was cleaned with water,
bleach and ethanol before and after every batch. Inoculation was performed in previously
cleaned vessels before loading the substrate into the basket, in a maximum of 500 g of
non-inoculated material per round to ensure homogeneous distribution of the inoculum
throughout the packed bed. If not stated in the correspondent results and discussion
section, substrate inoculation was not performed under sterile conditions.

Final samples of 22 L reactors were divided in three areas (superior, central or

lower) depending on their axial position in the reactor’s bed (28—40, 12-28 and 0-12 cm
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height). Analytical methods were analysed at different reactor heights, providing

statistical difference between different reactor areas. Schematic representation of the

sampling areas is presented in Figure 3.7. Specific analyses are detailed in Chapter 6.

22 L reactor

a)l Headspace sampling |

. | Exhaust gases

| To vapor trap, 0,
\ sensor and data
acquisition system

inner basket

Removable | 48 cm I

| Sample |
Temperature
probe
Humidified air |
Fromair flow | 7= —— | o
meter and . | | '
humidifier [

Figure 3.6. Reactor set-up of SSF system 3 (a) and bioreactor appearance (b).
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Figure 3.7. Schematic representation of 22 L reactor final sampling areas.

3.2.4. SSF system 4: tray bioreactor

SSF system 4 consisted of a tray bioreactor adapted from an incubator (Memmert
® GmbH + Co.KG P.O. Box 1720 91107 Schwabach Bundesrepublik Deutschland /
Germany) with 2 or 3 trays, as presented in Figure 3.8 (a and b). Each tray dimensions
were 39.5 cm length x 27.5 cm width, with 4 cm substrate bed height in all tests. Trays’
bottom was perforated to ensure proper air distribution throughout the reactor. Four
sprinklers were used to ensure proper air distribution. Two set-ups were used depending
on the air sprinklers’ disposition: while in set-up a sprinklers were facing the trays, in set-
up b sprinklers were facing the bottom of the reactor to improve air circulation. Bioreactor
appearance when charged with the substrate is also shown in Figure 3.9 (a and b).

When working with rice husk, 450 g of non-inoculated material were loaded per
tray. When working with beer draff, 500 g of non-inoculated material were loaded per
tray when inoculating BB and 750 g when inoculating TH. When obtained, respiration
profiles correspond to total oxygen consumption presented by all trays in the tray
bioreactor, as it was not possible to adapt the system to obtain respiration data
corresponding to each individual tray. Adsorbent material (Vileda Professional,
Freudenberg Home and Cleaning Solutions Ibérica, S.L..U.) was added to the top of the

reactor (set-up b) in order to prevent water from exhausted air to drop onto the closest
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tray. Temperature profiles were obtained in all trays for different positions, complete
distribution of the temperature sensors is shown in section 3.3.4. Prior to all tests, both
incubator and trays were cleaned and inoculated using the same method presented for

SSF system 3.

a)

0B

 %a% auwans mwa ———1—7 / 4 .'(3)' 27.5

o 1p il _f
ey [a]

Figure 3.8. SSF system 4 reactor set-up of. Set-up with two trays (a). Set-up with 3 trays

(b). In each set-up: air inlet (1); air sprinklers (2); trays with 1 cm diameter holes in the
bottom (3); adsorbent (4) (only design b) and air outlet (5). Adapted from Echegaray
(2020) and Palomas (2021).

Figure 3.9. Reactor appearance of SSF system 4. Two tray bioreactor appearance (a) and

three tray bioreactor appearance (b).

46



Materials and methods

3.3. Analytical methods

3.3.1. Conidia extraction and counting

Neubauer chamber (Brand™ 717805) was used to determine fungal conidia
concentrations. Conidiated substrate samples were mixed with Tween 80 solution (0.1%
for BB or 0.01% for TH) in a 1:5 (v:v) proportion, shaken at room temperature in a
shaker/incubator for 20 minutes (ZWYR-200D, Labwit Scientific) and diluted before
counting. All conidia counts were performed per triplicate and related to the dry matter

present in the reactor at counting time, following Equation 3.3:

N¢ of conidia EV

(3.3)
CV-DF DM

Conidia concentration =

Where:

Conidia concentration (conidia g-'dm)

N° of conidia: the counted conidia in the Neubauer chamber at a known dilution
CV: Neubauer chamber counting volume (mL)

DF: dilution factor of the counting tube

EV: dilution volume (mL)

DM: sample dry matter (g dm)

Conidia counting was performed following guidelines by Bastidas (2009). Briefly,
10 pl of the sample diluted at an appropriate conidia concentration (between 250.000 and
2.5 million conidia per mL) were loaded into the Neubauer chamber. The volume
corresponding to the center square (0.0001 mL) was counted using optical microscope
(Olympus BH2), and the number of conidia was then transformed following equation 3.3.

Figure 3.10 shows the Neubauer grid and the counting area in detail.
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Figure 3.10. Neubauer chamber cell grid. Central counting area is highlighted. From
Bastidas (2009).

To provide a fast comparison between conidia productions, specially between
tests presenting differences in inoculum concentrations (IC), conidia quotient (CQ) was

used. It was calculated as presented in Equation 3.4.

_cc

= (3.4)

cQ
Where:
CQ: conidia quotient
CC: obtained conidia concentration in the reactor (conidia g 'dm)

IC: inoculum concentration at the start of the fermentation (conidia g~'dm)

3.3.2. Respiration indexes

Specific oxygen uptake rate (sSOUR) and cumulative oxygen consumption (COC)
have been used as an indirect measure of the biological activity. OUR was calculated
according to Puyuelo et al. (2010), expressed as 1h average value (sOUR) (Equation 3.5)

and recorded on-line:

P-32-60-103
SOUR = F - (0.209 — y0,) - T DWW 107 (3.5)
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Where:

sOUR: specific Oxygen Uptake Rate (g O kg 'dm h'™!)
F: airflow (mL min ')

yOa: oxygen molar fraction in the exhaust gases (mol O> mol™!)
P: pressure of the system assumed constant at 101325 Pa
32: oxygen molecular weight (g O, mol™! O2)

60: conversion factor from minute to hour

10°: conversion factor mL to L.

R: ideal gas constant (8310 Pa L K™! mol™")

T: temperature at which F is measured (K)

DW: initial dry weight of solids in the reactor (g)

10°: conversion factor g to mg

The area below the O consumption curve (computed through the numerical

integration in time) was used to determine the COC.

3.3.3. Total sugar content analysis

Total sugar content (TSC) was estimated using the anthrone method (Scott and
Melvin, 1953). Sugars were extracted from dry solid samples by mixing a known amount
of sample with distilled water in a 1:10 (w/v) ratio. The mixture was incubated (15 min,
50°C) in a shaker/incubator (ZWYR-200D, Labwit Scientific) and the supernatant was
recovered and centrifuged (10 min, 4000 rpm). Supernatant after centrifugation was
separated and whole extraction process was repeated two more times. The total volume
of the recovered supernatant was filtered with a 0.45 pm membrane filter. Anthrone
reagent was prepared fresh before use by dissolving 200 mg anthrone in 100 mL ice cold
95% sulphuric acid. After that, 4 mL of anthrone agent were added to 1 mL sample
supernatant in 25 mL glass tubes and the mixture was heated for 8 minutes in a boiling
water bath and cooled rapidly. Absorbance of the green coloured solution was measured
at 630 nm using a spectrophotometer (Varian Cary50 Bio, Agilent Technologies).
Distilled water was used as blank instead of 1 mL sample supernatant. Calibration curve
was prepared using glucose at 6 different concentrations ranging from 0 to 0.1 mg/mL

(Figure 3.11).
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Figure 3.11. Visual calibration curve for total sugar content analysis (a). Example of

calibration curve (b).

Total sugar content was expressed as gram of glucose equivalent per gram of dry

matter according to Equation 3.6:

C
TSC = 5 14 (3.6)

Where:

TSC: total sugar content (g g"'dm)

C: concentration of glucose equivalents (g L)
P: weight of the dry sample (g)

V: total volume of the supernatant (L)

3.3.4. Temperature profiles

Temperature profiles were obtained using temperature sensors (standard
Thermochron iButton device, Maxim Integrated, U.S.) distributed throughout the packed
bed or in the trays as shown in figure 3.12. When working with PBBs, external sensor

was used to compare with ambient temperature profile.
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Figure 3.12. Temperature sensors distribution in SSF systems: system 2 (a), system 3 (b),

system 4 (c). Numbers indicate height (in cm) where each sensor was located respect to

reactor bottom, except for figure c) where sensor distances correspond to tray width.

3.3.5. Cellulase activity assay

Cellulase activity was determined in some tests performed in SSF system 1.
Briefly, cellulases were extracted using 150 mL citrate buffer (0.05 M, pH 4.8) and 10 g
of fermented solids in a 500 mL Erlenmeyer flask mixed through a magnetic stirrer during
30 min at room temperature. The mixture was separated by centrifugation at 10000 rpm
for 20 min and by filtration with a 0.45 pum filter. The supernatant was used for cellulase
activity determination (Dhillon et al., 2012). IUPAC filter paper assay was used to
measure cellulase activity as described by Ghose (1987). One filter paper unit (FPU) is
defined as the amount of enzyme that releases 1 pmol of glucose under assay conditions.
Cellulase production has been expressed in relationship to the dry matter content of the

sample (FPU g !'dm).
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3.3.6. Chitinase assay

3.3.6.1. Reagent preparation

Colloidal chitin was used as substrate for the reaction. For its preparation, 100 mg
of colloidal chitin were weighted, mixed with 1.2 mL concentrated HCI and left overnight
in the fridge with magnetic stirring. The following day, 40 mL of cold EtOH were added
and the obtained solution was left overnight at room temperature with magnetic stirring.
The following day, the solution was centrifuged for 25 min at 6000 g. and 4°C. Next, the
supernatant was discarded. Last step was repeated by adding 40 mL of distilled water,
until achieving a pH 6.0 in the obtained solution (Berna, 2012).

DNS was used as reagent to determine the absorbance activity of its reduction to
3-amino-5-nitrosalicilic acid at 540-570 nm. In a covered beaker to prevent light
exposure, 60 mL of distilled water were magnetically stirred while adding 1.0 g of DNS.
When dissolved, 1.6 g NaOH were gradually added. In the following 20-30 min. 30 g of
Rochelle salts were slowly added. The solution obtained was then diluted to a final
volume of 100 mL by adding distilled water (Miller, 1959).

Phosphate buffer was prepared by adding 3.0 g NaPO to 400 mL distilled water
in agitation. When dissolved, pH was measured and adjusted to 6.0 by adding NaOH.

Anthrone reagent was prepared by dissolving 200 mg of anthrone in 100 mL

sulphuric acid 95% at close to 0°C temperature.

3.3.6.2. Activity determination

To perform chitinase activity assay, 10 g of sample were incubated in 30mL
phosphate buffer pH 6.0 at ambient temperature for 2.5 h without agitation. 50 mL of the
liquid extracted were mixed with 450 ml phosphate buffer 50 mM and 500 mg colloidal
chitin 1% w/v. Sample was incubated for 30 min at 37°C, 750 mL DNS were added,
incubated for 10 min at 100°C and centrifuged.

Supernatant absorbance was measured at 540 nm. Using Equation 3.7, enzymatic

concentration is estimated by calibration curve.

U ) _ (m4ABS +h) - DF - B a7

Chiti tivit <
itinase activity gdm

gam
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Where:

m: calibration curve slope

Aabs: sample Abs — controls Abs
DF: extract dilution factor

B: total extract volume

gdm: grams of dry matter of the initial sample

In extract control sample, colloidal chitin is replaced with phosphate buffer. In
chitin control sample, liquid extract is replaced with phosphate buffer. In the blank

sample, the analysis is performed using phosphate buffer.

3.3.7. Virulence assays

BB virulence assays were performed as part of an research stay in the University
of Copenhagen (KU), Department of Plant and Environmental Science, Section for

Organismal Biology (SOBI).

3.3.7.1. Conidia samples

Biopesticide capabilities of the obtained lyophilised solid material fermented
using BB were analysed in the KU. Samples isolated from plates were transported into
conical 50 mL centrifuge tubes, while samples obtained from different SSF batches were
vacuum packed after being lyophilized. The last were stored at room temperature
(maximum 20°C) before use and plate samples were stored at 4°C.

Sample rehydration and dilution was performed using diluent Triton X 0.05%.
When using BB strain KVL 13 39 from the SOBI group, strain cultivation was performed
using Saboraud dextrose agar+Yeast Extract media (SDAY) diluted 4 times (SDAY/4)
instead of PDA. When using BB samples obtained in the UAB, cultivation was performed
using PDA.

Sample rehydration process differed depending on the samples’ nature. When
using plate samples, lyophilised conidia powder was rehydrated using 100 mL of Triton
X 0.05%. When using solid lyophilised samples, rehydration was performed by mixing a
known amount of dried sample with 5 times the volume of Triton 0.05%. Samples were
agitated at 150 rpm for 20-25 minutes. Obtained suspensions were filtrated twice: first
through a conventional sieve filter (around 1 mm porous) to separate big solid particles

and finally through a 100 um laboratory sieve (Endecotts Ltd, London, England). After
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filtration, samples were centrifuged at 3000 rpm for 10 min using 15 mL centrifuge tubes.
Supernatant was discarded and the obtained pellet was resuspended in 10 ml Triton X
0.05%. Samples were diluted to the appropriate concentration for conidia counting before
germination tests (see 3.3.1) and used a maximum of 7 days after its preparation, stored
at 4°C until its use. All this process was performed in sterile conditions. Schematic
presentation of sample rehydration process and spore suspension preparation is shown in

Figure 3.13. This process was adapted from Inglis et al. (2012).

Lyophilised Final
plate sample

Conventional filter
+

Triton X 0.05 100um filter sieve

resuspension m
Lyophilised

Mixed

solid sample - sample (non Mixed sample ixgd sample
(RH or BD) agitated) (agitated) (filtrated)
3000 rpm
\j o 10 min
Triton X 0.05 150 rpm Mixed sample
resuspension 20-25 min (centrifuged)
Pellet
(spores)
Triton X 0.05
resuspension
Final
sample

Figure 3.13. Sample rehydration and spore suspension preparation.

3.3.7.2. Conidia germination test

Conidia germination test was performed prior to the use of all suspensions in
concentration and virulence assays. Briefly, after conidia counting, 100 mL of 10° diluted
spore suspension was transferred to a PDA (BB) plate and incubated at 25°C for 1 day.
Following, 3 cover glasses were placed in the plate and 100 conidia were counted in each
cover glass, distinguishing between germinated (Gc) and non-germinated (NGc) conidia,
Gc showing hyphae growth in contrast to NGc. Conidia germination (%) on each cover
glass was calculated following Equation 3.8, while plate values were calculated on

average.

Gc

CG(%) =100 x ————
(%) =100+ NG

(3.8)
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Where:
CG: conidia germination (%)
Gc: germinated conidia

NGc: non-germinated conidia

3.3.7.3. Insect culture

Insect culture consisting of larvae of the yellow mealworm Tenebrio molitor L.
(Coleoptera: Tenebrionidae) was obtained from Avifauna (Denmark) and kept in
darkness at constant temperature of 25°C (Series BD Classic Line Model 400, Binder) in
ventilated plastic containers (30x21x20 cm?). Each container received 160-175 g of
larvae, 500 g of organic oatmeal and 150-200 g slices of organic potatoes. Potato slices
were replenished every 2-3 days. Pupae were collected regularly and kept separated in a
medium-sized ventilated plastic box (22x17x6 cm?). Upon adult emergence, beetles were
separated from the pupae and maintained in a plastic container (30x20x12 cm?®) with
oatmeal and potato slices.

For experiments using larvae, individuals were selected at 2-3 weeks after
reception, measuring between 1 and 1.5 cm, colouring yellow-tan. When using adults,
individuals were selected between 1-3 weeks after adult eclosion, ensuring complete
black colour of cuticle.

Schematic representation of the 7. molitor life cycle is shown in Figure 3.14.

1-2weeks
8-12 weeks
% MEALWORM
A

puet BEETLE LIFE  agva

\CYCLE |
2
1—3 weeks PUPA 10-12 weeks |

Wy

Figure 3.14. Schematic representation of 7. molitor life cycle. Adapted from:

blogs.edutech.nodak.edu.
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3.3.7.4. Assay set-up

Medicine cups of 30 mL were used as set-up for assays with individual larvae and
adults.

When working with larvae, each 7. molitor individual (previously introduced in a
medicine cup) was exposed by pipetting 2 puL of the conidia suspension onto the anterior
part of the body and left inside the medicine cup with a moist filter paper at 25°C in
darkness for 24 h, to maintain sufficient moisture for germination of conidia. Each cup
was sealed with a lid perforated with three holes to allow sufficient airflow inside the cup.
After 24 h, filter paper was removed and replaced with a 1% water agar cube (0.5-1 cm
edge). Each larva was fed with 0.75-1 g wheat bran (Coop Danmark A/S, Denmark) and
left in the medicine cup at 25°C for up to 14 days. Mortality was checked daily. Dead
individuals were collected and surface sterilized by immersion in 5% sodium
hypochlorite for 30 s, followed by two rinses of 30 s in deionized water. The rinsed
cadavers were then left individually inside parafilm-closed Petri dishes with moist filter
paper inside at 25°C for 2-7 days in order to stimulate fungal emergence from the dead
insects (mycosis).

Adults of T. molitor were exposed by pipetting 5 uL. of the conidia suspension
onto the intersegmental membrane between the head and the pronotum. Each beetle was
then left at 25°C in the medicine cup with a potato slice for 24 h in darkness, to maintain
sufficient moisture for fungal germination. Potato slices were removed and replaced with
moist filter paper inside the medicine cups and the beetles were fed with 1.5-2 g oatmeal
and left at 25°C for up to 14 days. Mortality was checked daily. Moist filter papers were
replaced if dry. Dead individuals were collected and surface sterilized as for the larvae.

Figure 3.15 shows an example of test set-up for each 7. molitor stage.
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Figure 3.15. Test set-up for adult 7. molitor stage. First column: day 0-1. Second column:

day 1-14. First row: larvae stage. Second row: adult stage.

3.3.7.5. Mortality correction

Abbott’s formula was used to correct insect mortality in all insect assays. Control
sample serves as decrease in the background population. Corrected mortality was

calculated according to Equation 3.9. as presented in Capinera (2004):

% test mortality — % control mortality
100 — % control mortality

Corrected mortality = (3.9)

3.3.7.6. Lethal time 50 (LTso)

Time to reach 50% mortality of the total population (LTso) was calculated by
means of probit analysis (Finney, 1971).
3.3.8. Microbial identification

Microbial identification was performed by external analysis after isolation of
obtained cultures in petri dishes. Identification was carried out in the Instrumental
Techniques Laboratory (Nucleic acids analysis area) of Universidad de Leon. Briefly,

qPCR (quantitative polymerase chain reaction) was performed using a thermal cycler
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(GeneAmp PCR 2700 (Applied Biosystems)). PCR products were purified using a
NucleoSpin Gel and PCR Clean-up (Macherey-Nagel) kits, and they were sequenced
using a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). Microbial
identification was performed by comparison of the sequences with the data bank
GenBank NCBI (National Center for Biotechnology Information, using the software
BLAST (http://www.ncbi.nlm.nih.gov/BLAST).

3.3.9. Standard analytical methods

Regular parameters were determined according to the standard procedures
included in “Test Methods for the Examination of Composting and Compost” (US
Department of Agriculture and The US Composting Council, 2001). All the results were

calculated as a mean of three replicates and presented as mean + standard deviation.

3.3.9.1. Bulk density and air-filled porosity

Bulk density (BD) is defined as the weight per volume unity of a sample. BD was
calculated in a wet basis and used for porosity calculations, dividing the sample weight

by the sample volume according to Equation 3.10.

P
- 3.10
BD % (3.10)

Where:
BD: bulk density (g L)
P: sample weight (g)

V: sample volume (L)

Air-filled porosity (AFPRr) is defined as the volume fraction of air (usually
reported in a percentage basis) in a porous matrix. It was calculated according to Equation

3.11 as presented by Richard et al. (2004):

1—DM\ DM xOM <DM(1 - 0M)>>
) (3.11)

AFPR, =1—BD (
N ‘ ( Dy PDoy PDqgn

Where:
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AFPr: air-filled porosity (%)

BD:: total bulk density on a wet basis (kg m™)

DM: dry matter on a wet basis (%)

OM: organic matter on a dry basis (%)

Dy: water density (1000 kg m™)

PDowm: organic fraction particle density (1600 kg m™)
PDash: ash particle density (2500 kg m™).

Both BD and AFPr were presented as a mean of three replicates and presented as

mean =+ standard deviation.

3.3.9.2. Moisture and dry matter

Moisture content (MC) and dry matter (DM) determination were performed by
gravimetric analysis. Samples (5 to 10 g) were placed in a previously weighted crucible
and left in an air oven at 105°C for at least 24 h to ensure the drought of the sample. The
crucible with the dried sample was weighted after cooling, and MC and DM were

calculated following equations 3.12 and 3.13:

Pi — Pf
- 3.12
MC = 5— x 100 (3.12)
DM = 100 — MC (3.13)

Where:

MC: moisture content (%)

Pi: initial wet weight of the sample (g)
Pf: final dry weight of the sample (g)
Po: crucible weight (g)

DM: dry matter content (%)

3.3.9.3. Organic matter

Organic matter (OM) determination was performed by gravimetric analysis. 1-2 g
of the obtained samples in section 3.3.2.1 were ignited in a muffle at 550°C in the presence
of excess air for at least 2 h. The remaining ashes present in the crucible were weighted

after cooling and OM was calculated following equation 3.14:
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_Pi—Pa

= 3.14
M Pi_pg ~ 100 (3.14)

Where:

OM: organic matter content (%)

Pi: initial weight of the dry sample (g)
Pa: final weight of the ashes (g)

Po: crucible weight (g)

3.3.9.4. C/N ratio

C/N analysis was performed by means of chemical elemental (C, H, N and S)
analysis by Servei d’ Analisi Quimica (SAQ) in UAB. The analysis was carried out using
a CHNS elemental analyzer Flash 2000 (Thermo Scientific). Samples were combusted at
1200°C with air excess and quantification was performed by means of gas

chromatography.

3.3.9.5. pH and conductivity

pH and conductivity were determined by means of the aqueous extract obtained
after mixing the sample with distilled water in a 1:5 w/v ratio. The sample was shaken at
room temperature for 30 min to solubilize the salts into the supernatant. pH was measured
with an electrometric pH meter (Crison®, micropH2001) and conductivity was measured

using an electrical conductivity meter (XS Cond 8).

3.3.9.6. Statistical analysis

Statistical difference between samples was analysed by means of a one-way
ANOVA (p < 0.05 confidence) with the Tukey test using Minitab 17 (Minitab Ltd)
software. Results were classified in letter groups. Those with different letter groups were

significantly different.
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Chapter 4

Fungal SSF validation and optimization

Part of this chapter has been published in: Sala, A., Artola, A., Sdnchez, A., Barrena, R.,

2020. Rice husk as a source for fungal biopesticide production by solid-state fermentation

using B. bassiana and T. harzianum. Bioresource Technology. 296. 122322.






Fungal SSF validation and optimization

4.1. Summary/Overview

In this chapter, the optimization of Beauveria bassiana (BB) and Trichoderma
harzianum (TH) conidia production has been addressed using rice husk in 0.5 L packed
bed bioreactors (PBBs) via solid-state fermentation (SSF).

Rice husk was chosen as sole substrate for the optimization and scale-up of a
fungal SSF produced biopesticide. Prior to the start of thesis work and to the authors
knowledge, few works had previously been presented using rice husk as substrate for
fungal conidia production (Pham et al., 2010; Mishra et al., 2016), both with BB. To the
author’s knowledge, first attempts at scaling-up a SSF process using rice husk as substrate
and Trichoderma as inoculum were performed at the same time of this thesis (Barrera et
al., 2019), although with the genera asperellum instead of harzianum. Additionally, rice
husk presents several characteristics which make it an interesting substrate for SSF:

e Rice husk is a by-product of rice, the most consumed cereal for a large part of
humanity and the third agricultural commodity in terms of production by 2014
(Pode, 2016). In conjunction to growing human population and as shown in
Figure 4.1, rice production has not stopped increasing, meaning that rice husk
production is also growing every year (Food and Agricultural Organization of the
United Nations, FAQO). An estimated amount of 215M tonnes of rice husk were
produced all over the world on 2018 (using the correlation of 0.28kg of rice husk
obtained per kg of milled rice provided by the International Rice Research
Institute, IRRI), making rice husk easily accessible in all countries where rice is
produced.

e [tisapromising substrate to overcome SSF disadvantages. In the majority of SSF
processes, heat removal via convection and conduction proves ineffective,
resulting in high temperatures which negatively affect microbial growth and
production while also creating temperature gradients throughout the reactor bed
(Pandey, 2003). Substrates which present highly porous structure such as rice
husk (Phonphuak and Chindaprasirt, 2015) should help at overcoming or at least
reducing this major SSF issue.

e Thanks to its naturally high air-filled porosity (AFPRr), rice husk can be used
without mixing with a bulking agent. Being classified as a material with low
potential biodegradability according to Barrena et al. (2011), air dispersion

throughout the bed should be sufficient to ensure correct Oz distribution and CO»
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removal, a crucial factor when working with PBBs. This could also help at
reducing costs related to heat dispersion, which are common when scaling SSF

bioreactors (Pandey, 2003).
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Figure 4.1. Production quantities and harvested area of paddy rice from 1994 to 2019.
Source: FAOSTAT (consulted April 2021).

The aim of this chapter was the optimization of a SSF process for producing BB
and TH conidia using rice husk as sole substrate in 0.5 L PBBs. A preliminary test on rice
husk feasibility was performed with each strain prior to several optimization tests.
Optimization has been focused in seven different parameters to maximize conidia
production. The use of different rice husk supplies has allowed the achievement of
generalized results for the substrate when operating within the tested parameter ranges.
The specific objectives of the chapter are: (a) to maximize conidia production using BB
and TH as inoculum by finding optimal values or suitable ranges for the main parameters
affecting fungal conidia production, (b) to determine SSF robustness by determination of
a reliable conidia production range by using different substrate batches and (c) to obtain

crucial information for further scale-up of the process.

4.2. Materials

A total of 4 different rice husk supplies were used to perform all the presented

tests, its characterization is presented in Table 4.1.
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Table 4.1. Rice husk characterization for the four different supplies used in 0.5 L

optimization tests.

Parameter/RH
supply RH1 RH2 RH3 RH4 Mean values
MC (%) 10+0.2 14+0.1 9.8+0.2 9.9+0.1 10.9+0.2
OM (%) 79.6+1.0 783+12 83.8+0.8 83.4+1.7 80+1.2
pH 69+0.2 6.8+0.8 6.8+0.2 6.2+0.2 6.7+04
CD (ps-cm™) 307 £23 596 +43 847+ 72 588 +40 584 + 45
Carbon (%) 41+ 0.1 39.1+£1 36.5+0.6 40.4+0.5 39.3+0.6
Hydrogen (%) 52+0.1 5+£0.2 5+£03 52+0.2 51+0.2
Nitrogen (%) 0.5+0.1 0.7+0.1 0.7+0.1 0.4+0.1 0.6+0.1
Sulphur (%) <0.1 <0.1 <0.1 <0.1 <0.1
C/N ratio 78.8+5.5 56+74 53.6+3.6 953+ 13 70.9+ 7.4
BD (kg m™) 165+2 1682 166 +£3 166 + 1 166 + 2
AFPr (%) 89.7+1.0 89.3+0.7. 89.7+1.1 89.8+1.2 89.6+1.0

MC: moisture content; OM: organic matter; CD: conductivity; BD: bulk density; AFPr: air-filled porosity;
RH: rice husk

4 3. Tests

4.3.1. Preliminary tests

A preliminary test to analyse the feasibility of rice husk as substrate for BB and
TH conidia production was performed using RH1 as substrate. Triplicate fermentations
were performed with both strains. Initial parameters for these fermentations are presented
in Table 4.2. Except for temperature (which optimal values were provided in CECT full
specification), all initial values were chosen according to data presented in bibliography

(compiled in section 1.3.4 and Table 1.4).

Table 4.2. Initial parameter values for preliminary tests.

IC (conidia CD (us AF (mL
Parameter MC (%) T (C) OM (%) pH
g”'dm) cm™) min™)

Value 67.5£0.9 25 80.6+1.3 2.1x10’ 6.8+£0.3  332+21 20

MC: moisture content; T: temperature; OM: organic matter; IC: inoculum concentration; CD: conductivity;

AF: airflow
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4.3.2. First time course tests

Time course tests were performed with both fungal strains to establish the optimal
conidia production time in terms of productivity, as well as to establish the starting point
for each optimizable parameter based on bibliographical research and preliminary test.
Using RH1 as substrate, six reactors with the same initial conditions were loaded. Reactor
harvesting schedule is presented in Figure 4.2. A total of 20 g were extracted on the first
sample of each reactor, maintaining the reactors up to a second harvest with the remaining
material. On both harvests, 10 g were used for conidia count and 10 g were used to
perform cellulase test. pH was also measured in all samples, whereas moisture was only

measured on the initial and final samples.

a)
Sample 1 (d) 3.7 4.7 5.7 7.7
Final sample (d) 1.7 1.7 12.7 1.7

b)

Sample 1 (d) 1.7 2.7 3.7 4.7 5.7 6.7
Final sample (d) 7.7 8.7 11.7 11.7 12.7 12.7

Figure 4.2. Reactor harvesting schedule for first time course tests. a) BB schedule.

b) TH schedule.

4.3.3. Mixing tests

Mixing tests were performed with both strains to evaluate its effect on conidia
production. Using RH2 as substrate, six reactors were harvested at the optimal conidia
production time (previously found in the first time course tests). Three reactors were
mixed manually inside laminar flow cabin and using sterilised tools at different times; the
rest were left as control triplicates for the whole length of the test. Mixing time was

established depending on optimal fungal production time found in first time course tests,
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its schedule is presented in Figure 4.3. All initial parameters values were kept as presented

in the first time course test.

BB mixing time (h) 40
TH mixing time (h) 24 48 72

() ()
() ()

Figure 4.3. Reactor mixing schedule for mixing tests.

4.3.4. Designs of experiments

Two sets of experimental designs (DoEs) were performed with each strain to
maximize conidia productivity at the optimal time found in the previous time course tests.
Response surface analysis via two Box-Behnken designs were proposed and analyzed
using the software DesignExpert 11 (Stat-Ease, Inc, United States). Each analysis was
composed by 15 runs obtained after the combination of 3 numeric factors set to 3 levels.
Level values (high, central and low) were chosen depending on maximums and
minimums found in bibliography for each analysed parameter. A control was set in the
form of a triplicate in the obtained central points. All reactors were loaded with 80 g of

substrate before inoculation. Performed tests are shown in Tables 4.3 and 4.4.

4.3.4.1. Dokl

DoE1 evaluated the effect of moisture, inoculum concentration and airflow on
conidia production. RH2 was used as substrate in all DoE 1 tests. All performed tests in
DoEl are shown in Table 4.3.

Non analysed parameters values were initially kept as presented in the first time
course, except for C/N ratio, which was the one corresponding to the raw material with

no initial modifications (Table 4.1).
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Table 4.3. DoE1 performed batches.

Run/Parameter MC (%) IC (conidia g"'dm) AF (mL min™)
1 45 1x10° 40
2 65 1x10° 40
3 45 1x10’ 40
4 65 1x10’ 40
5 45 5.5x10° 20
6 65 5.5x10° 20
7 45 5.5x10° 60
8 65 5.5x10° 60
9 55 1x10° 20
10 55 1x10’ 20
11 55 1x10° 60
12 55 1x10’ 60
13 55 5.5x10° 40
14 55 5.5x10° 40
15 55 5.5x10° 40

MC: moisture content; IC: inoculum concentration; AF: airflow

4.3.4.2. DoE2

DoE2 evaluated the effect of temperature, C/N ratio and moisture on conidia
production. Moisture was re-analyzed to observe the combined effect of it with
temperature, while also trying a different range in comparison to DoE 1 tests. C/N ratio

was modified by adding N supplement in the form of ammonium sulphate. RH3 was used

as substrate in all DoE 2 tests. All performed tests in DoE2 are shown in Table 4.4.

Inoculum concentration and airflow were adjusted to obtained values in DoE1, the

rest of the non-analysed parameters were initially kept as presented in the first time

course.
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Table 4.4. DoE2 performed batches.

Run/Parameter T (°C) C/N MC (%)
1 25 25 60
2 39 25 60
3 25 55 60
4 39 55 60
5 25 40 50
6 39 40 50
7 25 40 70
8 39 40 70
9 32 25 50
10 32 55 50
11 32 25 70
12 32 55 70
13 32 40 60
14 32 40 60
15 32 40 60

T: temperature; C/N: carbon/nitrogen ratio, MC: moisture content

4.3.5. Second time course tests

To validate the obtained conditions in the previous tests, a second time course
analysis was performed with each strain applying the previous DoEs adjusted conditions
except for C/N ratio, which was kept unmodified at the same value corresponding to the
used raw material (Table 4.1). Using RH4, twelve reactors with the same initial conditions
were analysed one per day, reactor harvesting schedule is presented in figure 4.4. Mixing
was applied following results shown in mixing tests. Same analysis as in time course 1

with the addition of moisture content were conducted with each sample.
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Sample d) 1.7 2.7 3.7 47 57 67 7.7 87 9.7 10.7 11.7 16.7
b) > . -
Sample(d) 0.7 1.7 27 3.7 47 57 67 7.7 87 9.7 107 117

Figure 4.4. Reactor harvesting schedules for second time course tests. a) BB schedule. b)

TH schedule.

4.4, Results and discussion

Results and discussion section in this Chapter is structured by presenting the
results obtained on each test with both used fungal strains in the same section.

To provide a global view of the performed tests and to summarize the obtained
results, all batches presented in the chapter are summarized in 3 Tables (4.7, 4.8 and 4.9)

in the final section (4.5 global analysis) of this chapter.

4.4.1. Preliminary tests

These tests were performed to determine the feasibility of fungal conidia
production using BB and TH and rice husk as substrate.

BB conidia production was of 7.0x103conidia g"'dm, while TH conidia production
was of 8.4x108 conidia g''dm. Conidia productions were on the same order of magnitude
to those found in bibliography using rice husk. With BB, Mishra et al. (2016), achieved
4.3x10® conidia g! using rice husk without nutrient supplementation, even though their
substrate presented a lower C/N ratio (22.7 vs 78.8 in this test).

sOUR profile and conidia visualization at 100x augments for both fungi are shown
in Figure 4.5. According to Barrena et al. (2011), sSOUR profile corresponds to a low
biodegradability substrate (typical bulking agent values). Low profiles are also linked
with low biodegradable carbon quantities present in the substrate, despite presenting a
chemical carbon composition superior to 40% (Table 4.1). However, according to
Sanchez (2007) and as lignocellulosic material, available carbon in rice husk corresponds
approximately to 30-40% of total carbon. No relevant visual differences between BB and

TH conidia were observed at microscope level (from 40x to 100x augments). As shown

74



Fungal SSF validation and optimization

in Figure 4.6, BBs’ growth and conidiation was easier to observe at eye level when

compared to THs’. This difference has been maintained when working with RH as

substrate at all reactor scales in this thesis.
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Figure 4.5. sOUR profiles and conidia visualization at 100x augments obtained in

preliminary tests. a) and b): BB test; ¢) and d) TH test.

Figure 4.6. Example of reactor appearance for 0.5 L rice husk SSF. a) BB and b) TH.
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Results in the preliminary tests confirmed the feasibility of using rice husk as a
substrate for BB and TH conidia production. These tests also served as a starting point of

the research, prior to process optimization tests.

4.4. 2. First time course tests

These tests aimed to determine process time for maximum conidia production as
well as process parameters’ evolution.

Figure 4.7 presents the first time course tests results for BB (a) and TH (b). When
using BB, optimal production time in terms of conidia productivity were about 7.5-8 days
(corresponding to 5.0 x 108 conidia g"'dm). Maximum productivity time was highly close
to maximum conidia production time, stabilizing between days 8 and 11. Results were
similar to the ones observed in preliminary tests, obtaining same optimal conidia
production time. These values were consequent with typical 7-14 days’ production cycle
time in SSF fermentations, as stated by Jaronski and Mascarin (2017), being promising
in terms of conidia productivity due to being closer to the lower half of their proposed
time range. When using TH, optimal production time was 5.5-6 days (corresponding to
1.9x10° conidia g'dm). However, conidia production rapidly decreased and stabilized
around 1.3x10° conidia g'dm. Maximum productivity and maximum conidia production
were found at the same process time. Conidia production was higher than that obtained
in the preliminary test, reaching superior order of magnitude in terms of both conidia
production and productivity. According to various authors, optimal conidia production
time when using Trichoderma spp. varies significantly, from 2-8 days (Verma et al.,
2007) to 10-15 days (Srivastava et al., 2016) presenting huge differences between used
substrates and strains.

In terms of sOUR, profiles were also very similar to those obtained in the
preliminary tests, with similar maximums at similar times, between days 2.5-3 using BB
and at 2-2.5 days using TH. Maximum sOUR time similarity between tests confirmed the
low biodegradability potential of rice husk.

pH profiles were also similar between strains, showing decrease of approximately
one unit during first 2-4 days. According to Krishna (2005), this might be caused by the
production of organic acids, mostly citric and/or lactic. After that, pH followed an
increase to values of 7.5 at the end of the experiment (day 12.5-13). As presented by
Krishna (2005), optimal pH in SSF with filamentous fungi ranges between 3.8 and 6.
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Dhar et al. (2016) established an optimal pH growth for BB of 6-7 at 25-30°C, which

coincides with the pH measured in this study before it started rising from day 6 onwards.

Zhang and Yang (2015) presented an optimal pH for TH growth and conidiation of 6,

with little decrease in conidia production between 6 and 7 and higher decreases in the rest

of the tested range. This range corresponds to the measured pH in most of the TH first

time course. According to the same author, possible inhibition might be applicable

coinciding with the augment of the observed pH to values above 7 from day 6 onward,

leading to conidia reduction and stabilization.
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profiles obtained in first time course tests. SOUR curves were obtained using 6 reactors.

a) BB test and b) TH test.
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Cellulase profiles showed concentrations between 0.12-0.26 FPU g"'dm using BB
and of 0.2-0.75 FPU g''dm using TH, triplicating BB values at its maximum. However,
enzymatic concentrations were very low when compared to those reported in specific
cellulase production works by SSF using the same quantification method (Cerda, 2017;
Marin, 2018). For TH, values were one order of magnitude lower than the concentration
obtained by Lopez-Ramirez et al. (2018) also using TH. In addition, cellulase
concentration remained very low in comparison to the previously mentioned works. Poor
enzymatic productions coupled with low sOUR indicate low substrate biodegradability,
probably due to presence of slow or non-biodegradable carbon in rice husk (Puyuelo et

al., 2011).

4.4. 3. Mixing tests

These tests were performed to evaluate mixing effect on conidia production.

Figure 4.8 shows mixing tests results for BB (a) and TH (b). When using BB,
increasing conidia production at increasing mixing times (40 h, 64 h and 88 h) was found,
whereas the difference in maximum production (mixing at 88 h) resulted non-significant
in comparison to conidia produced without mixing (9.0x10® conidia g''dm in the mixing
reactor and 8.5x108 conidia g''dm in the triplicate control, respectively). When using TH,
results showed maximum conidia production in reactors with mixing times of 24 and 48h,
each of them producing at least 9.0x10® conidia g-'dm, while reactors without mixing
reached an average of 6.8x10% conidia g''dm. Seemingly, mixing at 24 or 48 hours
improved conidia production significantly. Obtained conidia were significantly less in
comparison to time course test, in which TH reached productions of 1.9x10° conidia
g'dm (2.14 times higher) (Figure 4.5 b). However, maximum conidia production in time
course test was only reached at the peak and was subsequently stabilised at around
1.3x10° conidia g"'dm (1.4 times higher), which could be explained due to using different
rice husk supplies as substrates in the two tests (see Table 4.1).

It must be stated that mixing time could have changed optimal conidia production
time, which could mean achieving higher conidia production if reactors had been kept
fermenting for longer time periods. As presented by Krishna (2005), agitation is known
to have adverse effects in SSF processes, particularly when using fungi, as it might disrupt
fungal attachments and damage fungal mycelia, consequently increasing optimal conidia
production time. This effect has been observed in BB mixing test. Fungi were not able to

reattach properly, with the consequent loss in conidia production and productivity,
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especially at both 40 and 64 hours of mixing. In comparison, mixing had a positive effect
on TH, showing more robustness and adaptability, being able to not only reattach to the
surface but also enhance its conidia production after mixing, also favouring TH fungal
growth, as presented by Lopez-Ramirez et al. (2018). Possible productivity loss in
comparison to no mixing strategy should be considered before making any decision on

mixing application when working with TH.
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Figure 4.8. Conidia production in mixing tests. a) BB test and b) TH test.

4.4.4. DoEs

Two DoE sets were performed with each strain to maximize conidia productivity
at the optimal time found in the previous time course tests. DoE 1 evaluated the effect of
moisture, inoculum concentration and airflow, while DoE 2 evaluated temperature, C/N
ratio and moisture.

Conidia productions of all DoE tests are shown in Figure 4.9. When using BB, in
DoE 1, maximum production was achieved by reactor 6, topping at 1.9x10° conidia
g’'dm, corresponding to initial moisture 65%, inoculum concentration of 5.5x10° conidia
g''dm and airflow of 20 mL/min. In DoE2, maximum production was achieved by reactor
7, topping at 1.6x10° conidia g"'dm, corresponding to 25°C temperature, 40 C/N ratio and
70% moisture. When using TH, in DoE 1, maximum production was achieved by reactors
13-14-15, topping at 1.2x10° conidia g'dm, corresponding to the central parameter
conditions, being initial moisture 55%, inoculum concentration 5.5x10° conidia g''dm
and airflow of 40 mL/min. In DoE2, maximum production was achieved by reactor 3,
topping at 2.0x10° conidia g-'dm, corresponding to 25°C temperature, 55 C/N ratio and

60% moisture. Achieved BB conidia production was more than 2 times higher than the
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best achieved production in time course 1. Achieved TH conidia production in DoE1 was
similar to the one obtained after TH conidia production stabilization in time course 1,
while in DoE2 it was as high as the obtained maximum in time course 1, being equal to

the highest production obtained in BB DoE 1.
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Figure 4.9. Conidia production in DoE tests. a) DoE1 and b) DoE2.

Statistical analysis of both DoE designs using a second-order polynomial
approach is shown in Tables 4.5 (BB) and 4.6 (TH). All four models were significant in
terms of p-value (<0.05), specially BB DoE2, which presented the minimal p-value
possible using DesignExpertl1. Both DoEl presented significant lack of fit, which
deemed them unusable to make predictions. However, BB DoE2 presented insignificant
lack of fit, making the model valid for conidia production predictions. TH DoE2 lack of
fit was not shown by the software, so it could not be used to interpret the results. As an
alternative, the achieved R? value has been used as an approach to the significance of the
model. Being of 0.89 in TH DoE2, indicates a more significant approach when compared
to both DoE1 (in which R? values were of 0.74 and 0.71 respectively), albeit much less
significant than BB DoE2, where R? was of 0.99, being the only design suitable for
making conidia production predictions.

BB DoEl analysis resulted in three significant parameters, being initial moisture
(A), inoculum concentration (B) and inoculum concentration squared (B?), while TH
DoE1 analysis resulted in one significant parameter, being initial moisture squared (A?).
Even though inoculum concentration relevance differed between strains, airflow was

deemed as insignificant for both. BB works dealing with similar configurations showed
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higher effect of airflow on conidia production (Santa et al., 2005), even though the used
substrate was a mixture of refused potatoes and sugarcane bagasse. This substrate
possibly presented lower AFPr and biodegradability than rice husk, resulting in higher
airflow needs due to difficulties in oxygen transfer. The same authors also analysed the
effect of initial moisture, obtaining an optimal value of 65%, similar to the one obtained
in this study. However, and as pointed by Manpreet et al. (2005), fungal strains can grow
in a wide range of moistures varying from 40% to 80%, with optimal values being much
more dependent on the used substrate than on the fungal strain. In comparison, the
optimum moisture content was higher than the one obtained by Mishra et al. (2016) (51-
54%), which might be due to configuration differences between the reactors used
(Erlenmeyer flasks (Mishra et al., 2016) and PBBs (this thesis)). In comparison, no similar
studies in terms of substrate and reactor configuration were found using TH or other
Trichoderma species. The most similar TH optimization study was performed by Zhang
and Yang (2015) using flasks as reactors and straw and wheat bran as substrates. That
work reported an optimal moisture value of 75%, a higher value than the maximum values
tested in DoEl. Airflow insignificance in both DoEs highlights the importance of
substrate AFPr on oxygen transfer, which at this scale is more than sufficient for TH
growth and conidiation when using rice husk as substrate.

BB DoE2 analysis resulted in most of the parameters (except for temperature x
moisture (AC) and moisture squared (C?)) as significant, while TH DoE2 analysis
resulted in four significant parameters being temperature (A), moisture (C), temperature
squared (A?) and moisture squared (C?). These results showed very high relevance for
temperature (which was defined as the most important of all physical parameters affecting
SSF performance by Krishna (2005)), being the most important parameter in terms of
significance. DoE 2 also confirmed high relevance for moisture (with lower p-values than
the ones obtained in previous DoE). C/N ratio was the least relevant parameter, even
though it still was more relevant than airflow in DoEl.

In terms of temperature, several studies using different substrates have confirmed
an optimal production temperature of 25 to 28°C using different BB strains (Mishra et al.,
2016; Pham et al., 2010; Dhar et al., 2016), corresponding to the one obtained in this test.
Zhang and Yang (2015) found an optimal temperature of 30°C, being 5°C higher than the
optimal value obtained (25°C). Differences could be caused by the use of different TH

strains. However, their conidia production heavily decreased from 32°C onwards, as it
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happened in the present study. In terms of moisture, observed differences in optimal

values between DoEs might have been due to differences in the tested range.

Table 4.5. p-values on each BB DoE parameter, including lack of fit. p-values lower than

0.05 are considered significant.

DoE 1 p-value DoEl DoE 2 p-value DoE2

Model 0.0438 Model <0.0001

A: MCy(%) 0.0296 A: T (°C) <0.0001
B: IC (conidia-g'dm) 0.0290 B: C/N ratio 0.0030
C: AF (mL/min) 0.9889 C: MCi (%) 0.0008
AB 0.7833 AB 0.0060

AC 0.7762 AC 0.0604

BC 0.7641 BC 0.0465

A’ 0.1507 A’ <0.0001

B’ 0.0086 B? 0.0430

C? 0.0643 C? 0.1097

Lack of fit 0.0021 Lack of fit 0.1133
R? 0.7332 R? 0.9889

MC:: initial moisture content; IC: inoculum concentration; AF: airflow; T: temperature

Table 4.6. p-values on each TH DoE parameter, including lack of fit. p-values lower than

0.05 are considered significant.

DoE 1 p-value DoEl DoE 2 p-value DoE2
Model 0.0492 Model 0.0054
A: MCi (%) 0.1589 A: T (°C) 0.0021
B: IC (conidia g"'dm) 0.2866 B: C/N ratio 0.3884
C: AF (mL/min) 0.8098 C: MCi (%) 0.0017
AB 0.1708 AB 0.6247
AC 0.8052 AC 0.1867
BC 0.7602 BC 0.7419
A’ 0.0030 A? 0.0227
B’ 0.0697 B’ 0.3233
C? 0.2230 C? 0.0026

Lack of fit 0.0298 Lack of fit -

R? 0.7103 R? 0.8881

MC:: initial moisture content; IC: inoculum concentration; AF: airflow; T: temperature
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In relation to C/N ratio, production values superior to 10° conidia g'dm were
obtained with all tested C/N ratios. Theoretically, high C/N ratios are beneficial for fungal
growth (Mishra et al., 2016; Sharma et al., 2002), however, nitrogen needs must also be
taken into consideration as it will be less available for higher C/N ratios. Mishra et al.
(2016) obtained maximum conidia production using BB with rice husk in comparison to
other agricultural residues with a lower C/N ratio, with a value of 22.67. Carbon and
nitrogen availability also plays a major role in fungal fermentations. When using rice
husk, composition percentages between 40 and 50% correspond to carbon, while only 0.5
to 1.0% correspond to nitrogen depending on the rice husk supplied (Table 4.1). Carbon
availability is not fully known by means of chemical C/N analysis. Thus, biodegradable
C/N ratio is needed for a better knowledge on available carbon. It might also be possible
that the added N solution (ammonium sulphate) was not sufficient to satisfy culture needs.
This behaviour is consistent with the few observed differences in terms of produced
conidia between different C/N ratios, as it is also necessary for fungal growth (Dhar et
al., 2016).

Optimal conditions found with BB DoE 1 are shown in the form of 3D surface
plot in Figure 4.10, while optimal conditions using BB DoE2 are shown in Figure 4.11.
Using DoEl equation (+4.29770 +0.158560A +1.71190x107B  -0.031302C
+4.69538x1071°AB  -0.000109AC +2.56439x10'9BC -0.001285A% -1.56903x10-1“B?
+0.000448C?) (R?=0.7332) optimal production values were initial moisture 62-62.5%,
inoculum concentration 6.5-6.6x10° conidia g''dm and airflow 20 mL/min. Using DoE2
equation (+15.01230 -0.386005A +0.042742B -0.026841C -0.000504AB +0.000399AC
+0.000203BC +0.005518A2 -0.000144B2 +0.000234C?) (R*=0.9889) optimal production
values were temperature 25°C, C/N ratio 55 and initial moisture 70%. Optimal moisture
value was a little higher when compared to DoE 1 value. However, the studied range was
slightly different between tests, which might have displaced the optimum to higher

values.
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Figure 4.10. 3D surface plots obtained for optimal parameter values in BB DoE1 test.
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Optimal conditions with TH DoE1 are shown in the form of 3D surface plot in
figure 4.12, while optimal conditions using TH DoE2 are shown in Figure 4.13. Using
DoEl equation (+0.070511 +0.328833A -1.72618x10*B -0.010144C +1.90317x10°AB
-0.000070AC  -1.91895x1019BC  -0.003002A% -6.33619x10-°B?  +0.000194C?)
(R?=0.7103) optimal production values were initial moisture 56-56.5%, inoculum
concentration 6.5-6.6x10° conidia g''dm and airflow 20 or 60 mL/min. Using DoE2
equation (+5.67152 -0.219148A +0.005105B +0.220239C +0.000167AB +0.000735AC
+0.000078BC +0.002322A2 -0.000170B? -0.001936C?) (R?=0.8881) optimal production
values were temperature 25°C, C/N ratio 40 and initial moisture 62%. However, none of
the TH models can be used to obtain reliable conidia productions predictions, even though

DoE2 model presented way higher significance than DoEI.
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Figure 4.12. 3D surface plots obtained for optimal parameter values in TH DoE1 test.
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Figure 4.13. 3D surface plots obtained for optimal parameter values in TH DoE2 test.

4.4. 5. Second time course test

These tests aimed to validate the obtained conditions in previous tests.

Figure 4.14 presents second time course tests results for BB (a) and TH (b). When
using BB, optimal conidia production time in terms of productivity was about 7.5-8 days
(corresponding to 9.0x10® conidia g'dm). Between days 12 and 18, BB conidia
production value was stabilized around 6.0x10® conidia g''dm. When using TH,
maximum conidia production nearly doubled the one observed in time course 1. The
optimal production time in terms of conidia productivity was about 5.5-6 days
(corresponding to 1.4x10° conidia g''dm). Having reached its peak, conidia production
decreased a little before stabilizing at nearly the same value as in maximum production
between days 9 and 12.

Despite using optimal conditions found in previous tests and nearly doubling time
course 1 results, obtained conidia production was half of the maximum obtained in the
DoEs with BB and one quarter lower than the maximum obtained in both time course 1

and DoE2 with TH.
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These differences might have been caused by the use of different rice husk
supplies. Rice husk supply used in the current tests presented lower biodegradability
potential in comparison to the one used in time course 1, which was confirmed by means
of sOUR values: while maximum sOUR achieved in previous time course tests was at
least of 0.64 gO> kg 'dm h™! for both strains, in this time course only maximum values of
0.37 g0, kg''dm h'! (BB) and 0.44 gO> kg 'dm h'! (TH) were reached., showing even
lower biodegradability despite using more suitable conditions for conidia production.
These oxygen level values correspond to the minimums observed for both strains in this
Chapter. C/N could be another parameter which might have reduced conidia production,
particularly due to nitrogen content, which was even less present in comparison to other
tests (0.42% in this time course test vs 0.52% in the first time course and even higher
differences if compared to the rice husk supplies used in the DoEs).

Presence of non-inoculated Aspergillus Niger (AN) was detected during BB
fermentation. Figure 4.15 shows profiles (4.15 a) and photos of BB and AN conidia at
100x augments (4.15 b) and contaminated culture plate growth (4.15 c), effectively
showing a mixed culture. AN is a common contaminant in rice and its by-products, (Streit
et al., 2012; Aydin et al., 2011; Fredlund et al., 2009). AN conidia were also confirmed
as capable of withstanding autoclaving. AN production was observed in BB tests from
day 5 onwards, rising to approximate values close to 1x108 conidia g'dm (approximately
10% of the maximum BB conidia production). To the authors’ knowledge, no BB strain
presenting antifungal properties against AN have been reported. Consequently, it is
possible for AN to take advantage of its growth, resulting in contaminated cultures.
Despite the contamination, it must be stated that BB is still present, approximately at
about 90% of the total conidia production, at least at microscopical level. Differences
between BB and AN conidia can be visually observed using both 40x and 100x augments
(Figure 4.15 a). In contrast, no contamination was observed when using TH, not in time
course 2 nor in any other TH fermentation. AN conidia were unable to growth in a culture
with TH due to its antagonistic properties (Verma et al., 2007).

In both fermentations, initial pH was close to 6-6.5 and ended near 8.0. These
profiles differ from those in the first time course tests, where pH decreased between days
3-5 before rising to values close to 8.0 (figure 4.7). As shown in previous time course
test, conidia production stabilization is observed after pH has risen to values above 7,

corresponding to day 7 in BB and to day 5 in TH.
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Figure 4.14. sOUR, produced conidia, productivity, pH and moisture profiles obtained
in first time course tests. SOUR curves were obtained using 12 reactors. a) BB test and b)

TH test.

Moisture content profile showed maintenance of optimal values during the whole
test with both strains, with stable values around 60%. Even though initial moisture content
has been optimized for several substrates and despite its relevance in fungal SSF (Krishna,
2005), to our knowledge, moisture evolution during BB or TH SSF process had not been
presented in any work previous to this test.

Cellulase analysis was not significant for both strains. Cellulase production was
very low and nearly undetectable, with values ranging from 0 to 0.2 FPU g''dm at their
maximum. These values were similar to the maximum achieved in BB time course 1,

albeit inferior to the ones for TH, where they were at least measurable. TH differences
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might be due to the use of a substrate with very low biodegradability in comparison to the
previous time course substrate. Similarly, Sanchez-Corzo et al. (2021) did not obtain
cellulase production using TH when testing various lignocellulolytic enzymes production
using various wood rot fungi. Nevertheless, the method used to analyse cellulase
concentration seemed unreliable for rice husk samples, as values were too low to be
correctly quantified. Moreover, no other works on the production of cellulases using BB
strains have been found, as BB is mainly used as entomopathogen but not as enzyme

producer (Jaronski and Mascarin, 2017).
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Figure 4.15. Mixture culture of BB contaminated with AN. a) Produced conidia, b)
Conidia appearance at 100x augments (AN conidia are highlighted over BB conidia) and

c) Plate growth of the extract obtained at the maximum conidia production day.

4.5. Global analysis

Figure 4.16 shows conidia production obtained in all tests and its distribution
using box plots. Figure 4.16 a) shows the general distribution of all spore productions
obtained in all tests, which is asymmetrical for both strains. With BB, most of conidia
productions range between 5.0x10% and 1.0x10° conidia g'dm, while with TH range
between 6.0x108 and 1.2x10° conidia g”'dm. However, in BB plot median value is located

at 7.0x10® conidia g''dm while in TH it is located at 1.0x10° conidia g''dm, showing
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higher productions in TH 3™ quartile. BB presents a widest liable production range
(between 4.0x10% and 1.6x10° conidia g''dm), which includes Mishra et al. (2016) BB
conidia production obtained with rice husk (the only comparable BB production found in
the literature using this substrate). TH productions are more consistent, showing higher
robustness due to a lower reliable range (from 4.5x10% to 1.3x10° conidia g''dm). Few
outliers are present with both strains, showing the robustness of the data.

Figure 4.16 b) shows distributions in all BB tests, whereas figure 4.16 c) shows it
with TH. Tested parameters in DoEl (initial moisture, inoculum concentration and
airflow) had a higher impact on BB conidia production, while tested parameters in DoE2
(temperature, C/N ratio and initial moisture) had a higher impact on TH conidia
production, as it can be seen both with obtained ranges and media values. Second time
course productions were in the 3™ quartile in BB and in the 4" quartile in TH,
demonstrating the feasibility of our defined optimal conditions. As higher productions
were reached with both strains when comparing to time course 1. Nevertheless, they were
not the maximum reached productions due to using low biodegradability substrate with
little nitrogen. Using of above optimal C/N ratios might have reduced conidia production,

as presented by Mishra et al. (2016).
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Figure 4.16. Conidia production boxplots. a) all fermentations, b) BB fermentations) and

c) TH fermentations. Mean values are presented with dashed lines.
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These results allow us to determine a highly probable conidia production range
(between 5.0x10% and 1.3x10° conidia g''dm) which is independent of the used rice husk
supply. This behaviour demonstrates the robustness of the process and the scale-up
feasibility of the chosen substrate. It also must be stated that BB conidia production has
been affected by the growth of contaminant AN (a common contaminant in several food
and food wastes as presented by Gil-Serna et al. (2019)). As a result, production was
lower in certain batches, meaning that obtained counts might have been higher after a
more suitable substrate pretreatment. However, AN’s conidia resistance to autoclaving
cycles must also be taken into consideration.

With all these data, it is possible to define conidia production values for all
analysed conditions, with certainty that conidia production using rice husk will be in the
previously defined interval if the parameters are kept within range. These values are:
initial moisture 55-70%, inoculum concentration 5.5x10%-2.1x107 conidia g''dm, airflow
20-60 mL min’!, temperature 25°C and C/N ratio 25-95.

Summarized results of conidia production and parameter conditions in all tests are
presented in Table 4.7, whereas summarized results of conidia production, productivity
and conidia quotients are presented in Table 4.8. As it has been stated, all parameters
which presented relevance on conidia production (even if it was minimal) have been
successfully optimized in a correspondent reduction range or even to a certain value. The
only exception is C/N ratio, as highest conidia productions have been achieved with
various C/N values ranging from 25 in DoEs to 79-95 in time course 1 and time course 2.
Using BB, highest conidia production was achieved using rice husk 2 (corresponding to
a C/N ratio of 56.0). Using TH, maximum was achieved using rice husk 3 (corresponding
to a C/N ratio of 53.6), even though maximum conidia production was similar to the one
obtained with rice husk 1 (corresponding to a C/N ratio of 78.8). These results suggest
that further tests should be proposed to find lower optimal C/N values, which would be
more consistent with other similar studies using the same substrate (Mishra et al., 2016).
At the same time, it is advisable to use the same or similar rice husk as substrate when
performing optimization or comparative tests to reduce differences caused by the use of

different rice husk supplies.
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Table 4.7. Summary of the results obtained in all BB and TH optimization tests (produced conidia and initial parameters).

Produced BB conidia Produced TH conidia MC IC (conidia AF T

Test (conidia g'dm) (conidia g'dm) (%) g”'dm) (mL min")  (°C) /N ratio
Preliminary test 7.0x10® 8.4x10° 67.5 2.1x10’ 20 25 79
Time course 5.0x10° 1.9x10° 63.5 2.1x10’ 20 25 79
Mixing 9.0x10® 9.0x10* 64 1.0x10’ 20 25 56
DoE1 R1 1.5x10® 4.5x10® 45 1.0x10° 40 25 56
DoE1 R2 2.8x10" 2.9x10® 65 1.0x10° 40 25 56
DoE1 R3 4.8x10® 4.5x10" 45 1.0x10’ 40 25 56
DoE1 R4 1.1x10° 6.5x10° 65 1.0x10’ 40 25 56
DoE1 R5 8.3x10° 5.0x10° 45 5.5x10° 20 25 56
*DoE1 R6 1.9x10° 9.9x10* 65 5.5x10° 20 25 56
DoE1 R7 8.3x10° 5.4x10° 45 5.5x10° 60 25 56
DoE1 RS 1.6x10° 9.4x10* 65 5.5x10° 60 25 56
DoE1 R9 7.0x10® 9.7x10* 55 1.0x10° 20 25 56
DoE1 R10 7.7x10® 1.1x10° 55 1.0x10’ 20 25 56
DoE1 R11 7.0x10® 1.1x10° 55 1.0x10° 60 25 56
DoE1 R12 9.4x10* 1.1x10° 55 1.0x10’ 60 25 56
**DoE1 R13 1.1x10° 1.2x10° 55 5.5x10° 40 25 56
**DoE1 R14 1.1x10° 1.2x10° 55 5.5x10° 40 25 56
**DoE1 R15 1.0x10° 1.1x10° 55 5.5x10° 40 25 56
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Table 4.7. (cont). Summary of the results obtained in all BB and TH optimization tests (produced conidia and initial parameters).

Produced BB conidia Produced TH conidia MC IC (conidia AF T
Test (conidia g'dm) (conidia g'dm) (%) g”'dm) (mL min")  (°C) C/N ratio

DoE2 R1 1.0x10° 1.9x10° 60 7.5x10° 20 25 25
DoE2 R2 5.1x10° 7.3x10° 60 7.5x10° 20 39 25
**DoE2 R3 1.5x10° 2.0x10° 60 7.5x10° 20 25 55
DoE2 R4 4.7x10" 9.2x10° 60 7.5x10° 20 39 55
DoE2 R5 1.3x10° 9.1x10* 50 7.5x10° 20 25 40
DoE2 R6 4.4x10" 4.8x10" 50 7.5x10° 20 39 40
*DoE2 R7 1.6x10° 1.3x10° 70 7.5x10° 20 25 40
DoE2 R8 7.0x10° 1.1x10° 70 7.5x10° 20 39 40
DoE2 R9 3.3x10° 4.3x10" 50 7.5x10° 20 32 25
DoE2 R10 4.9x10" 4.3x10" 50 7.5x10° 20 32 55
DoE2 R11 4.7x10" 8.6x10° 70 7.5x10° 20 32 25
DoE2 R12 5.1x10° 9.6x10° 70 7.5x10° 20 32 55
DoE2 R13 4.5x10" 1.1x10° 60 7.5x10° 20 32 40
DoE2 R14 4.4x10" 1.1x10° 60 7.5x10° 20 32 40
DoE2 R15 4.6x10" 1.1x10° 60 7.5x10° 20 32 40
2nd Time course 9.0x10° 1.4x10° 65 6.8x10° 20 25 95

MC: moisture content; IC: inoculum concentration; AF: airflow; T: temperature; *Best DoE conditions for BB; **Best DoE conditions for TH. Results in mixing rows

correspond to the best mixing conidia production reactor.
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Table 4.8. Summary of the results obtained in all BB and TH optimization tests (produced conidia, productivities and conidia quotients).

94

Test Produced BB conidia Produced TH conidia Productivity in BB Productivity in TH BB TH
(conidia g'dm) (conidia g'dm) tests (conidia g'dm d') tests (conidia g'dmd’) CQ CcQ
Preliminary test 7.0x10® 8.4x10° 8.9x10’ 1.1x10® 34 40
Time course 5.0x10° 1.9x10° 6.5x10’ 3.4x10° 24 86
Mixing 9.0x10® 9.0x10® 1.1x10® 1.3x10® 90 90
DoE1 R1 1.5x10® 4.5x10® 2.0x10’ 7.8x10’ 150 450
DoE1 R2 2.8x10" 2.9x10® 3.6x10’ 5.1x10’ 280 290
DoE1 R3 4.8x10" 4.5x10® 6.2x10’ 8.0x10’ 48 45
DoE1 R4 1.1x10° 6.5x10° 1.4x10® 1.1x10® 110 65
DoE1 RS 8.3x10° 5.0x10° 1.1x10® 8.8x10’ 151 96
*DoE1 R6 1.9x10° 9.9x10° 2.5x10® 1.7x10® 346 180
DoE1 R7 8.3x10° 5.4x10° 1.1x10® 9.5x107 151 98
DoE1 RS 1.6x10° 9.4x10® 2.0x10® 1.7x10® 291 171
DoE1 RY 7.0x10° 9.7x10° 9.2x10’ 1.7x10° 700 970
DoE1 R10 7.7x10® 1.1x10° 1.0x10® 1.9x10® 77 111
DoE1 R11 7.0x10® 1.1x10° 9.1x10’ 2.0x10® 700 1110
DoE1 R12 9.4x10* 1.1x10° 1.2x10® 1.8x10® 94 110
**DoE1 R13 1.1x10° 1.2x10° 1.4x10® 2.1x10® 200 218
**DoE1 R14 1.1x10° 1.2x10° 1.4x10® 2.2x10® 200 218
**DoE1 R15 1.0x10° 1.1x10° 1.4x10® 2.0x10® 182 200
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Table 4.8. (cont) Summary of the results obtained in all BB and TH optimization tests (produced conidia, productivities and conidia quotients).

Productivity in

Test Produced BB conidia Produced TH conidia Productivity in BB tests TH tests BB TH
(conidia g'dm) (conidia g'dm) (conidia g'dm d™) CcQ CcQ
(conidia g'dm d™)
DoE2 R1 1.0x10° 1.9x10° 1.3x108 3.3x10° 133 253
DoE2 R2 5.1x10® 7.3x10° 6.7x107 1.3x10® 68 97
**DoE2 R3 1.5x10° 2.0x10° 2.0x108 3.6x10° 200 267
DoE2 R4 4.7x10° 9.2x10° 6.2x107 1.6x10* 63 123
DoE2 RS 1.3x10° 9.1x10° 1.7x108 1.6x10* 173 121
DoE2 R6 4.4x10° 4.8x10° 5.8x107 8.4x10’ 59 64
*DoE2 R7 1.6x10° 1.3x10° 2.1x108 2.3x108 213 173
DoE2 R8 7.0x10® 1.1x10° 9.2x107 1.9x10* 93 148
DoE2 R9 3.3x10® 4.3x10° 4.3x10’ 7.5x107 44 57
DoE2 R10 4.9x10° 4.3x10° 6.4x107 7.5x10’ 65 57
DoE2 R11 4.7x10° 8.6x10° 6.1x107 1.5x10® 63 115
DoE2 R12 5.1x10® 9.6x10° 6.8x10’ 1.7x10* 68 128
DoE2 R13 4.5x10° 1.1x10° 5.9x107 1.9x10* 60 148
DoE2 R14 4.4x10° 1.1x10° 5.8x107 1.9x10* 59 148
DoE2 R15 4.6x10° 1.1x10° 6.1x107 1.9x10* 61 148
2nd Time course 9.0x10° 1.4x10° 1.2x108 2.1x108 128.6  211.8

CQ: conidia quotient; *Best DoE conditions for BB; **Best DoE conditions for TH. Results in mixing rows correspond to the best mixing conidia production reactor
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To have a global view of the respiration indexes obtained in most tests, Table 4.9
shows achieved maximum sOUR, time in which maximum sOUR was achieved and COC
for all tests. The exception are the DoEs, showing only those that reached highest conidia
production on each design. Very low biodegradability has been observed in most of the
tests, with maximum sOUR being of 1.55 g O2 kg 'dm h! for BB (DoE1) and 0.94 g O,
kg'dm h! for TH (mixing). Despite being way higher than most of the obtained values,
they remain in the low biodegradability spectrum according to Barrena et al. (2011). Even
though sOUR differences are important between substrate batches and between different
conditions, the potential biodegradability of the substrate has remained at very low values
in all tests. For TH, maximum sOUR values have not been obtained in maximum conidia
production reactors. In fact, huge differences in respiration indexes between similar
conidia productions have been observed with both strains, with special mention to both
maximums DoEs. No correlation between sOUR and conidia production when working
with BB or TH and rice husk as substrate has been found.

Previous works to this thesis had presented correlations between fungal growth
and conidia production (Santa et al., 2005; Lopez-Ramirez et al., 2018) using both BB or
TH and other substrates. In this work, fungal development varied significantly between
rice husk supplies, being able to produce conidia at similar quantities and times but with
significantly different mycelial growth. More tests comparing substrates presenting
different fungal growth should be performed before reaching a conclusion on correlation
between fungal growth and conidia production.

Despite the inexistent correlation with conidia production, SOUR determination
remains as completely necessary to monitor fungal SSF process. It would be impossible
to correctly monitor fungal growth without the correspondent on-line sOUR profile

(Puyuelo et al., 2010).
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Table 4.9. sOUR, COC, days of maximum respiration and conidia production in all tests. Data shown for DoEs corresponds to the best performing

reactors in terms of maximum conidia production.

sOUR max Max sOUR  Final COC Max conidia production Max prod COC at max prod time

(20:kg'dmh?)  time(d) (g O:kg 'dm) (conidia g”'dm) time (d) (2 O: kg"'dm)

*Preliminary test BB >0.78 1.92-4.7 “4.76” 7.0x10° 7.5-8 0.70-2.68
First TC BB 0.64 2.81 4.56 5.0x10° 7.5-8 3.01
Mixing BB 0.93 1.54 3.76 9.0x10° 7.5-8 3.76
DoE BB 1 1.55 1.11 6.40 1.9x10 7.5-8 6.40
DoE BB 2 0.54 0.87 1.85 1.6x10 7.5-8 1.85
Second TC BB 0.37 1.67 2.86 9.0x10° 7.5-8 2.08
Preliminary test TH 0.87 2.07 4.09 8.4x10° 7.5-8 1.07

1.9x10° max
First TC TH 0.64 3.75 4.59 5.5-6 3.15
1.3x10° stable

Mixing TH 0.94 2.09 3.24 9.0x10® 5.5-6 3.24
DoE TH 1 0.91 1.69 2.62 1.3x10° 5.5-6 2.62
DoE TH 2 0.46 0.92 1.66 2.0x10° 5.5-6 1.66
Second TC TH 0.4 2.6 2.71 1.4x10° 5.5-6 2.08

TC: time course, DoE: design of experiments; sSOUR: specific oxygen uptake rate; COC: cumulative oxygen consumption; *sOUR data in preliminary test BB was lost between

days 1.92 and 4.7 (see Figure 4.5 a), presented values are approximate. Results in mixing rows correspond to the best mixing reactor.
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Final remarks

Conidia production by BB and TH using rice husk in 0.5 L SSF PBBs has been
optimized. 65-70% moisture, 5.5x10° conidia g''dm inoculum concentration, 20 mL/min
airflow, 25°C temperature and 40 C/N ratio were BB optimum values. Same values were
obtained with TH except for moisture (55-60%) and C/N ratio (25-55). Mixing was
positive to TH conidia production when performed at 24h or 48h after inoculation. The
robustness of the process shown through Box-plots allows establishing a highly probable
conidia production range valid both for BB and TH (5.0x108-1.3x10° conidia g'dm).
Results obtained in this chapter have been used as a base work for a reliable scale-up of
the process, as well as serving as a starting point for the application of several operational

techniques presented in following chapters.
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Definition of significant substrate parameters on fungal conidia
production

This chapter has been published in: Sala, A., Vittone, S., Barrena, R., Sdnchez, A., Artola,

A., 2021. Scanning agro-industrial wastes as substrates for fungal biopesticide
production: use of Beauveria bassiana and Trichoderma harzianum in solid-state

fermentation. Journal of Environmental Management. 295. 113113.






Definition of significant substrate parameters

5.1. Summary/Overview

As presented in Chapter 4; rice husk has proven as suitable substrate for both BB
and TH conidia production. However, previous reported results in other works using tray
or packed bed configuration achieved superior conidia production, albeit using different
substrates such as rice, refused potatoes and sugarcane bagasse or straw and wheat bran
(Xie et al., 2012; Santa et al., 2005; Zhang and Yang., 2015). These substrates present
different characteristics that could make them more suitable for fungal conidia production
when compared to rice husk. As such, residues presenting higher potential
biodegradability than rice husk while being low enough to prevent further scale-up
drawbacks. (Krishania et al., 2018) such as problems associated with heat transfer
throughout the bed should be tested.

Most of the studies on fungal conidia production in Chapter 1 are focused on the
optimization of a specific residue or on the selection of the best among a certain pool,
without going in depth into a detailed analysis on the specific conditions which made a
residue favourable when compared to others. A better understanding of the characteristics
of a residue to be more suitable for fungal growth (both for BB and TH) is needed. It must
also be considered that what might be suitable for one specific fungal strain might not be
the best option for another, especially when they do not share growth and conidiation
characteristics, as it has been observed in Chapter 4 for BB and TH.

As presented in Chapter 1; fungal SSF process parameters (temperature, moisture,
pH, among others) have been optimized at laboratory scale by several authors using
different statistical methods: Zhang and Yang (2015) used an orthogonal test to optimize
TH conidia production; Bhanu Prakash et al. (2008) used response surface methodology
to optimize three factors (pH, moisture and supplemented yeast extract) affecting
Metarhizium anisopliae conidia production and Chapter 4 in this thesis has presented DoE
to optimize five parameters (moisture, temperature, inoculum concentration, C/N ratio
and airflow) affecting BB and TH conidia production. All these methods have focused on
the optimization of certain parameters using a previously chosen substrate as base.
However, none of them has analyzed data extracted from several substrates not with the
aim of optimizing conidia production but to go deep into the reasons for a substrate being
more suitable than other for a certain strain’s conidia production. Due to the amount of
data needed to accomplish this analysis, multivariate analysis tools such as principal

component analysis (PCA) can be applied. PCA has been widely used for data reduction
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in several areas such as chemometrics, food industry or clinical analysis (Kemsley et al.,
2019., Wilson et al., 2019).
Fermentations in this Chapter were performed in collaboration with a student from

Advanced Biotechnology UAB master degree (Silvana Vittone).

5.2. Materials

A total of 9 agro-industrial wastes being rice husk (RH); apple pomace (AP);
whisky draff (WD); soy fiber (SF); rice fiber (RF); wheat straw (WS); beer draff (BD);
orange peel (OP) and potato peel (PP) were used as substrates to test their feasibility for
fungal BB and TH conidia production. Characterization of all raw materials is presented
in Table 5.1 alongside mixture proportion charged in the reactors when needed. Rice husk
was used as bulking agent in all mixtures. RH4 was used as rice husk supply for the

screening tests.

Table 5.1. Raw material characterization of substrates studied in screening tests.

Parameter/Substrate RH4 AP WD SF RF
MC (%) 99+0.1 82.0+24 750+19 779+1.7 66.7+£2.0
OM (%) 83.4+1.7 893+0.7 90.1+1.8 962+1.0 98.7+0.5
pH 62+02 479+03 656+03 740+03 538+0.2

CD (ps-cm™) 588+40 1019+ 62 14611  1179+£55 653 £32
Carbon (%) 404+£0.5 424+0.7 497+13 484+02 489+03
Hydrogen (%) 52+02 6.6+0.1 6.8+0.2 6.9+0.1 6.7+0.1
Nitrogen (%) 04+0.1 0.5+0.1 44+1.0 4.0=+0.1 10.1£0.5
Sulphur (%) <0.1 <0.1 02+003 05+0.01 05=+0.01
C/N ratio 953+13 86.6+x4.1 11.7+25 122404 48+0.2
BD (kg m™) 166 + 1 434 +3 378+ 4 645+ 9 561+ 11
AFPr (%) 89.8+12 583+08 67.8+1.5 451+£1.1 487=+1.0

TSC (mgg'dm)  17.9+02 163.8+7.1 1052+3.7 22.1+0.6 22.1+04

MC: moisture content; OM: organic matter; CD: conductivity; BD: bulk density; AFPr: air-filled porosity;
TSC: total sugar content; RH: rice husk; AP: apple pomace; WD: whisky draff; SF: soy fiber; RF: rice
fiber.
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Table 5.1. (cont) Raw material characterization of substrates studied in screening tests.

Parameter/Substrate WS BDr orP PP
MC (%) 823+0.2 803+3.1 78.8+0.9 89.0+0.2
OM (%) 93.5+1.7 962+13 96.8+0.7 81.3+1.1

pH 6.12+04 6.14+03 465+03 697+03

CD (us ecm™) 441+£25  175+18 660£20  314=16

Carbon (%) 45.0+£0.1 489+08 434+13 43.0+0.6
Hydrogen (%) 59+0.1 7.0+03  62+0.1 58+02
Nitrogen (%) 05+0.1 48=1.1 1.1+0.1  1.8+0.1

Sulphur (%) <0.1 0.1+0.01 <0.1 <0.1

C/N ratio 854+4.1 10.6+25 41.1+27 23.8+09
BD (kg m™) 189 +£2 368 +4 437+ 8 450+ 5

AFPg (%) 89.4+1.7 660+21 59.8+0.7 59.5+1.5

TSC (mg g'dm) 177403 120.0+44 241.7+9.5 408+24

MC: moisture content; OM: organic matter; CD: conductivity; BD: bulk density; AFPr: air-filled porosity;
TSC: total sugar content; RH: rice husk; WS: wheat straw; BDr: beer draff; OP: orange peel; PP: potato
peel.

5.3. Tests

5.3.1. Conidia production in triplicate batches

Triplicate SSF tests were performed with each substrate using both strains as
inoculum. Tests were undertaken in SSF system 1 (0.5 L reactors). As stated in section
3.1.3, some substrates were mixed with rice husk to enhance their initial AFPr. Table 5.2

summarizes initial values for main parameters of the different mixtures.
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Table 5.2. Initial parameter values for substrates/mixtures used in scanning tests.

Mixture
Parameter CD (ps proportion
ISubstrate T 0 OM O pH cm) AFPROR) ) (%:%)
(RH:other)
RH 622+04 835+05 56+02 465+16 857+22 100:0
AP 73.7£0.5 893+0.7 51+0.1 917+£57 602+1.8 20:80
WD 764+1.1 969+18 58=+0.1 513+20 682+1.1 5:95
SF 742+25 922+15 6.6+02 1234+18 454+1.2 5:95
RF 663+£03 956+1.0 56+0.1 773+49 48.8+0.9 5:95
WS 67.0£4.0 96.6+13 58+0.1 89%+4 844+1.7 0:100
BDr 799+34 950+£0.5 55+£03 26665 652+13 5:95
op 842+0.8 946+19 46+04 66020 59.8+1.2 0:100
PP 91.1+£0.7 81.6+x12 54+03 419+42 594+0.7 0:100

MC: moisture content; OM: organic matter; CD: conductivity; AFPr: air-filled porosity; RH: rice husk;
AP: apple pomace; WD: whisky draff; SF: soy fiber; RF: rice fiber; WS: wheat straw; BDr: beer draff; OP:
orange peel; PP: potato peel.

5.3.2. Principal component analysis (PCA)

PCA was performed as statistical approach to better understand the effect and
relevance that several process parameters have in BB and TH fungal conidia production.
PCA was performed using data of the following parameters collected in all fermentations:
conidia production, initial moisture, initial pH, C/N ratio, total sugar content, AFPr and
COC at 7 days (BB) or 5 days (TH), using Minitab 17 (Minitab Ltd) software. All values
except for conidia production and COC corresponded to initial parameters of the used

substrate/mixture. Analysis was performed for BB and TH data separately.

5.4. Results and discussion

5.4.1. Conidia production and respirometric analysis

Conidia production results for all substrates are shown in Fig. 5.1. Seven out of
10 substrates achieved productions of at least two orders of magnitude above inoculum
concentration (6.6x10° conidia g~'dm) with both strains. 1x10° conidia g"'dm was chosen
as comparative value to test conidia production with all substrates. This value corresponds

to half the maximum conidia production obtained in Chapter 4.
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When working with BB, potato peel surpassed 1x10° conidia g 'dm, producing
nearly 1.3x10° conidia g 'dm, being significantly different from the rest of productions
with the only exception of rice husk. However, TH production nearly reached 1x10°
conidia g"'dm with all substrates. Higher values were obtained with whisky draff (3.2x10°
conidia g"'dm), orange peel (5.2x10° conidia g"'dm), potato peel (6.4x10° conidia g 'dm)
and beer draff (7.5x10° conidia g 'dm). No significant differences in terms of conidia
production were found between them. In the cases of soy and rice fiber, both substrates
did not produce conidia above the inoculum concentration, neither for BB nor for TH.
Obtained BB results are similar to those achieved in Chapter 4 using rice husk as
substrate. However, TH conidia productions with most of the presented substrates are
higher. In comparison, all substrates which showed conidia production achieved better
results with TH than with BB, with the sole exception of rice husk. These results show
TH as a more versatile fungus for conidia production, capable of achieving higher growth
and sporulation in many different substrates when compared to BB. Similarly, Mishra et
al. (2016) obtained 4.4x10® conidia g"'dm using rice husk and Santa et al. (2005) achieved
2.0x10° conidia g''dm using refused potatoes (both of them with BB) and Mishra and
Sundari (2017) obtained 2.0x10® conidia g 'dm with TH using wheat straw. Therefore,
the rest of the presented substrates (apple pomace, whisky draff, soy fiber, rice fiber, beer
draff and orange peel) had never been used for fungal conidia production using neither
BB nor TH prior to this study. Also, potato peel (or similar potato residues) has not been
found as substrate for TH conidia production. Other Trichoderma strains had been tested
using rice husk as substrate in combination with polyurethane foam (Barrera et al., 2019),
albeit in a different scale and type of reactor than the used in this chapter. Visual
appearance of all substrates at the end of the fermentation are shown in Figure 5.2 (BB)

and Figure 5.3 (TH).
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Figure 5.1. Conidia production obtained in substrate screening tests.
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Figure 5.2. Appearance of all BB fermented substrates in substrate screening tests.
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Figure 5.3. Appearance of all TH fermented substrates in substrate screening tests.

Figure 5.4 shows sOUR profiles for all substrates, Figure 5.4 a) for BB and Figure
5.4 b) for TH. sOUR profiles were different among all substrates, showing different
potential biodegradability. BB sOUR profiles reached their maximum between days 1.5
and 3, while for TH it can be observed between days 1 and 2.5. These differences were
also seen in the lag phase, which ends 12 h later in BB than in TH for most of the analysed
substrates, as observed in Chapter 4. However, higher respiration indexes were not
correlated to higher conidia production, as substrates like soy and rice fiber did not
produce fungal conidia even though their sOUR maximum values were the highest with
both strains. Having discarded inoculation and manipulation as possible contamination
sources, we hypothesized that contamination came from the substrate. Nucleic acid
analysis confirmed bacterial contamination in both fibres. Contamination identification

is presented in detail in section 5.5.
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[

Figure 5.4. sSOUR profiles obtained in substrate screening tests with all substrates. a) BB
and b) TH.

Both potato peel (BB and TH) and orange peel (TH) did not present a particularly
high respiration profile despite achieving high conidia production, while beer and whisky
draff had higher respiration profiles coupled with also high conidia production when
inoculating with TH. Some of the obtained respiration indexes, particularly those
achieved with both fibres (soy and rice), are a bit off the panel in comparison to the rest.
Values higher than 4 gO> kg 'dm h! were achieved. This might be due to the potential

biodegradability of soy and rice fiber, which values were comparable to those achieved
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using Bacillus thuringiensis (Ballardo, 2016) or the autochthonous microbial populations
of the organic fraction of municipal solid waste (Marin, 2018) as inoculums.
Nevertheless, and in accordance with Chapter 4 results, no correlation between conidia
production and respiration indexes has been found, neither for BB nor for TH.

Table 5.3 (a and b) shows final parameters of substrate screening tests. Despite
the use of rice husk to adjust AFPr (in the cases of apple pomace, whisky draff, soy fiber,
rice fiber and beer draff), values for initial moisture were between 62 and 85% (91%
exceptionally in the case of potato peel). Most of them were higher than the optimal for
fungal growth found in Chapter 4 DoEs (60-70%). Final moisture values were slightly
higher in most of the fermentations, which might be due to the use of closed batch
reactors, where water produced during organic matter degradation accumulates. This
behaviour in closed batch reactors might also have favoured the appearance of
contamination. pH values were similar between strains and most of the substrates, with
initial values between 5 and 6 and ending near 7-8, optimal values for fungal growth
according to Papagianni (2004). Apple pomace and orange peel were the exception.
While for apple pomace initial and final pH values were between 5.2 and 4.3 for both
strains, values for orange peel were even lower, going from at 4.7 to 3.3 for BB but
maintaining values higher than 4.0 in TH. These acidic values affected fungal growth and
conidiation, as they maximize near neutral pH (Verma et al., 2007). In the case of BB,
pH values around 6.0-7.0 have been reported as optimum for growth and conidiation,
even finding acidic pH close to values of 3 as toxic (Santa et al., 2005; Padmavathi et al.,
2003). Henceforth, acidic pH negatively affected BB, yielding the lowest conidia
production obtained using BB with both substrates. As of TH, even though orange peel
pH values reached 4.3 at the end of the fermentation, its conidia production was very
high. This could mean that TH is able to tolerate such acidic pH, despite maximally
growing near neutral pH (Verma et al., 2007). Consequently, the lowest conidia
production with both strains was obtained using apple pomace and one of the lowest using
orange peel with BB, despite both substrates having very high total sugar concentration

when compared to the rest (Table 5.1).
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Table 5.3. (a) Final parameter values obtained in substrate screening BB tests with all

substrates.
Parameter/ CP (conidia CPr (conidia COC4 (202
substrate g'dm) g'dm d™) cQ  Meeo PH kg'dm)

RH 1.0x10° 1.3x10® 151 584+18 6.9+0.1 1.9
AP 3.3x10° 4.2x10’ 50  73.9+15 43+0.8 4.7
WD 3.9x10° 5.0x10’ 59  748+02 7.7+0.0 8.7
SF 0 0 0 786+12 7.1+0.1 14.7
RF 0 0 0 716+09 7.5+05 17.7
WS 7.3x10° 9.4x10’ 111 69.4+21 44+02 1.6
BDr 5.9x10° 7.6x10’ 89  79.6+0.5 7.9+0.1 15.1
oP 4.6x10° 5.9x10’ 70 84.6+0.5 3303 2.6
PP 1.3x10° 1.6x10® 197  91.4+04 56+0.2 2.6

CP: conidia production; CPr: conidia productivity; CQ: conidia quotient; MC: moisture content;
COCr4: cumulative oxygen consumption at 7 days; RH: rice husk; AP: apple pomace; WD: whisky draff;
SF: soy fiber; RF: rice fiber WS: wheat straw; BDr: beer draff; OP: orange peel; PP: potato peel. Conidia

production triplicate variation is shown in Figure 5.1.

Table 5.3. (b) Final parameter values obtained in substrate screening TH tests with all

substrates.
Parameter/ CP (conidia CPr (conidia COCs4(g02
substrate g”'dm) g''dm d™) Q. MCo PH kg'dm)
RH 1.0x10° 1.7x10® 151 60.6+1.6 7.5+0.1 1.7
AP 1.0x10° 1.7x10® 151 74.6+0.6 52+02 3.8
WD 3.3x10° 5.7x10® 500 78.7+0.7 8.1+0.2 13.4
SF 0 0 0 793+17 83+0.1 9.5
RF 0 0 0 73.0+17 84+02 8.6
WS 1.9x10° 3.3x10® 288  709+12 72=+0.1 1.5
BDr 7.5x10° 1.3x10° 1136 83.5+0.5 7.4+0.1 16.8
oP 5.2x10° 9.0x10® 788 833+04 43+04 6.8
PP 6.4x10° 1.1x10° 970 91.2+03 7.0+02 4.9

CP: conidia production; CPr: conidia productivity; CQ: conidia quotient; MC: moisture content;
COCsa: cumulative oxygen consumption at 7 days; RH: rice husk; AP: apple pomace; WD: whisky draff;
SF: soy fiber; RF: rive fiber WS: wheat straw; BDr: beer draff; OP: orange peel; PP: potato peel. Conidia

production triplicate variation is shown in Figure 5.1.
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5.4.2. Principal component analysis (PCA)

Values for all analysed parameters in PCAs are presented in Table 5.4 (a and b).
Both fibers results were not included in the analysis, as no BB nor TH conidia production
was achieved using neither of them. This simplification allows avoiding possible noise in

the analysis.

Table 5.4. (a) Values for all parameters used in BB PCA analysis.

Parameter/ CP (conidia C/N TSC(mg AFPr COC74 (g0,
Substrate g'dm) MC (%) pH ratio g'dm) (%) kg'dm)
RH 1.0x10° 62.2 5.5 95.3 18.3 83.0 1.9
AP 3.3x108 73.6 5.0 86.6 164.0 61.1 4.7
WD 3.9x10° 77.3 5.8 11.7 105.3 64.0 8.7
WS 7.3x10° 67.7 5.8 85.4 17.5 85.6 1.6
BDr 5.9x10° 78.6 5.7 23.5 120.4 64.3 15.1
opP 4.6x10° 83.2 4.7 41.1 241.7 59.7 2.6
PP 1.3x10° 91.1 5.5 23.8 40.8 61.4 2.6

CP: conidia production; MC: moisture content; TSC: total sugar content; AFPr: air filled porosity;
COCr4: cumulative oxygen consumption at 7 days; RH: rice husk; AP: apple pomace; WD: whisky draff;
WS: wheat straw; BDr: beer draff; OP: orange peel; PP: potato peel.

Table 5.4. (b) Values for all parameters used in TH PCA analysis.

Parameter/ CP (conidia C/N TSC(@mg AFP COCsq(gO:
Substrate g”'dm) MC(4)  pH ratio g'dm) (%) kg'dm)
RH 1.0x10° 62.3 5.7 95.3 18.3 83.0 1.7
AP 1.0x10° 73.8 5.1 86.6 164.0 61.1 3.8
WD 3.3x10° 75.4 5.9 11.7 105.3 64.0 13.4
WS 1.9x10° 66.2 7.2 85.4 17.5 85.6 1.5
BDr 7.5x10° 81.1 7.4 235 120.4 64.3 16.8
op 5.2x10° 83.6 4.4 41.1 241.7 59.7 6.8
PP 6.4x10° 91.2 5.3 23.8 40.8 61.4 4.9

CP: conidia production; MC: moisture content; TSC: total sugar content; AFP: air filled porosity;
COCsa: cumulative oxygen consumption at 5 days; RH: rice husk; AP: apple pomace; WD: whisky draff;
WS: wheat straw; BDr: beer draff; OP: orange peel; PP: potato peel.
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As presented in Table 5.5 (a and b), the majority of the data variance is explained
with 3 components, being superior to 90% for both BB and TH. When looking at the 2
principal components with higher % variance, at least 75% of the data variance is
explained for BB and 83% for TH. With 2 principal components, a minimum data
variance of 75% is explained in each analysis. The two principal components (PC1 and
PC2) which presented higher variance for BB or TH were plotted against each other and
presented in Figure 5.5 in biplot form: Fig. 5.5 a) shows BB results and Figure 5.5 b) for
TH. The biplots are different between strains, implying that different parameters have

relative relevance in conidia production depending on the chosen strain

Table 5.5. (a) Eigenvalues and variance obtained in BB PCA analysis. The 3 components

presenting highest obtained eigenvalues are shown.

PCA component Eigenvalue Variance (%) Cumulative variance (%)
PC1 3.317 0.474 0.474
PC2 1.917 0.274 0.748
PC3 1.370 0.196 0.943

PCA: principal component analysis; PC: principal component.

Table 5.5. (b) Eigenvalues and variance obtained in TH PCA analysis. The 3 components

presenting highest obtained eigenvalues are shown.

PCA component Eigenvalue Variance (%) Cumulative variance (%)
PC1 4.044 0.578 0.578
PC2 1.779 0.254 0.832
PC3 0.704 0.101 0.932

PCA: principal component analysis; PC: principal component.

When focusing on parameters which have a relevant effect on conidia production
(plotted at less than 90° from conidia production), two different tendencies are clearly
distinguished. On the one hand, BB is influenced by initial pH and AFPr. On the other
hand, TH is influenced by COC, initial moisture and total sugar content. Relevant
differences between strains are highlighted, as no parameter is repeated. In the BB case,
all relevant parameters are linked to a proper adaptation to the substrate to ensure correct
fungal growth. This adaptation is more critical in BB compared to TH given its variable
lag phase, which can last up to 2.5 days depending on the substrate as seen in Figure 5.2.

Substrates which achieved conidia productions of at least 1x10° conidia g"'dm in BB (rice
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husk and potato peel) were the ones which combined AFPr of at least 58% with initial
pH close to 5.5 and C/N ratio near or superior to 25, even though the influence of C/N
ratio in BB conidia production is not as clear as the rest. In comparison, all TH parameters
are more related to the potential biodegradability of the substrate, achieving higher
conidia production if the three parameters (COC, initial moisture and total sugar content)
are high enough, as it happens with all substrates which yielded higher TH conidia
production. Substrates which performed better in terms of conidia production all had
initial moisture levels greater than 75% (even reaching values of 91%), COC of at least 5
20> kg 'dm (even reaching values of 16) and total sugar content of at least 40 mg g 'dm
(and even of 242), whereas the rest of the tested substrates did not accomplish at least one
of these limits.

All PCA analysis show similar substrate groups, even though they are located on
different quadrants depending on the analysis. In all analysis, wastes are grouped
independently of the most relevant parameters for sporulation. The following groups are
observed: rice husks and wheat straws, all draff and potato peels, apple pomaces and
orange pomaces.

Regarding the organization of the groups throughout the axis and the parameters
which are presented in the components, they also vary between strains. In BB, PC1
presents a distribution by AFPr and sugars (biodegradability), showing that lower
biodegradability is better for BB. However, in TH the groups are organized depending on
their AFPr and conidia production, with the best residues in terms of conidia production
being the two draff, orange peel and potato peel, corresponding to the ones with at least
both high C/N ratio and high biodegradability (COC), as it is shown in PC2. It seems that
while high biodegradability is an essential parameter for a substrate to yield the highest
TH conidia production, it is clearly the opposite for BB, as substrates which present lower
biodegradability are the ones which have yielded highest conidia production with this
strain. These organizations also confirm the relevance of parameters linked to proper
fungal growth and adaptation to the substrate on BB conidia production and also the
relevance of parameters related to biodegradability of the substrate on TH conidia
production. This behaviour is exemplified by moisture and AFPg, always presented

within 180¢, showing inverted relevance between strains.
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Figure 5.5. PCA plots (component 1 vs component 2) obtained in the PCA of all
substrates (rice husk, apple pomace, whisky draff, wheat straw, beer draff, orange peel
and potato peel) suitable for conidia production. a) BB and b) TH. Different substrate

groups are shown with circles.
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5.5. Contaminant identification

As shown both with respiration profiles (Figures 5.4 a and b) and final
fermentation photos (Figures 5.2 and 5.3) observed growth using soy fiber and rice fiber
did not correspond to BB or TH. Figure 5.6 shows results obtained in TH plate growth
corresponding to productions for whisky draff (B) and rice fiber (C) compared to a pure
inoculum culture (A). Comparison at microspore level with 100x augments between the
same samples is also shown. While results obtained with whisky draff (B) can be
compared to a certain extent with the inoculum (A) both at microscope and plate level,
none of them are similar to the photographs corresponding to rice fiber (C). In this sample,
it was not possible to visualize conidia using the 100x microscope augment. In addition,
plate results did not seem to correspond to fungal growth but to a bacterial culture
(presence of rod-shaped colonies showing no hyphae nor conidia).

Nucleic acid analysis confirmed that fermentations performed with both fibres
were contaminated by the bacteria Burkholderia gladioli (BG). This genus is usually
pathogenic for humans, plants and animals, although they usually live in symbiosis with
plants or fungi, and can be found in plants such as rice, animals and soil (Stoyanova et
al., 2007, Nandakumar et al., 2008). BG growth characteristics are similar to BB’s and
TH'’s, especially due to similar optimal temperatures but with faster BG growth (3-4 days
for BG vs 6-8 days respectively for TH or BB) (Ross et al., 2014), favouring BG’s growth
over fungal conidia production. Even though all substrates were autoclaved prior to the
fermentation, BG was still present in both fibres, probably taking advantage of the fungal
inoculum to its own profit. This hypothesis is supported by the high respiration profiles
shown both with BB and TH (Figure 5.2 a and b). Profiles which, as suspected, did not
correspond to fungal culture respiration profile but to a bacterial culture. Low AFPr of
the used substrates could favoured these results, leading to substrate compaction and
highly difficulting fungal colonisation while favouring bacterial growth (Krishna, 2005;
Krishania; 2018).
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A)

Figure 5.6. Microscope and plate growth images obtained with different TH cultures. A)
pure inoculum cultures, B) whisky draff cultures and C) rice fiber cultures. In B) and C),
2 plates are shown: first plate corresponds to raw substrate extraction (before autoclaving)

and second plate to fermented substrate extraction.

5.6. Global analysis

A brief comparison between strains in terms of conidia production and
respirometric parameters is presented in this section.

In terms of conidia production and according to Figure 5.1; all substrates which
showed conidia production above inoculum concentration achieved much higher conidia
production (in most of the cases being of one order of magnitude above) with TH than
with BB, with the sole exception of rice husk. These results position the used TH strain

as a more versatile fungus for conidia production, capable of achieving higher growth and
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conidiation in many different substrates when compared to the used BB strain. Such
versatility could be expected, as the genera Trichoderma has been used as biological
control of other fungi, weeds and bacteria, whereas the genera Beauveria pest control
capabilities are heavily oriented to invertebrate pests (Verma et al., 2007; Mascarin and
Jaronski, 2016).

In terms of respiration indexes and as presented in Figure 5.4; higher respiration
indexes did not correspond to higher conidia production in neither of the tested strains.
These results are consequent with presented results on conidia production and respiration
indexes in Chapter 4 (section 4.5) using rice husk as substrate with the same fermentation
system. When working with BB and TH, respiration indexes show no correlation with
conidia production, regardless of the chosen substrate. However, respiration profiles in
Figure 5.2 and final fermentation photos (annex) demonstrate correlation between
respiration indexes and fungal growth, as substrates which exhibited higher hyphae
growth where the ones achieving higher respiration indexes. This behaviour is also
independent of the used strain. Correlation between fungal growth and respiration indexes
using BB or TH has been previously presented (Santa el al., 2005; Lopez-Ramirez et al.,
2018).

Final remarks

Rice husk, apple pomace, whisky draff, beer draff, wheat straw, orange peel and
potato peel could be successfully used as substrates for fungal conidia production. Rice
husk and potato peel are more suitable for Beauveria bassiana (BB) whereas beer draft,
orange peel and potato peel are more suitable for Trichoderma harzianum (TH). Soy fiber
and rice fiber were discarded due to bacterial contamination, which was resistant to
autoclave and further enhanced by low AFPr values. According to PCA, relevant BB
parameters (initial pH and AFPRr) link to proper adaptation to the substrate to ensure
fungal growth, while relevant TH parameters (COC, initial moisture and total sugar
content) relate to potential substrate biodegradability. Thus, valorisation of the studied
residues trough SSF has been demonstrated feasible, also highlighting the main waste
properties and process parameters for the two fungi used. These results can be the starting
point to explore this process as a recovery option for other agro-industrial residues.
Additionally, other BB and TH isolates could be tested for further validation of the

presented methodology. Finally, these results serve as a basis to choose substrate
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alternatives to rice husk to perform and scale-up SSF conidia production, which will be

presented in depth in further chapters in this thesis.
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PBB production strategies and scale-up to 22L

Part of this chapter has been published in: Sala, A., Barrena, R., Sdnchez, A., Artola, A.,

2021. Fungal biopesticide production: process scale-up and sequential batch mode
operation with Trichoderma harzianum using agro-industrial solid wastes of different
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6.1. Summary/Overview

In this chapter, fungal SSF process scale-up in PBB and enhancement via the
application of sequential-batch reactor (SBR) operational strategies are addressed, both
with BB and TH as inoculum.

As already stated, the most used reactor design for fungal SSF conidia production
is the tray bioreactor. This design has achieved the best results when scaling-up (Thomas
et al. 2013), making it the preferred design at commercial scale (Krishania et al., 2018;
Mascarin et al., 2019). However, PBBs development has gained relevance in the recent
years due to easier operational handling in comparison to tray bioreactors (Krishania et
al., 2018). In the last years, some authors have reported various SSF fungal conidia
production processes using PBBs at different scales (Santa et al., 2005; Barrera et al.,
2018; Lopes-Perez et al., 2019; Méndez-Gonzalez et al., 2020), however, research on the
topic is still scarce.

Interesting strategies such as gas-double dynamic fermentation (Liu et al., 2018)
or the use of inner supports to enhance fungal growth (Barrera et al., 2019) have been
developed to enhance conidia production when working with tray bioreactors. However,
PBBs conidia production related articles are still improving the traditional batch
operation. One promising path to improve PBBs conidia production lies on SBR
operation. This strategy eliminates the requirements of fresh inoculum for each batch
(reducing the quantity of required inoculum to process the same amount of substrate). It
has been successfully applied in the GICOM group to produce cellulases (Cerda, 2017)
in a pilot scale reactor of 50 L or to produce aroma compounds using sugarcane bagasse
in a 22 L reactor (Martinez, 2018).

SSF scale-up difficulties must also be taken into consideration when working with
PBBs. As presented in section 1.4, numerous problems must be faced when scaling up
SSF processes, particularly those related to heat generation and mass transfer thorough
the bed (Pandey, 2003; Cerda, 2017; Soccol et al., 2017; Mejias, 2020). These problems
are more difficult to overcome in comparison to working with tray bioreactors due to
superior bed thickness (Krishania et al., 2018). This issue must be addressed from the
very beginning of the process at substrate selection level, as generated heat varies
significantly depending on substrate biodegradability. Substrates presenting naturally

high AFPr such as rice husk can be used without mixing with a bulking agent.
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Out of all tested residues in Chapter 5, beer draff conidia production was
promising, specially using TH. When using beer draff, correct AFPr adjustment with the
addition of a bulking agent is mandatory. In addition, sufficient flow of saturated air must
be supplied, as it also helps at removing part of the generated metabolic heat (Pandey et
al., 2008). Apart from AFPr differences, beer draff also presents much higher total sugar
content than rice husk, meaning more carbon and nitrogen is available for fungal growth
and conidiation. Moreover, it is an easy to obtain agro-industrial waste as it is produced
as a waste of the brewery industry, one of the most productive industries of beverages in
the world (Aliyu and Bala, 2011). This industry generates large quantities of brewer’s
spent grain or beer draff, a solid leftover obtained after the fermentation process, which
is primarily used as animal feed (Ibarruri et al., 2019). At the moment of this thesis writing
and to the author’s knowledge, beer draff has not been previously used as conidia
substrate neither for BB nor for TH conidia production. However, it has been used as
substrate to produce enzymes and polyhydroxyalkanoates using AN (Llimos et al., 2020),
implying novelty in its use as substrate.

The aims of this Chapter are: 1) to develop a robust, reproducible and scalable
process for BB and TH conidia production in packed bed reactors using agro-industrial
wastes as substrates, ii) to present and adapt SBR as a feasible operation strategy to
substitute traditional batch in packed bed TH fungal growth and iii) to test SBR using
substrates presenting different biodegradability and AFPr in order to compare its effect
towards the reactors’ temperature. As a clarification, when referring to scale-up in this
work we are always referring to bench scale (up to 22L), as no tests were performed at

volumes which could be considered preindustrial or demonstration scales.

6.2. Materials

A total of two different rice husk supplies and two different beer draff supplies
were used to perform all tests in this chapter, its characterization is summarized in Table
6.1. RH4 was the same supply presented in Chapter 4 and BDrl was the same supply
used in Chapter 5. Bulking agent (wood chips) characterization is also shown. Substrate

supplies used in each test are indicated in the correspondent 6.3 section.
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Table 6.1. Characterization of substrates and bulking agent used in production strategies

and scale-up tests.

RH BDr
Parameter/
RH4 RHS5S Mean BDrl1 BDr2 Mean WC1
supply
values values

MC (%) 9.9+0.1 109+0.1 103  80.3£3.1 72.5£2.3 76.4 9.7+0.3
OM (%) 78.2+1.7 86.2+3.0 82.6 943+0.8 92.8+0.2 93.6 98.4+0.6

pH 6.2+0.2  5.9+0.3 59 6.1+0.3 6.9+0.2 6.5 4.6+0.2
Carbon
%) 40.4£0.5 40.6£1.0 403  48.9+0.8 47.5+04 482 46.9+0.6
(]
Hydrogen
52402  5.3%0.2 5.2 7.0+0.3 6.8+0.1 6.9 6.2+0.3
(“0)
Nitrogen
0.4+0.1 0.5£0.03 04 4.8+1.1 327£0.2  4.04 0.4+0.2
(“0)
Sulphur
<0.1 <0.1 <0.1  0.1+£0.01  0.1+0.02 0.1 <0.1
(“0)
C/Nratio 953+13 754434 854  10.6£2.5 14.6+0.7 12.6 117.4+13.6
BD
166+1 17242 165.3 368+4 35143 360 10743
(kg m)
TSC (mg
dm) 179+0.2 174+02 177 120.0+4.4 126.8£3.7 123.4 96.7£10.3
g dm

AFPgr (%) 89.8¢1.2 90.6+0.8 90.2 66.0+2.1 62.0+2.4 64.0 95.3+0.5
MC: moisture content; OM: organic matter; BD: bulk density; TSC: total sugar content;
AFPr: air-filled porosity; RH: rice husk; BDr: beer draff; WC: wood chips.

6.3. Tests

6.3.1. Experiments at 1.5 L scale
6.3.1.1. Preliminary batches

Before the start of the SBR strategy test, preliminary batches were performed to
test the effects of the scale-up on conidia production, productivity, and the rest of the
parameters. Using RH4 or BDrl as substrate, one triplicate was performed with each
substrate and strain. When working with beer draff, AFPr and initial moisture were
adjusted with the addition of wood chips. Fermentation time was variable between tests

but always superior to the optimum conidia production time found in Chapter 4, due to
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the possibility of optimal conidia production time variations when scaling. Initial
parameters for these fermentations are presented in Table 6.2. If tested in Chapter 4,
parameter values were kept as near as possible to the optimal values. The scale-up
criterion (superficial velocity) (m? s! g-'dm), which has determined airflow value in the

first triplicate.

Table 6.2. Initial parameter values for 1.5 L preliminary batches.

SAF
IC AF Mixture
Parameter/ MC oM (mL AFPr
(conidia pH (mL (BDr/WC)
batch %) (%) ) min™ (%)
g'dm) min™) (w/w)
g''dm)
65.8+ 84.7x 0.40-
2.5x10°  5.5+0.1 60 () 82
2.3 2.1 0.58
652+ 98.7+ 0.80—
BDr 7.3x10°  5.4+0.3 100 70/30 71
2.4 0.5 0.96

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; sAF: specific airflow;

RH: rice husk; BDr: beer draff, WC: wood chips; AFPr: air-filled porosity.

6.3.1.2. Sequential-batch reactor strategy 1

To test the feasibility of using SBR as a strategy to produce fungal conidia, a
“traditional” SBR strategy (from now on strategy 1) was proposed in the model shown
on Figure 6.1. Using RHS as substrate, triplicate propagation reactors were grown and
harvested at maximum conidiation time. Three new batches were loaded using extracted
material of the propagation reactors as inoculum in 3 different proportions: 95% raw
material +5% inoculum, 90% raw material +10% inoculum and 80% raw material +20%
inoculum. To distribute inoculum as uniformly as possible through the raw material,
inoculum was thoroughly mixed with it prior to the start of the second batches. Second
set of loaded reactors was also harvested at maximum conidiation time. Analysis was
performed with initial and final samples of each set. In addition, to evaluate airflow needs
in the 1.5 L reactors, lower airflow rate was tested in comparison to preliminary tests.

Initial parameter values of SBR strategy 1 fermentations are presented in Table 6.3.
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1 reactor for
condition and strain

-

80% raw material

20% inoculum new batch

Figure 6.1. Schematic representation of SBR strategy 1 approach.

Table 6.3. Initial parameter values for 1.5 L rice husk SBR strategy 1 tests.
IC (conidia AF (mL SAF (mL
g'dm) Pl
Propag. 61.8+50 84.1+0.9 6.6x10° 5.7£0.1 35 0.21-0.31
SBR 553+12 84.5+£09 Variable* 59+0.1 35 0.18-0.26

Parameter MC (%) OM (%)
min')  min’ g'dm)

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; sAF: specific airflow;

Propag: propagation reactors; SBR: sequential batch reactors.

6.3.1.3. Sequential-batch reactor strategy 2

SBR strategy 2 was proposed as an alternative to strategy 1 to test the feasibility
of using liquid suspension extracted from the propagation reactor as inoculum for the next
batch. Schematic representation of the model is shown in Figure 6.2. Triplicates were
performed in all batches. RH5 or BDr 1 were used as substrate. Except for the first batch
inoculum (obtained from plates as usual), inoculum for the following batches of the
sequence was obtained by liquid extraction of fungal conidia contained in the solid
material of the previous batch in the day determined through to inoculant age test (section
6.3.1.4). Conidia were extracted and diluted to 6.6x10° conidia g-'dm. Analysis were
performed with initial and final samples of each set. Initial parameter values of SBR

strategy 2 fermentations are presented in Tables 6.4 (rice husk) and 6.5 (beer draff).
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Substrate
Fresh inoculum (plate)
(10% working volume) Substrate Substrate

SSF 1 conidia SSF 2 conidia
extraction

Inoculum extraction Inoculum
(10% working (10% workin
volume) 9% product volume)
/7 ”%
D 4
& ) X
SSF reactor 1 SSF reactor 2 SSF reactor n

91% product
91% product 91% product

Fermented solids for conidia
extraction

Figure 6.2. Schematic representation of SBR strategy 2 tests on 1.5L or 22L reactors.

Some icons were provided by BioRender (https://biorender.com/).

Table 6.4. Initial parameter values for 1.5 L rice husk SBR strategy 2 tests.

IC (conidia AF (mL SAF (mL
Parameter MC (%) OM (%) ’ pH . ’
g'dm) min') min” g'dm)

Batch 1 64.2+1.0 84.1+0.3 7.5x10° 6.1+£0.3 35 0.22-0.33
Batch 2 56.6£1.1  85.4+0.6 6.2x10° 6.3+0.2 35 0.19-0.27
Batch 3 54.9+0.5  82.1+0.4 6.0x10° 6.6+0.2 35 0.18-0.26
Batch 4 54.840.6  81.6+0.5 6.0x10° 6.6+0.1 35 0.18-0.26
Batch 5 57.7¢0.2  84.7+0.4 4.8x10° 6.6+0.2 35 0.19-0.28

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; sAF: specific

airflow.

Table 6.5. Initial parameter values for 1.5 L beer draff SBR strategy 2 tests.

IC (conidia AF (mL SAF (mL

Parameter MC (%) OM (%) ’ pH
g dm)

Batch 1 65.2+42.4  98.7+0.5 7.3x10° 5.4+0.3 100 0.80-0.96

Batch 2 64.7+4.6  97.7+0.6 4.8x10° 5.7+£0.2 100 0.79-0.95

Batch 3 60.7+1.3  98.1+0.3 3.5x10° 5.5+¢0.3 100 0.71-0.85

Batch 4 61.5£2.4  98.4+0.5 4.5x10° 5.7£0.3 100 0.72-0.87

min')  min” g'dm)

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; sAF: specific

airflow.
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6.3.1.4. Inoculant age test

A test to determine the optimum day to extract conidia as inoculum for consequent
SBR fermentations was performed using RH4 as substrate. Same test was proposed for
BB and TH. Schematic representation of the test is presented in Figure 6.3. A 22 L rice
husk batch was run for 9 days. Sampling of this reactor was performed in days 4, 6, 8 and
9. Sampling times were chosen according to results on optimal conidia production time
obtained in Chapter 4. In all these samples (25 g each), conidia were extracted and used
as inoculum for triplicate 0.5 L reactors using rice husk as substrate. To determine best
inoculant age, conidia were counted at 8 (BB) or 6 (TH) days from the start of the 0.5 L

reactors’ fungal growth.

Inoculums
# age

Spore counts at optimum
spore production time

0.5 L Triplicates at
optimum conditions

Batch22 L

Figure 6.3. Schematic representation of inoculant age tests planning.

6.3.2. Experiments at 22 L scale
RHS5 and BDr2 were used as substrates in all 22 L scale fermentations.
6.3.2.1. Preliminary batches

Prior to SBR strategy tests, preliminary batches were performed to test the scale-
up effects on the process. Two different beer draff mixtures were tested. Initial parameter

values, including beer draff mixture proportions, are presented in Table 6.6.
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Table 6.6. Initial parameter values for 22 L preliminary batches.

SsAF
IC AF Mixture
Parameter/ MC oM (mL AFPr
(conidia pH (mL (BDr/WQC)
batch (%) (%) min! (%)
gldm) min) (W/w)
g'dm)
632+ 86.0+ 6.3+ 0.31- 82.5+
6.8x10° 500 ()
1.7 23 0.3 0.45 0.4
65.8£ 98.1% 5.7+ 0.76- 70.3+
BDr (1) 5.8x108 1500 70/30
32 0.3 0.3 1.10 0.9
523+ 974+ *6.5+ 0.54— 81.2+
BDr (2) 5.9x108 1500 40/60
1.6 0.1 0.2 0.79 0.5

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; sAF: specific airflow;
RH: rice husk; BDr: beer draff; WC: wood chips; AFPx: air-filled porosity; *: modified value in 2" BB
preliminary batch.

6.3.2.2. Sequential-batch reactor

Same approach and analyses as presented for 1.5 L SBR fermentations were
followed for 22 L. SBR scale-up. Tables 6.7 and 6.8 present initial process parameters

(rice husk and beer draff respectively).

Table 6.7. Initial parameter values for 22 L rice husk SBR strategy tests.

IC (conidia AF (mL SAF (mL
Parameter MC (%) OM (%) H
g'ldm) min) min! g''dm)
Batch 1 58.7+0.1 83.3+0.7 6.4x10° 6.6+0.2 500 0.28 — 0.40
Batch 2 604+04 873+£0.5 6.6x10° 6.9+0.1 500 0.29-0.42
Batch 3 573+02 87.5+0.8 6.2x10° 7.0+£0.2 500 0.27-0.39
Batch 4 59.5+12 859+04 6.5x10° 6.7+0.2 500 0.28 - 0.41

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; sAF: specific
airflow.

Table 6.8. Initial parameter values for 22 L beer draff SBR strategy tests.

IC (conidia AF (mL SsAF (mL
Parameter MC (%) OM (%) pH

g’ldm) min) min! g''dm)
Batch 1 51.1+£1.3 98.7+0.7 6.1x10° 44402 1500 0.53-0.77
Batch 2 559+3.1 97.5+04 6.1x10° 4.8+0.3 1500 0.59 -0.85
Batch 3 56.8+4.5 97.9+0.5 6.9x10° 51+0.1 1500 0.60 — 0.87
Batch 4 57.0+2.5 98.3+0.2 6.6x10° 53+0.2 1500 0.60 — 0.87
Batch 5 554+3.1 96.9+0.3 6.7x10° 55+03 1500 0.58 -0.84

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; sAF: specific

airflow.

128



Production strategies and scale-up to 22 L

6.4. Results and discussion

This section is organised by contrasting each fermentation with its counterpart at
1.5 L and 22 L scales, to provide a straightforward comparison between scales in all tested

strategies.

6.4.1. Batch strategy

6.4.1.1. Rice husk scale-up

Figure 6.4 shows fermentation profiles in rice husk BB batch scaling; whereas
Figure 6.6 shows same results for TH. Figures 6.5 and 6.7 show reactor appearance for
BB and TH fermentations respectively.

Once stabilised, conidia production in all reactors with the same fungus was
similar. For BB, both scales presented stabilised conidia production around 6.0x10%
conidia g'dm, although conidia production rise in 1.5 L was observed between 1-2 days
later than in 22 L. For TH, both scales presented similar profiles, stabilising
approximately at day 4 at values close to 1.6x10° conidia g"'dm. Both strains values were
located in the range defined in Chapter 4. Despite its appearance in experiments
summarized in Chapter 4 and its presence in rice husk, AN contamination was not
detected in none of the batches.

In terms of biodegradability, no relevant differences were found between scales.
Respiration profiles were similar, showing higher maximums at 22 L. Values at 1.5 L
scale never surpassed 0.5 gO> kg 'dm h'!, whereas at 22 L rose up closer to 0.8-0.9 gO»
kg 'dm h'l. This difference did not have a negative impact in heat generation, as mean
temperature profiles were maintained below 30°C in all fermentations. Observed
behaviour confirms the feasibility of scaling-up fungal SSF fermentations using rice husk
as substrate, as it presents no problems related to energy or mass transfer, at least to a
scale of 22L. Rice husk advantages as substrate when scaling (naturally high AFPr and
low biodegradability potential) were tested and confirmed as useful.

The rest of the parameters showed similar profiles within all reactors and strains,
being similar to the ones shown in time course tests (Chapter 4), confirming the correct

scaling of the process.
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Figure 6.4. Process parameters evolution in rice husk BB batch strategy. a) 1.5 L and

b)22 L.

Figure 6.5. Reactor appearance in rice husk BB batch strategy. a) 1.5 L and b) 22 L.
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Figure 6.7. Reactor appearance in rice husk TH batch strategy. a) 1.5 L and b) 22 L.

Total sugar content (mg g~1dm)
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evolution in rice husk TH batch strategy. a) 1.5 L and

Successful scaling of batch strategy using rice husk with both strains was

achieved, serving as a first step before testing SBR strategy with this substrate.
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6.4.1.2. Beer draff scale-up

Figure 6.8 shows obtained profiles in beer draff BB batch scaling; whereas Figure
6.10 shows same results for TH. Figures 6.9 and 6.11 show reactor appearance for BB
and TH fermentations respectively.

Comparing to rice husk results, fungal fermentation scale-up presented some
difficulties. Different combinations of substrate and bulking agent were tested (Tables 6.2
and 6.6). A 70/30 w/w (beer draff/wood chips) proportion was tested both at 1.5 L and
22 L scales using BB (figures 6.8 a) and b).). This mixture did not achieve BB conidia
production in the 22 L bioreactor. Mean temperatures superior to 40°C were achieved,
while SOUR reached values close to 8 g0, kg''dm. This behaviour completely differed in
comparison to any of the batches shown for both BB and TH, achieving much higher
values both for temperature and sOUR. Adequate substrate-bulking agent mixture
proportions for 1.5 L were not suitable for 22 L reactor due to substrate compaction,
which highly reduces AFPr and oxygen transfer, subsequently difficulting fungal growth
and sporulation and facilitating the appearance of contaminants (Krishna, 2005). AFPr
adjustment (from values around 70 to values around 80) was shown as the key for the
success of beer draff reactor scale-up. According to comparison between plates of non-
inoculated samples of beer draff and wood chips separately (shown in Figure 6.12),
contaminant in the second batch might have come from wood chips.

Conidia production obtained in BB batches was close to 1.5x10° conidia g"'dm at
1.5 L and of 2.5x10° conidia g"'dm at 22 L, while it was close to 2.0x10° conidia g"'dm
for both TH scales. When working with BB, conidia production was vastly superior to
the one achieved at 0.5 L scale in Chapter 5, where it was lower than 1.0x10° conidia g
!dm. Changes in substrate mixture resulting in higher AFPr values was the major cause
of conidia production improvement. However, TH production decreased in comparison
to the one achieved in Chapter 5, where it reached 7.5x10° conidia g''dm. Although these
changes are also due to substrate mixture, it would not be possible to perform the
fermentation without the use of a bulking agent, as demonstrated in the failed BB batch.
Consequently, conidia production diminishment was necessary for the correct scale-up of
the process, as such high values might only be attainable when little to no bulking agent

is needed to perform beer draff SSF, as it happened in Chapter 5.
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Figure 6.8. Process parameters evolution in beer draff BB batch strategy. a) 1.5 L,
b) 22 L 70/30 w/w beer draff/wood chips and c) 22 L 40/60 w/w beer draff/wood chips.
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In terms of biodegradability, differences between scales were minimal once AFPr
was properly adjusted. All respiration profiles reached their maximum at values between
3-3.5 gO; kg 'dm h!. Mean temperatures only surpassed 30°C at both TH scales at the
moment of maximum biological activity. Although mean temperature values did not rise
due to scale-up, temperature differences between different areas of the reactor might be
possible, especially at 22 L scale. Most SSF processes in packed beds present problems
related to heat transfer and bed-packing at industrial or pilot scale, negatively affecting
conidia production (Krishania et al., 2018). Due to its relevance, this effect will be

examined in detail in the global analysis section (6.5).

Figure 6.9. Reactor appearance in beer draff BB batch strategy. a) 1.5 L, b) 22 L 70/30
w/w beer draff/wood chips and ¢) 22 L 40/60 w/w beer draff/wood chips.

134



Production strategies and scale-up to 22 L

100

80

100

- 80

- 60

- 40

- 20

a) 4, 10" 101
- g
|5 |2 /——H ,
S_ 34 100 A 10° a/\ S
£ s 3 IAVAVYAY, &4_%
S B c T .
< S S -
[ <] L
N <08 c 108
w271 =104 §10 ——x
o 2 S
o B 3 L
-~ S o
x 3 s
311 8§10 { =107
7] © p=4 i
] 5
g o
o
0- 108 108 4 : : : : :
0 2 4 6 8 10 12
b) 4 - :1010 ; 1010
o £
€ =
< = '®
=31 '510° { @ 10°
£ o e
° kel <
— c S
' &)
2,1 406 | 50
<5\12 1 31001 5§10
Z 5
o 3 3
4 3 5
S>14 o107 { o107
3 s =
o IS
° <]
5 @)
0’ o108 108 "
10 12

Time (days)

—e— Conidia production

—=a— Moisture

— - pH

——— Temperature

—— sOUR

—-4— Total sugar content
o Productivity

Figure 6.10. Process parameters evolution in beer draff TH batch strategy. a) 1.5 L and

b)22 L.

Moisture (%)

Moisture (%)

pH

- 40

r 30

r 20

r 10

- 40

r 30

r 20

r 10

Temperature (°C)

Temperature (°C)

r 200

r 150

r 100

r 50

r 200

r 150

r 100

r 50

Total sugar content (mg g'1dm)

Total sugar content (mg g'1dm)

Figure 6.11. Reactor appearance in beer draff TH batch strategy. a) 1.5 L and b) 22 L.
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- e

Figure 6.12. Plates inoculated with non-autoclaved extracts. a) Beer draff and b) wood

chips.

Substrate mixture change also affected moisture and pH initial values. While in
1.5 L initial moisture was between 65-70% and initial pH was of 5.5-6, both values
dropped in 22 L reactors to 50-55% moisture and 4-4.5 Better moisture adjustment for
BB was achieved in 1.5 L, while it was better for TH in 22 L (optimums of 65-70% and
55-60% respectively, Chapter 4). As this pH values are not optimal for fungal growth and
conidiation (Papagianni, 2004), initial pH was modified to values close to neutrality in
BB fermentation. However, it was left untouched for TH, as some TH strains have been
reported to work in acidic pH (Krishna, 2005; Zhang and Yang, 2015). Although both
moisture and pH values had better adjustment for BB in 1.5 L batch, conidia production
was superior in 22 L, highlighting AFPr relevance over other parameters.

After a proper AFPr adjustment, successful scaling of batch strategy using beer
draff with both strains was achieved. These results serve as a first step before testing SBR

strategy with this substrate, as well as confirming AFPr relevance in fungal SSF scale-

up.

6.4.2. SBR strategy 1

SBR Strategy 1 results are presented in Figures 6.9 (BB) and 6.10 (TH). In both
Figures, three different inoculum percentages for the SBR reactor are shown, being: a)
5%, b) 10% and c) 20%.

Important differences in behaviour were observed depending on the used strain.
When working with BB, all SBR reactors presented AN contamination, showing no BB
growth in the second reactor. However, this behaviour was not observed with TH,
showing no AN contamination. As explained in previous Chapters, these differences
might have been caused by TH’s antifungal properties, which are not present in BB
(Verma et al., 2007; Mascarin and Jaronski, 2016). Nevertheless, observed growth in all
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TH SBR reactors was inferior when comparing with propagation reactors. In all
propagation reactors, conidia production was 2 orders of magnitude higher in comparison
to inoculum conidia concentration. However, it could not even rise one order of
magnitude in all SBR reactors, with independence of the quantity of solid substrate used.
This behaviour is reflected by conidia quotient values: whereas in propagation reactors it
is of 54.6, it only rises to values close to 2.0 in all SBR reactors, showing irregular conidia
distribution in all of them.

sOUR differences were observed between batches. Higher values were obtained
in all BB SBR batches due to presence of contaminant AN. sOUR peaks also differed in
time between batches, being of at least 2 days in the propagation reactors and always
inferior (approx. 1.5 d) in all SBR reactors. Different behaviour between strains should
be expected according to Aguilar-Zarate et al. (2018), as AN respiration peak would be
located close to day 1 of fermentation, being always before BBs’ peak. When working
with TH, obtained sSOUR peaks were similar in terms of maximum sOUR time in all
batches. However, values were slightly higher in all SBR reactors, with the only exception
of 20% SBR batch. This behaviour suggests 20% solid inoculum was a better strategy
when compared to 5% and 10%, even though results were still not comparable to the ones
obtained in the propagation reactors.

SBR Strategy 1 did not ensure a proper distribution of conidia throughout the new
solid substrate, despite thoroughly mixing all the material before charging the SBR
reactors. This behaviour could have been expected for BB, as it is normally used in form
of diluted conidia suspension (Mascarin and Jaronski, 2016). However, results are more
surprising for TH, as it is commonly used as biofertilizer or applying conidia within
compost, with extraction from the solid not always being required (Verma et al., 2007;
Bernal-Vicente et al., 2015). Mixing tests results in Chapter 4 also support BB difficulties
to success with this strategy, as mixing negatively affected conidia production. However,
they would suggest the possibility of obtaining better results using TH, as mixing was

beneficial for conidia production when performed 24 or 48h after the start of the test.
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Figure 6.13. Process parameters evolution in 1.5 L. BB sequential batch (strategy 1).
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6.4.3. SBR strategy 2

Moisture, pH and total sugar content ranges obtained in all SBR Strategy 2
fermentations are presented in Table 6.9. COC at 8 days (BB fermentations) and at 6 days

(TH fermentations) is also shown.

6.4.3.1. Inoculant age test

Figure 6.11 shows conidia productions using inoculum extracted from the
fermentation reactor (rice husk) at days 4, 6, 8 and 9, both for BB (a) and TH (b). In BB
test, all reactors were contaminated with AN, obtaining a co-culture of BB and AN. In
TH test, no contamination was observed. In both tests, conidia concentration from the
inoculum extracted at day 4 was significantly higher than the rest of the tested inoculant
ages’. Although AN contaminant was detected in BB test, it was significantly different
from BB concentration in day 4. Thus, 4 days was established as the optimum time for
inoculum extraction for both BB and TH.

Inoculant age relevance has been highlighted for various fungal strains, as conidia
quality tends to diminish with age. This is the case of Smith and Edgington (2011) using
Metarhizium spp., Hallsworth and Magan (1996) using Beauveria bassiana and Muiiz-
Paredes et al. (2016) using Isaria fumosorosea. However, and to our knowledge, this is
the first time it has been tested using TH. Despite its relevance, inoculum age is not often

studied in fungal growth optimization processes (Mufiiz-Paredes et al., 2017).
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Figure 6.15. Conidia production in inoculant age tests. a) BB and b) TH.
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6.4.3.2. Rice husk scale-up

Figure 6.16 shows obtained profiles in BB rice husk SBR operation. SBR strategy
was only tested at 1.5 L scale.

Although propagation batch yielded almost 4.0x10® conidia g''dm, BB conidia
could not be counted in the SBR batch due to the presence of contaminant AN. Higher
sOUR values (nearly doubling propagation reactor values) were achieved in the SBR
batch (AN contaminated culture). After performing inoculant test and obtaining BB-AN
co-culture in all second batches, AN presence in BB SBR batch was expected, however,
also was BB conidia presence. As presented in Chapter 4, presence of AN contaminant
in rice and its by-products is common (Aydin et al., 2011; Fredlund et al., 2009; Streit et
al., 2012), while also being capable of withstanding autoclaving.

Use of a SBR strategy when working with rice husk would not be recommended
due to AN contamination. For this reason, SBR strategy was not scaled-up using rice husk
as substrate, concluding batch strategy as the preferable choice when working with BB

and rice husk.
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Figure 6.16. Process parameters evolution obtained in rice husk BB SBR strategy 2

scaling (1.5L reactors). Batch 1: black. Batch 2: brown.
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Figure 6.17 shows obtained profiles in TH rice husk SBR operation, a) for 1.5 L
and b) for 22 L.

At both scales, final conidia production on each reactor decreased halfway,
starting around 1.4x10° conidia g''dm in batch 1 and decreasing to values around 6.0x10’
conidia g'dm in batch 4 or 5. Maximum conidia production was achieved in day 6 of
fermentation in all batches from 1 to 3, however, in batches 4 or 5 at both scales it was
extended, achieving maximum conidia production in day 7. Conidia production reduction
throughout the batches was apparently caused by the appearance of contaminant
Aspergillus niger (AN) from batch 3 to batch 5. At both scales, AN conidia concentration
doubled in each batch, starting at values close to 9.0x10° conidia g''dm and rising to
8.3x107 conidia g''dm in batch 5 in 1.5 L SBR, surpassing TH conidia production in the
last batch. No fifth batch was performed at 22 L scale due to its behaviour being similar
to 1.5 L.

Despite TH’s antifungal properties (Verma et al., 2007), AN conidia were still
able to grow in the substrate. Conidia production loss suggests AN growth started in the
second batch, taking advantage of inoculum quality loss in comparison to pure inoculum
extracted from plates used in the first batch, even though AN conidia could not be
detected when counting due to their low numbers in comparison to TH conidia. With this
result, production using rice husk at higher scales is still possible if working with single
batch strategy using pure inoculum extracted from fresh plate.

In terms of biodegradability, respiration profiles were similar in all batches
working at both scales, reaching maximum values close to 1 g0 kg'dm at similar times
in most of the batches. These profiles are similar to those obtained in Chapter 4. Low
potential biodegradability was also demonstrated with temperature profiles, as even at 22
L scale mean temperatures in the reactor never surpassed 32°C, starting approximately at
25°C in all fermentations. Higher temperature variation is to be expected when using
substrates that present high or even moderate biodegradability, according to Barrena et

al. (2011).
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green. Batch 5: blue.

Obtained values for moisture, pH and total sugar content were similar between
scales: moisture ranged from 50-60% in most batches and pH started at values close to 6
and raised to values close to 7 at the end of all batches. Similar values for both parameters
were observed at both scales. AFPr could easily be maintained at values able to ensure
proper oxygen transfer at both scales (around 85%, as shown in Tables 6.7 and 6.8, being

superior to the highest values of 80% indicated for the composting process by Ruggieri
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et al. (2009)). Despite all parameters being adequate for TH growth and conidiation
according to Chapter 4 results, co-culture growth was observed from batch 3 onwards.

Regarding AN growth parameters and according to several authors (Bhateria et
al., 2019; Velasco-Alvarez et al., 2017), TH and AN co-culture growth was possible
within the observed parameters’ ranges, with both of them being present at least from
batch 3 onwards. Although various studies using different AN strains have reported
optimal acidic pH (3-6) for AN growth (Ghori et al., 2012; Passamani et al., 2014; Chang
and Wang, 2018), neutral pH values of 7-8 did not diminish its presence. Moreover, AN
growth over TH suggests faster growth of contaminant in rice husk in comparison to TH,
promoting its prevalence in the co-culture in batch 5 in the 1.5 L SBR.

Rice husk has been found as an easy to scale-up substrate due to its naturally high
porosity and low biodegradability, greatly reducing possible drawbacks caused by heat
accumulation. However, despite successful scaling-up of the process (achieving similar
results between both tested scales), presence of AN in the substrate suggests not to follow
a SBR strategy when using rice husk. Consequently, a batch strategy using fresh inoculum
appears to be the most optimal to maintain conidia concentration at its maximum, as best
performances were obtained in the first batch (fresh inoculum) at both scales and could
not be replicated in subsequent batches. As such, this strategy could be performed not
only using rice husk as substrate but also when working with substrates which pose
similar difficulties in terms of sterilization, which are common when working in SSF with

agro-industrial wastes due to substrate heterogeneity (Yazid et al. (2017)).

6.4.3.3. Beer draff scale-up

Figure 6.18 shows obtained profiles in BB beer draff SBR operation. SBR strategy
was only tested at 1.5 L scale.

Comparing with same strategy using rice husk, BB growth and conidiation were
observed in both reactors when using beer draff, obtaining a BB and AN co-culture in the
SBR reactor. BB conidia reduction (from 1.3x10° in the propagation reactor to 6.1x10% in
the SBR reactor) was observed. AN presence in SBR reactor was of 1.1x10® conidia
g'dm at day 10, corresponding to nearly 1/6 of the obtained BB conidia. BB growth was
much slower in the SBR batch due to competition with AN. In almost 11 days of
fermentation, conidia production did not show complete stabilization, being normally

observed from day 6-7 onwards. As presented in the preliminary batch section, AN was
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not present in the main substrate but in the bulking agent (wood chips), difficulting BB
growth and colonization in the SBR batch.

Much as it happened with rice husk, use of a SBR strategy when working with
beer draff would not be recommended due to AN contamination. Despite improvements
when comparing to rice husk performance, SBR strategy was not scaled-up using beer
draff as substrate, confirming batch strategy as the preferable choice when working with

BB despite of the substrate used.
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Figure 6.18. Process parameters evolution obtained in BB beer draff SBR strategy 2
scaling (1.5 L scale). Batch 1: black. Batch 2: brown.

Figure 6.19 shows obtained profiles in TH beer draff SBR operation, a) for 1.5 L
and b) for 22 L. Figures 6.20 and 6.21 show reactor appearances for 1.5 and 22 L SBR
respectively.

Contrarily to rice husk SBR results, different performances were observed
comparing 1.5 L and 22 L SBR reactors. In 1.5 L reactors (Figure 6.15 a), conidia
concentration was sustained for 3 consecutive batches, showing no significant differences
among them, obtaining values between 1.6x10° conidia g''dm and 2.1x10° conidia g-'dm.
However, batch 4 yielded a significantly lower conidia production (5.6x10® conidia
g'dm). Maximum conidia production was achieved in day 6 of fermentation in batches 1

and 2; however, in batches 3 and 4 fermentation time was extended and maximum conidia
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production was achieved in day 8. In contrast, conidia concentrations at 22 L (Figure 6.15
b) was sustained in all batches, obtaining values between 1.7x10° conidia g''dm and
2.2x10° conidia g'dm, showing no significant differences between all 5 batches.
Maximum conidia concentration was achieved within 6 days in 4 out of 5 batches, while
in batch 5, 8 days where needed. Longer time might have been due to differences in
temperature profiles between batch 5 and the rest of the SBR batches. AN contamination
was not detected at any scale, confirming the substrate change as a valid decision.

Differences in performance between SBR at 1.5 L and SBR at 22 L could be
attributable to the combined effects of three parameters: AFPr, pH and moisture. As
presented in Tables 6.5 and 6.8, initial AFPr was different between scales: 72.6 in 1.5 L
vs 81.2 in 22 L. AFPr adjustment was key for the success of the SBR strategy, as 22 L
SBR had 5 consecutive batches which presented the same behaviour, with the possibility
of lengthening the process even more, while 1.5 L SBR only had 3. pH variation between
scales was similar to values presented in the preliminary batches, obtaining more acidic
values in the 22 L fermentations. Acidic values might have been favourable for TH, as
previously seen in the 22 L preliminary batch. Moisture behaviour was also similar,
showing lower range in 22 L batches.

In terms of biodegradability, all obtained respiration profiles were similar,
reaching maximum values close to 3.5 gO> kg'dm h! at comparable times in nearly all
of the batches, with the only exception of batch 5 in 22 L SBR, which only reached 2.5
20> kg''dm h!. Much higher total sugars available (80-88 mg g''dm) combined with
higher values of IRD, sSOUR and COCsq also indicated higher substrate biodegradability
when comparing to rice husk. Mean temperatures in batch 5 were lower than those
obtained in the rest of batches, being even lower than 20°C at the beginning of the
fermentation. Due to the relevance of temperature in fungal growth (Hallsworth and
Magan, 1996), lower values of this parameter might be the cause of fungal growth and
conidia production lengthening time in batch 5. Even though mean temperature profiles
at both scales did not highly differ from profiles obtained when working with rice husk,
using a substrate with higher potential biodegradability caused temperature gradients in
the reactor. Observed differences in batch 5 in 22 L SBR were probably caused by non-
optimal range values in the analysed parameters rather than lower inoculum quality, as
might have happened at 1.5 L scale. Optimal values for all process parameters will be

discussed in the global analysis section.
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Figure 6.19. Process parameters evolution obtained in beer draff TH SBR strategy 2
scaling. a) 1.5 L and b) 22 L Batch 1: black. Batch 2: brown. Batch 3: orange. Batch 4:
green. Batch 5: blue.

Successful scaling from 1.5 L to 22 L has been achieved using beer draff as
substrate and wood chips as bulking agent in a SBR operation. However, SBR
performance differed between scales: while at 1.5 L conidia concentration decreased from
batch 4 onwards due to loss of inoculum quality, at 22 L scale 5 batches were performed
achieving similar maximum conidia concentrations. Differences between the two scales
have been mainly caused by the use of different substrate-bulking agent mixtures, being
70-30% in 1.5 L and 40-60% in 22 L. These results suggest that a minimum AFPr value

of around 80% is needed to ensure proper fungal growth when working in packed bed
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reactors, highlighting the need to find the optimal AFPr value when scaling up SSF fungal
conidia production processes operating with and SBR strategy. Particle size relevance in
SSF studies has been highlighted by Yazid et al. (2017). Small particle size provides
larger surface area for fungal growth while being prone to agglomeration and difficulties
in oxygen transfer. In contrast, large particle size provides better oxygen transfer and
reduces heat accumulation at the cost of limiting surface growth area. Higher surface area
helps at maximizing mycelial growth, which is necessary for correct fungal sporulation.
Additionally, mycelial growth does not affect substrate porosity, meaning it should be
maximized before conidiation (Casciatori et al., 2014). Balance between different particle
sizes in large reactors is mandatory to ensure proper fungal growth and sporulation. These
findings are highly relevant to fungal SSF, as they establish a reproducible method to
overcome SSF traditional drawbacks while defining biodegradability and AFPr as the
key parameters in SSF scale—up. The results presented open the possibility of performing

the current process using packed beds at higher scales.

Figure 6.20. Reactor appearance of 1.5 L TH beer draff SBR fermentations.
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BATCH 2 S

Figure 6.21. Reactor appearance of 22 L TH beer draff SBR fermentations.
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Table 6.9. Moisture, pH and total sugar content ranges in all strategy 2 SBR batches. Initial and final values are shown. Cumulative oxygen

consumption at day 8 for BB fermentations and at day 6 for TH fermentations is also shown.

150

Batch/parameter

Moisture range (%)

pH range

Total sugar content

range (mg g"'dm)

Cumulative oxygen consumption
at day 8 (BB) or 6 (TH)

(g02 kg'dm)

1.5 L BB rice husk Batch 1

62.5£1.0 - 51.4+0.8

5.6+£0.2 - 7.0+0.3

13.7+0.5 - 5.5+0.3

1.2

1.5 L BB rice husk Batch 2

69.7+1.4 — 58.4+1.1

5.7£0.1 —7.0+£0.2

13.1+0.7 - 2.9+0.3

3.0

1.5 L TH rice husk Batch 1

64.2+1.0 - 61.0£1.0

6.1+0.1 - 6.9+0.1

12.4+0.8 — 3.3£0.4

1.8

1.5 L TH rice husk Batch 2

56.4+1.1 — 55.8+1.0

6.3+0.2 - 6.5+0.3

11.9+0.6 — 3.0+0.2

2.1

1.5 L TH rice husk Batch 3

54.9+0.9 — 50.0+0.7

6.6+0.2 —7.2+0.2

13.1+0.6 — 2.9+0.2

1.7

1.5 L TH rice husk Batch 4

55.0£1.0 - 57.4+1.8

6.6+0.2 — 6.9+0.2

14.4+0.5 — 2.8+0.2

1.6

1.5 L TH rice husk Batch 5

57.8€1.3 -61.1£1.5

6.6+0.2 —7.2+0.2

13.9+0.5 - 3.0+0.2

1.6
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Table 6.9. (cont). Moisture, pH and total sugar content ranges in all strategy 2 SBR batches. Initial and final values are shown. Cumulative oxygen

consumption at day 8 for BB fermentations and at day 6 for TH fermentations is also shown.

Batch/parameter

Moisture range (%)

pH range

Total sugar content

range (mg g"'dm)

Cumulative oxygen consumption
at day 8 (BB) or 6 (TH)

(202 kg''dm)

22 L. TH rice husk Batch 1

58.7+£0.3 — 47.7+0.8

6.6+0.1 —7.3+0.1

13.6+0.8 — 3.2+0.4

1.8

22 L. TH rice husk Batch 2

60.4+1.9 — 54.0+1.2

6.9+0.2 - 7.2+0.1

13.0+0.9 — 3.0+0.4

1.1

22 L. TH rice husk Batch 3

57.5¢€1.1 - 57.6+1.2

7.0£0.1 —7.0+£0.2

14.0+0.9 — 3.0+0.3

2.2

22 L. TH rice husk Batch 4

58.2+1.2-60.1+1.2

6.7+0.2 —7.3+0.2

13.3£1.1 -2.7+0.3

2.6

1.5 L BB beer draff Batch 1

63.0£1.9 -67.3+t1.4

5.1+£0.1 - 7.4+0.2

80.4+6.7 — 19.2+3.6

13.3

1.5 L BB beer draff Batch 2

59.2+0.8 — 58.9+1.7

5.6+0.1 —7.3+0.1

83.4+7.0 — 14.9+1.6

1.5 L TH beer draff Batch 1

67.3£1.5-67.3+1.8

5.7£0.1 — 8.1+0.2

88.4+6.2 - 19.1£2.8

17.8

1.5 L TH beer draff Batch 2

67.4+0.3 — 67.0£2.5

5.9+0.2 - 7.8+0.5

84.2+6.8 - 16.9£2.5

17.4

1.5 L TH beer draff Batch 3

61.2+1.3 - 60.0+1.7

5.5+£0.1 - 6.9+0.3

81.4+6.8 - 13.1£3.1

1.5 L TH beer draff Batch 4

61.2+0.5 - 65.0+3.2

5.7+£0.2 - 7.3+0.1

83.7£5.2 - 11.0£3.1
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Table 6.9. (cont). Moisture, pH and total sugar content ranges in all strategy 2 SBR batches. Initial and final values are shown. Cumulative oxygen

consumption at day 8 for BB fermentations and at day 6 for TH fermentations is also shown.

Cumulative oxygen
Total sugar content

Batch/parameter Moisture range (%) pH range consumption at day 6
range (mg g'dm)
(202 kg''dm)
22 L beer draff Batch 1 51.1£1.3 - 552424 4.5+0.2 — 6.4+0.5 76.8+4.3 — 12.5+1.5 18.2
22 L beer draff Batch 2 55.9+£3.1 - 58.2+2.6 4.8+0.2 —5.6+0.2 88.4+6.2 -29.0+5.4 17.5
22 L beer draff Batch 3 56.844.5 - 58.4+£2.2 5.1+0.2 - 5.1+0.3 75.2£3.8 - 11.2+£2.0 19.1
22 L beer draff Batch 4 57.1£2.5-57.5+£1.8 5.3£0.2 - 5.0+0.3 83.1+5.4 —21.3+£3.7 18.8
22 L beer draff Batch 5 55.4+3.1 -57.24£3.2  5.5+0.2 - 5.3£0.3 79.5£5.0-17.1+2.4 15.6

BB: Beauveria bassiana; TH: Trichoderma harzianum.
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Table 6.10. Summarized conidia production results obtained in the process scale-up (produced conidia, productivity and conidia quotient). Only

preliminary and SBR Strategy 2 batches are presented.

Produced conidia Productivity
Test Substrate Reactor CQ
(conidia g'dm) (conidia g'dm d™)
1.5L BB 6.0x10% 8.6x107 119
1.5LTH 1.5x10° 2.4x10% 261
Rice husk
22 L BB 6.0x10% 7.7x10’ 107
22 L TH 1.6x10° 2.6x10% 284
Preliminary batches
1.5L BB 1.5x10° 2.3x10% 192
1.5LTH 1.8x10° 2.9x10% 242
Beer draff
22 L BB* 2.5x10° 3.2x10% 402
22 L TH 1.9x10° 2.9x10% 274
1.5 L BB propag. 3.8x10° 4.9x107 58.2
1.5 L BB SBR** k() **(-) ()
1.5L THBI1 2.0x10° 3.3x10% 300
SBR Strategy 2 Rice husk 1.5L TH B2 1.1x10° 2.0x10® 163
1.5 L TH B3** 3.5x10%** 5.0x107** 52%%
1.5 L TH B4** 1.3x10%%* 2.0x107** 19%%*
1.5 L TH B5** 6.2x10%** 9.8x10°%** Q**
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Table 6.10. (cont). Summarized conidia production results obtained in the process scale-up (produced conidia, productivity and conidia quotient).

Only preliminary and SBR Strategy 2 batches are presented.

Test Substrate Reactor Produced conidia Productivity co
(conidia g'dm) (conidia g'dm d™)
22 L TH B1 9.1x10* 1.6x10® 152
22 L TH B2 5.4x10* 9.5x107 90
Rice husk

22 L TH B3** 1.1x10%* 2.0x107%* 18
22 L TH B4** 6.3x107%* 1.0x107%* 11%*

1.5 L BB propag. 1.3x10° 2.2x108 115
1.5 L BB SBR** 6.1x10%** 4.8x107%* 57

1.5L TH BI 2.1x10° 4.0x10° 206

SBR Strategy 2 1.5L TH B2 1.6x10° 2.6x10° 262
1.5L TH B3 1.6x10° 1.7x10® 273

Beer draff 1.5L TH B4 5.6x10° 7.8x10’ 70

22 L TH B1 1.7x10° 2.8x10® 254

22 L TH B2 1.4x10° 2.3x10° 207

22 L TH B3 1.8x10° 3.0x10° 274

22 L TH B4 2.0x10° 3.4x10° 298

22 L THBS 2.2x10° 2.7x10® 325

CQ: conidia quotient; *Successful 22 L preliminary batch; BB: Beauveria bassiana; TH: Trichoderma harzianum;**: detected AN contamination; propag: propagation

reactor; SBR: sequential batch reactor; B: batch.
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6.5. Global analysis

To test the robustness and reproducibility for fungal conidia production in packed
bed reactor operating under a SBR strategy, statistical analyses were performed using
data collected from sampling of the final solid material of each 22 L batch with both
substrates. Preliminary batches were used for BB data with both substrates, while all SBR
TH batches data was used (4 batches for rice husk and 5 for beer draff).

Figures 6.22 (BB) and 6.23 (TH) show mean values and standard deviations
obtained when analysing samples at the end of each batch depending on their height in
the reactor. Results are shown for conidia production, moisture and pH in all 22 L batches.
When comparing process parameters within the same batch, little quantity of significant
differences is shown thorough the packed bed for both substrates, while no patterns are
followed in terms of maximum conidia production height in the reactor. It can be assumed
that conidia production does not depend on bed height in a 22 L rice husk or beer draff
packed bed reactor, even though it could still be dependent on bed height at higher scales.
This is consequent with little moisture and pH variations shown in all batches, with nearly
all the compared samples not presenting significant differences with the rest of the
samples in the same batch. These data highlight the robustness of the process, as both
tested substrates packed beds had similar physical properties at all heights.

When working with TH, pH differences between substrates are clearly shown.
Lower pH values were achieved with beer draff in comparison to rice husk and
corresponding to the batches which yielded highest conidia productions, meaning acidic
pH might have been beneficial for TH growth and conidiation. These results differ from
the majority of the references in bibliography, as TH growth and conidiation optimums
are normally located near neutral pH, even though TH can grow and sporulate within an
initial pH range of 3-9 (Zhang and Yang, 2015; Papagianni, 2004). These differences in
behaviour when comparing with literature could have been caused by using a specific
Trichoderma strain which could present better results when working at acidic pH. Some
Trichoderma spp. strains have been demonstrated to work optimally under acidic pH

conditions (Hong-Jun et al., 2021).
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Figure 6.22. Mean values and standard deviations obtained for samples collected at
different reactor heights at the end of all BB 22 L batches. First column corresponds to
rice husk batches and second column to beer draff batches. a and d) conidia production,

b and e) moisture, ¢ and f) pH.
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Figure 6.23. Mean values and standard deviations obtained in samples collected at
different reactor heights at the end of all TH 22 L batches. First column corresponds to
rice husk batches and second column to beer draff batches. a and d) conidia production,

b and e) moisture, ¢ and f) pH.

Temperature variation in different areas of the 22 L reactors (centre of the packed
bed, close to the reactor’s wall, mean values and external temperature) is shown in Figure
6.24. Despite differences between reactors and substrates, in most cases analysed
temperatures were close to the optimal growth temperature range found in Chapter 4 for
both BB and TH. Reactors corresponding to rice husk showed little to no difference in

temperature values between different reactor areas, with minimal temperature differences
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being of a maximum of 3°C, effectively achieving similar temperature on all the packed
beds’ volume. This behaviour is comparable to the one obtained by Barrera et al. (2019),
who reported advantageous temperature axial gradients using both rice husk and
polyurethane foam as substrate and inert support for Trichoderma asperellum conidia
production. However, in beer draff batches, radial temperature differences were observed,
as temperatures at the reactors’ wall and the centre of the bed were different during all
the fermentation process, with differences ranging from minimal 2-3°C to more than 10°C
depending on fermentation time. Higher temperatures were achieved in the centre of the
bed in beer draff reactors, which is consequent with the higher respiration indexes
observed when using beer draff in comparison to rice husk, leading to an overall increase
of the bed’s temperature. Similar approach was presented by da Cunha et al. (2020)
working with Metarhizium anisopliae and a mixture of rice and sugarcane bagasse in a
similar packed bed bioreactor to the one presented in this study. However, their analysis
was focused on axial temperature, finding relevant temperature differences depending on
the substrate axial position, behaviour that has not been studied in this paper. As no
significant differences between axial conidia productions have been found, we can
assume that observed axial temperature differences did not negatively affect conidia
production, although in specific moments corresponding to the maximum biological
activity, differences of 10-15°C between reactor wall and centre of the packed bed were
observed. Given the high influence of temperature on fungal conidia production
(Papagianni, 2004), it can be assumed that observed differences did not significantly
affect conidia production. Although it has not been analysed in this paper, Finkler et al.
(2021) described heat transfer in a SSF packed bed reactor using data obtained at various
reactor heights, demonstrating an axial uniformity of the packed bed, which might also

have happened in this work using both presented substrates.
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Figure 6.25 shows contour and mesh graphs of obtained data corresponding to last
samples of all 22 L TH beer draff performed batches, presenting conidia production
dependence on moisture and pH. A defined area of maximum conidia production was
found, corresponding to a moisture range of 56-60% and a pH range of 5-6. Both ranges

were consequent with results obtained in other works performed with similar strains
(Zhang and Yang, 2015) and in Chapter 4 in this thesis.
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Figure 6.25. 3D graphics (x axis moisture, y axis pH and z axis conidia production)

corresponding to results obtained in last samples of all TH 22L beer draff batches
a) Contour graph, b) 3D mesh graph.

This global analysis demonstrates that a reproducible and robust SBR process has
been achieved when fermenting beer draff complemented with wood chips in 40/60%
w/w proportion, as obtained results have not been significantly different for 5 consecutive
batches. Aside from temperature, values of relevant parameters can be considered
constant throughout the reactor bed, ensuring the robustness of the process. A minimum
AFPr value of 80% is needed to correctly perform fungal fermentation at 22 L scale, as
results were better in terms of consecutive batches when comparing to 70% AFPr tested
at 1.5L scale (Tables 6.5 and 6.8), showing the high relevance of this parameter in the
scaling process. These findings are highly relevant to fungal SSF, as most SSF processes

performed using packed beds at industrial or pilot scale do not present uniformity due to
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heat transfer and bed packing issues (Krishania et al., 2018), which is not only achieved
in single batch in this work but also in a maximum of 5 consecutive batches by

implementing a SBR strategy.

Final remarks

A robust, reproducible, and scalable process to produce BB or TH conidia in SSF
packed bed bioreactors using substrates of different biodegradability has been achieved.
Process scale-up has been successful using both rice husk or beer draff and wood chips
as substrates. For BB, batch strategy has been the preferable choice due to presence of
unavoidable AN contamination. For TH, SBR strategy has been successful using the
mixture of beer draff and wood chips, sustaining conidia production for 5 consecutive
batches at values close to 2.0x10° conidia g-'dm. Prioritizing the use of the safest and
sterilisable substrate, rice husk was discarded in favour of beer draff under both strategies,
as beer draff AN contamination effect was lower than in rice husk when using BB or had
no negative effect when working with TH, despite sterilization. Differences in
performance between scales when using beer draff allowed the definition of a minimum
AFPr value of 80%, determining AFPr as a key parameter in SSF process scale-up.
Process robustness was demonstrated with packed bed uniformity in all 22 L reactors with
both substrates and strains, despite their different biodegradability. No significant
variations throughout the height of the reactor for conidia production, moisture and pH,
were detected showing only minimum temperature rise when scaling beer draff.
Implementing a SBR strategy with adequate AFPr values helps at overcoming major
scale-up drawbacks, at least up to a scale of 22 L, being a feasible alternative to traditional

batch operation when substrate contamination is bypassed.
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Tray bioreactor and global conidia production analysis
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Tray bioreactor and global conidia production analysis

7.1. Summary/Overview

As presented in Chapter 1, fungal SSF is performed using a wide variety of reactor
configurations at laboratory scale (Krishania et al., 2018; Méndez-Gonzélez et al., 2018;
Ramachandran et al., 2008). One of the most used, is the tray bioreactor, being preferred
for most industrial processes (Nigam and Pandey, 2009., Krishania et al., 2018., Mascarin
et al., 2019). When working with tray bioreactors, bed thickness is pointed as one of the
most relevant parameters, as increasing thickness might result in lower conidia production
(Xie et al., 2012). Important differences on bed thickness have been presented by some
authors, ranging from 1 to 15 cm (Jou and Lo, 2011; Krishania et al., 2018). However,
our results with PBB presented in Chapter 6 using rice husk or beer draff complemented
with wood chips as a bulking agent suggest lower effect of bed thickness on conidia
production if AFPr is correctly adjusted, as no relevant differences for conidia
production, moisture and pH were found throughout the height (40 cm) of 22 L reactors.
Preliminary tests have been conducted on this thesis on a tray bioreactor for the results to
be compared to those obtained in PBB.

On the other hand, mycoparasitism, which is closely related to fungal biocontrol
agents’ insecticidal activity, depends on the presence of various enzymes. One of the
enzymes capable of degrading lignocellulosic material (cellulases) was analysed in
Chapter 4 for both strains, obtaining low results overall. When focusing on biopesticide
activity, chitin content at the end of growth is considered as a good indicator of conidia
formation in fungi (Desfarges et al., 1987). Chitinases partially degrade various insects,
nematodes or fungi cell wall (Gonzélez et al., 2010), presenting high relevance in pest
control due to chitin abundance in insects, arthropods and fungi cell wall (Berini et al.,
2018). Recent attention has been given to fungal biopesticides capacity to produce
chitinase and other hydrolytic enzymes. In the case of Trichoderma, chitinase has been
stated as the enzyme responsible of its biocontrol capabilities (Anand et al., 2009),
whereas no studies on their role in BB conidia production have been found. Despite the
relation of fungal growth and enzyme production with the fermentation conditions, there
is still a lack of studies on both (Aita et al., 2019), specially related to SSF systems.

The aim of this chapter is to present an initial comparison between different
reactor configurations using different substrates, analyzing data extracted from both
PBBs (1.5 and 22 L) and from tray bioreactor. Data obtained from tray bioreactor tests

correspond to preliminary experiments. Additionally, evolution of chitinases has been
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determined in some of the tests performed in tray bioreactor. Fermentations in this
Chapter were performed in collaboration with two students of Biological and
Environmental Engineering UAB Master Degree (Talia Echegaray and Gonzalo
Palomas) and one post-doctoral researcher from Universidad Nacional de Rosario,

Argentina (Maria Julia Boggione).

7.2. Materials

A total of two supplies (one for rice husk and one for beer draff) were used to
perform tray bioreactor tests. Substrates and wood chips (bulking agent) characterization

is presented in Table 7.1.

Table 7.1. Characterization of rice husk and beer draff supplies and wood chips used in

tray bioreactor tests.

Parameter/supply RHe6 BDr3 WC2
MC (%) 102+0.1  77.1+0.2 10.4 +0.2
OM (%) 83.5+14 933+03 99.0+0.8
pH 57+0.3 6.6+0.2 41+04

Carbon (%) 41.0+£0.6 471+1.1 48.3+£0.8
Hydrogen (%) 52+0.1 6.7+0.2 5702
Nitrogen (%) 04=+0.1 30+04 04=+0.1

Sulphur (%) <0.1 0.2 £0.02 <0.1
C/N ratio 1112+17.6 159+1.8 120.8+14.2
BD (kg m™) 161+2 355+5 109+ 4
TSC (mg g'dm) 17703 1187+£6.1 904+72
AFPg (%) 90.3+0.5 635+1.6 95.1+02

MC: moisture content; OM: organic matter; BD: bulk density; TSC: total sugar content; AFPr: air-filled
porosity; RH: rice husk; BDr: beer draff; WC: wood chips

In the global analysis of results, produced conidia, mean temperature and mean
sOUR values are presented. Data used for PBBs corresponds to first performed batches

in SBR tests for both BB and TH 1.5 L and 22 L reactors.
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7.3. Tests

All tray bioreactor tests were performed with the aim of comparing PBB rice husk
conidia production and productivity with a different reactor configuration. In all tray
bioreactor tests, analytical methods were performed by sampling two points of each tray
in each sample time, except for the last sample where all the fermented material of each

tray was mixed before sampling.

7.3.1. Rice husk tray bioreactor

Two batches were performed using set-up 1 of tray bioreactor. RH6 was used as
substrate and TH as inoculum. Table 7.2. shows initial parameter values for rice husk tray
bioreactor tests. No batches were performed with this configuration using BB as

inoculum.

Table 7.2. Initial parameter values for rice husk tray bioreactor tests.

SsAF (mL
MC oM IC (conidia AF (mL Ferm.
Parameter pH min™
(%) (%) g”'dm) min™) time (d)
g'dm)
58.5+ 87.4 + 6.8 + 1.84 -
Batch 1 6.5x10° 1000 10
1.3 0.4 0.3 2.68
56.4 + 84.6 + 6.9 + 1.75 -
Batch 2 5.8x10° 1000 6
2.2 0.3 0.2 2.55

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; AFPr: air-filled

porosity.

7.3.2. Beer draff tray bioreactor

Two batches were performed using set-up 2 of tray bioreactor. Using BDr3 as
substrate and WC2 as bulking agent, one batch using each fungus was performed.
Chitinase activity assays were performed using all samples withdrawn from both strains’
tests. Table 7.3. shows initial parameter values for beer draff tray bioreactor tests. To
avoid water condensate generation observed in previous tests, air was not moistened

before entering the reactor in TH batch.

167



Chapter 7

Table 7.3. Initial parameter values for beer draff tray bioreactor tests.

IC AF sAF (mL  Mixture
Parameter/ MC OM AFPgr
(conidia pH (mL min™! (BDr/WC)
Batch (%) (%) (%)
g”'dm) min') g'dm) (%/%)
634+ 972+ 49+ 0.76 —
BB 4.6x10° 500 70/30 70
0.7 0.3 0.2 0.91
66.1+ 98.0+ 5.0+ 1.09 —
TH 6.1x10° 1000 70/30 71
1.1 0.6 0.2 1.31

MC: moisture content; OM: organic matter; IC: inoculum concentration; AF: airflow; BDr: beer draff, WC:

wood chips; AFPr: air-filled porosity; BB: Beauveria bassiana; TH: Trichoderma harzianum.

7.4. Results and discussion

7.4.1. Rice husk TH tray bioreactor

Rice husk weight in each tray was 450 g, equaling the mass of this substrate treated
in 1.5 L PBB.

Figure 7.1. presents the results of rice husk TH tray bioreactor test 1 whereas
Figure 7.2 presents the results of fermentation 2. Table 7.4 presents ranges for various
parameters for both tests. Main difference between both tests was fermentation time,
being of 10 days in test 1 and of 6 days in test 2 (Table 7.2). Figure 7.3 presents tray
appearance of one of the fermented trays in test 1.

Figures 7.1 and 7.2 show similar performance between duplicates. As maximum
conidia production in terms of productivity was found at approx. 6 days in test 1, test 2
was run for 6 days also confirming this maximum. This value, corresponds to optimal
conidia production time found in Chapter 4. Similar conidia profiles were obtained
between trays in both tests, with values ranging from 3.7x10® to 8.3x10® conidia g'dm.
Maximum conidia production was obtained in different trays in each test, meaning tray
position did not adversely affect conidia production. However, conidia concentrations
were lower in all cases than those obtained in PBBs, which could be due to the use of
non-optimized air distribution, causing possible O deficiency in some parts of the
reactor. However, this hypothesis could not be confirmed, as no respiration profile was
obtained in both fermentations. This behaviour might be related to the direction of the air
sprinklers, which were faced up in this fermentation according to set-up 1 shown in
Chapter 3. Consequently, the tray bioreactor design was changed from Figure 3.16 c) to

Figure 3.16 d) in the rest of the presented tray bioreactor tests.
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Mean temperature profile showed an increase during the first 3 days in test 1,
while similar increase was shown in day 3 in test 2, stabilising in values close to the
optimal of 25°C for the rest of both fermentations. The low biodegradability of rice husk
(resulting in very low respiration values as presented in Chapters 4 and 6) difficulted
monitoring respiration profiles. Much of the incubator’s volume was not filled with
substrate, leaving a huge dead volume. However, specific airflow in this test was the
highest in the thesis (1.68-2.55 mL min'! g"!dm), much higher than Chapter 6 values using
the same substrate (maximum of 0.6 mL min™!' g-'dm). Thus, air leaks, coupled with rice
husk’s low respiration values, might be the reasons behind not obtaining respiration

profiles in both tests.
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Figure 7.1. Process parameters evolution in TH tray bioreactor test 1 using rice husk.
a) Tray 1. b) Tray 2. Temperature profile in both graphs corresponds to whole reactor

profile.

169



Chapter 7
|

a) 30
— 109
£ L 25
ke
o —
2 28
8 10° o
5 15§
g. 7 10 |q_)
= 10
]
5 -5
o

108 T T T T T + 0

0 2 4 6 8 10 12
Time (days)

b) 30
__10°
€ - 25
s
‘o
g F20 ©
g 10° Y
~ =]
< 15 &
= (0]
: 3
xel
g 107 08
©
2 -5
[e]
)

108 . . . . . 0

0 2 4 6 8 10 12

Time (days)

—e— Conidia production
——— Temperature
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Figure 7.3. Example of tray appearance in TH rice husk tray bioreactor test.
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As shown in Table 7.4, similar values between trays were found for moisture, pH
and total sugar content. Although only initial and final values were analysed for both
moisture and pH, obtained values suggest similar behaviour to observed profiles in
Chapters 4 and 6 using the same substrate. Moisture initial and final values were similar
in most trays, suggesting moisture maintenance thanks to the use of saturated air. Total
sugar content values were also similar (test 1), suggesting possible similarities in sugar

consumption profiles.

Table 7.4. Moisture content, pH and total sugar content initial and final values in TH tray
bioreactor (test 1 and 2). Maximum productivity and conidia quotient are also shown.

Different superscripts indicate statistical difference.

Parameter/ Tray 1 Tray 2 Tray 1 Tray 2 Mean
Batch Test 1 Test 1 Test 2 Test 2 values

58.5+£0.7%— 585+0.79 - 56.4+18%") 564+1.8%9 575+13-

MC (%)
56.1+ 04"  563+03® 5744039 —568+03"  56.7+0.6
- 68+029_  68+020_ 69+019_  69+019_ 69+0.1_
76+01Y 76402  75+020  75+020 76402
TSC 133+ 149 133+ 149_ 133+ 14
(mggldm)  3.9+04®  35+03® © © 37402
CPr (conidia  9.8x107 + 8.2x107 = 7.0x10" = 15x10°+  1.0xI0°+
g'dm d™) 1.2x107@ 9.4x10° @ 8.7 x10°® 2.3x107© 3.5x107
CQ 83 129 62 88 90.5 + 28

MC: moisture content; TSC: total sugar content; CPr: conidia productivity; CQ: conidia quotient

Overall, rice husk tray bioreactor behaviour (with the only exception of total sugar
consumption) was similar to that observed when working with 1.5 L PBBs (total quantity
of loaded material in tray bioreactor was the same as in 1.5 L PBB triplicate). Little
differences were found between trays and fermentations, suggesting no effect of tray
position in conidia production. Results among reactor configurations (PPB and tray) using

rice husk as substrate were comparable when inoculating with TH.

7.4.2. Beer draff BB tray bioreactor

Results corresponding to beer draff BB tray bioreactor test are presented in Figure

7.4 and Table 7.5. Figure 7.4 shows conidia and chitinase production profile for each tray,
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while both sOUR and temperature are shown as mean values. Tray reactor set-up 2

holding 3 trays was used in this test. Appearance of one tray is shown in Figure 7.5.
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Figure 7.4. Process parameters evolution in BB beer draff tray bioreactor. Produced
conidia and chitinase concentration are shown for each tray. Statistical difference between

trays is shown in format (tray 1, tray 2, tray3).

Figure 7.5. Example of tray appearance in BB beer draff tray bioreactor test.

Significant conidia production differences in at least two out of three trays were
observed in all samplings. Although maximum conidia production was reached at 11.8 d

in tray 1, trays 2 and 3 reached its maximum at day 8.8. As such, assuming 8.8 days as

172



Tray bioreactor and global conidia production analysis

maximum conidia production time (at least for two out of three trays), conidia production
for tray 1 was of 2.1x10° conidia g"'dm, 0f 9.9x108 conidia g-'dm for tray 2 and of 5.4x10%
conidia g''dm for tray 3. Mean value of the three trays was 1.2x10° + 7.9x10% conidia
g'dm. This behaviour cannot be explained by lack of O, in trays 2 and 3, as O
percentages for the whole reactor only dropped to values close to 15%, demonstrating
sufficient O availability for all trays in the whole fermentation. However, differences
between trays could be explained by air distribution through the reactor, as preferred paths
might have been originated, difficulting air distribution for trays located further from the
sprinklers. It is also possible that changes to air dispersion caused by the use of a different
tray bioreactor set-up (facing the sprinklers down) might have influenced conidia
production. However, as same substrate and strain were not tested using both set-ups, this
statement remains as a hypothesis. Achieved conidia production was similar to the one
obtained by Xie et al. (2013) using rice as substrate, confirming the potential of beer draff.

Similar chitinase activity profiles were achieved in all trays, with maximum
chitinase production time being of around 9 days. Chitinase activities were not
significantly different between trays in most of the analysed samples. Highest values in
all trays were near 300 U g''dm. Maximum chitinase activity was achieved at the same
time of maximum conidia productivity. In most of the presented BB fermentations in this
thesis, this optimum has been of 7.5-8 days. With these results, this optimal could still be
possible in this test. However, this statement cannot be assumed, as there is no analysis
between 6.8 and 8.8 days, meaning maximum chitinase production could be achieved
after maximum conidiation, as suggested by Desfarges et al (1987). Contrary to observed
behaviour in conidia production, airflow role in chitinase production seemed independent
due to not presenting significant differences between trays. As stated in section 7.1, no
studies on chitinase role in BB conidia production have been found previous to this thesis.

In terms of biodegradability, both maximum temperature and maximum sOUR
were achieved at the same time (aprox. day 3), with sOUR immediately decreasing but
observing temperature maintenance until day 4.5-5. Maximum sOUR reached 2.7 gO»
kg'dm, being similar to values obtained in Chapter 6 using the same substrate mixture.
Lag phase of almost 2 days was also present, indicating need of adaptation to the substrate
prior to the start of fungal growth. As shown in Figure 7.6, temperature profiles showed
same tendency in all trays. Maximum temperature did not surpass 32°C in tray 3, being
only 3°C superior to tray 1 at the moment of maximum biological activity. However,

temperature differences might have reduced conidia production in tray 3 due to
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temperature relevance in fungal conidia production. As demonstrated in previous
Chapters, BB strain used in this thesis is susceptible to temperature changes, even if they
are only of 3°C. Consequently, this difference might have negatively affected conidia
production in trays located further from the sprinklers due to having lower heat

dissipation.
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Figure 7.6. Temperature profiles obtained on each tray in beer draff BB tray bioreactor.

Mean value from all trays is shown in bold.

As shown in Table 7.5, moisture content, pH and total sugar content values were
very similar between all trays, only showing significant difference in tray 3 final moisture
values, corresponding to the tray located further from the sprinklers. However, moisture
values in tray 3 were closer to optimal for BB conidia production, according to our results
in Chapter 4. Both moisture and pH ranges were kept within optimums found in previous
chapters. Consequently, moisture and pH did not negatively affect conidia production,

leaving temperature and air distribution as the causing behind observed differences.
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Table 7.5. Moisture content, pH and total sugar content range in BB beer draff tray batch.
Maximum productivity and conidia quotient are also shown. Different superscripts

indicate statistical difference.

Parameter/
Tray 1 Tray 2 Tray 3 Mean values
Batch
MC range 63.4+07%— 634+079— 634+£079— 63.4+0.7-
(%) 58.2+0.7® 59.3 +0.4® 62.6+1.2® 60.0+2.3
4.9 +0.2@— 49+02®— 49+0.2®— 49+0.2-
pH range
7.2+0.3® 7.4+020 72+0.1 73+0.1

TSCrange 994+679— 994+679— 994+679— 994+6.7—
(mgg'dm)  173+12®  162+21®  197+09¢9  17.7+18

CPr (conidia 2.4x10% £ 1.1x10% £ 6.1x107 + 1.3x10% +
g'dm d") 5.2x107® 4.6x10"® 1.7x107© 9.0x10’
CcQ 453 216 117 262+ 173

MC: moisture content; TSC: total sugar content; CPr: conidia productivity; CQ: conidia quotient

7.4.3. Beer draff TH tray bioreactor

Results corresponding to beer draff TH tray bioreactor test are presented in Figure
7.7 and Table 7.6. Figure 7.7 shows conidia and chitinase production profile for each tray,
while both sOUR and temperature are shown as mean value. Tray reactor set-up 2 was
used in this test. Appearance of one tray is shown in Figure 7.8.

Opposing to BB results shown in section 7.4.2, no significant differences were
observed between most of conidia productions in the different samples. Maximum
conidia production was obtained in day 6 and stabilized afterwards, being the same
optimum conidia productivity time found in TH PBBs tests presented in previous chapters
and for RH in tray bioreactor presented above. Maximum conidia production was of
3.0x10° conidia g''dm for tray 1, 2.0x10° conidia g'dm for tray 2 and 2.5x10° conidia
g'dm for tray 3 (mean value, 2.5x10° + 4.9x10® conidia g''dm). Although maximum
conidia production was still achieved in tray 1, it was not significantly different in
comparison to the rest, suggesting no relevant effect of distance from air inlet when using
TH, same behaviour previously found when using rice husk as substrate. As it happened
in previous Chapters in this work, used TH strain demonstrated higher versatility in

comparison to the used BB strain.
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Figure 7.7. Process parameters evolution in TH beer draff tray bioreactor. Conidia and
chitinase concentrations are shown for each tray. Statistical difference between trays is

shown in format (tray 1, tray 2, tray3).
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Figure 7.8. Example of tray appeaance in TH beer draff tr§ bioreactor test.

Similar chitinase activity profiles were achieved in all trays, with maximum
chitinase production time being around 8 days. Chitinase activities were not significantly
different between trays in most of the analysed samples, with the only exception of

maximum chitinase production time. Highest values were achieved in trays 1 and 2 (465-
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510 U g''dm), being significantly different from tray 3 chitinase activity of 350 U g-'dm.
Similar to BB test, maximum chitinase activity was achieved after maximum conidia
production (2 days). TH chitinase profiles were similar to the ones obtained by Sandhya
et al. (2004) using SmF and mycelia as inoculum, opposed to conidia used in this work.
At maximum production time, chitinase production was different between trays, as the
lowest activity was achieved in the tray located further from the air sprinklers, being
significant in comparison to the rest. However, this difference was not observed in any
other sampling. Although positive airflow influence when producing chitinases had been
previously observed by other authors using various Trichoderma strains (De la Cruz
Quiroz et al., 2017), it cannot be assumed that distance from airflow has negatively
affected chitinase production when observing this difference only at one sampling time.
More experiments should be performed before reaching a final conclusion on its
importance. These studies should aim at maximizing both chitinase and conidia
concentrations.

In terms of biodegradability, both temperature and sSOUR profiles were similar to
the ones shown in BB beer draff tray bioreactor test, including the lag phase duration.
This result suggests similar adaptation times for both fungi despite TH achieving
maximum conidia production before BB, as in all previous tests. Maximum sOUR values
were achieved at the same time but showing higher values (4.2 gO> kg''dm), being 1.5
times superior to BB maximum with the same substrate. These values were comparable
to observed values in Chapter 6 using the same substrate mixture. Temperature profiles
of all trays are presented in Figure 7.9. Differences between trays in terms of temperature
were found at maximum activity time, being of a maximum of 5°C between tray 1 and
tray 3 (30 to 35°C). However, when temperatures were not at its peak, differences between
trays were of a maximum of 2°C. Despite temperature relevance in conidia production,
these differences did not negatively affect conidia production in tray 3, opening the
possibility of fermenting more quantity of material per tray. This behaviour is noteworthy
to mention, as higher temperature differences between trays (or even in the same tray)
would be expected in case of increasing bed thickness (Krishania et al., 2018; Xie et al.,

2013., Jou and Lo, 2011).
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Figure 7.9. Temperature profiles obtained on each tray in beer draff TH tray bioreactor.

Mean value from all trays is shown in bold.

As shown in Table 7.6, moisture content, pH and total sugar content were very
similar between all trays, only showing significant difference between trays in tray 1 final
moisture values. pH range was kept within optimums found in previous chapters, while
total sugar content values are similar to the ones observed in previous tests. Moisture
differences between tray 1 and trays 2 and 3 were mainly caused by the use of non-
moistened air in this test to avoid the formation of water condensates. Consequently,
relative humidity inside the tray bioreactor chamber could not be controlled, causing
substrate moisture reduction (Krishania et al., 2018). Additionally, these differences
might have been amplified by tray 1 being the closest to the air sprinklers, resulting in
higher moisture reduction in this tray in comparison to the rest. However, moisture
reduction did not diminish conidia or chitinase production in tray 1, confirming the
versatility of the used TH strain, maintaining similar production even when moisture

could not be kept at optimal values.
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Table 7.6. Moisture content, pH and total sugar content initial and final values in TH
beer draff tray batch. Maximum productivity and conidia quotient are also shown.

Different superscripts indicate statistical difference.

Parameter/
Tray 1 Tray 2 Tray 3 Mean values
Batch
66.1+1.19—  661+1.19—-  66.1+1.19-  66.1+1.1-
MC (%)
483+ 0.6 56.1+1.4© 58.0+09© 54.1+5.1
° 4.9+02@— 49+02@ - 4.9+02@ - 49+02-
p
7.5+0.3® 7.6+0.20 7.8+0.20 7.6+0.2
TSC 103.5+3.89— 103.5+3.8% - 103.5+3.89 - 103.5+3.8—
(mg g"'dm) 17.6 £ 0.8® 18.4 +0.5® 18.0 £ 0.6 18.0+0.4
CPr (conidia 5.0x10% + 3.4x10% + 4.1x10% + 4.1x10% £
g'dm d") 9.3x10"® 8.1x10"® 7.5x10"® 8.1x10’
CcQ 497 335 410 414 + 81

MC: moisture content; TSC: total sugar content; CPr: conidia productivity; CQ: conidia quotient

7.5. Global analysis

This section presents a comparison between some of the tests using PBBs in
Chapter 6 and tray bioreactor tests in this chapter for both BB or TH. All conidia
production values in this section correspond to mean values at maximum conidia
production time.

Table 7.7 results allow a comparison based on parameters other than conidia
production (conidia g'dm). While in terms of productivity (conidia g''dm d!) results
follow a similar pattern when comparing with conidia production, different patterns are

observed with total produced conidia and total produced conidia L.
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Table 7.7. Conidia production, productivities and conidia quotients of all fermentations.

Produced Grams Total
Total SAF (mL  Productivity Total
conidia Time  dry produced
Test/parameter volume min™! (conidia produced
(conidia (d) matter conidia
) (& dm) (L) g’'dm) g''dm d™) conidia L
g dm g dm )

Tray bioreactor RH TH 7.0x10° 5.8 387 43.5 1.75-2.68 1.2x10® 2.7x10" 6.2x10° 107
Tray bioreactor BDr BB 1.2x10° 8.8 540 435  0.76-091 1.4x10® 6.5x10"  1.5x10"° 182
Tray biorreactor BDr TH 2.5x10° 5.8 765 43.5 1.09 -1.31 4.3x10" 1.9x10"*  4.4x10"° 376
Packed bed 1.5 L RH BB 3.8x108 7.8 105 1.5 0.18-0.33 4.5x10’ 4.0x10"°  2.7x10" 58
Packed bed 1.5 L RH TH 2.0x10° 5.8 105 1.5 0.18-0.33 3.4x108 2.1x10"  1.4x10" 300
Packed bed 1.5 L BDr BB 1.5x10° 7.8 105 1.5 0.71-0.96 1.9x108 1.5x10""  1.0x10'' 222
Packed bed 1.5 L BDr TH 2.1x10° 5.8 105 1.5 0.71-0.96 3.6x108 2.2x10"  1.4x10' 312
Packed bed 22 L RH BB 6.0x10® 7.8 1050 22 0.28-0.42 7.7x107 6.3x10'"  2.9x10' 91
Packed bed 22 L RH TH 9.1x10® 5.8 1050 22 0.28-0.42 1.6x108 9.6x10""  4.4x10'° 138
Packed bed 22 L BDr BB 2.5x10° 7.8 1400 22 0.53-0.87 3.2x108 3.5x102  1.6x10'" 378
Packed bed 22 L BDr TH 1.7x10° 5.8 1400 22 0.53-0.87 2.9x108 2.4x10"%  1.1x10'" 254

sAF: specific airflow; CQ: conidia quotient; RH: rice husk; BDr: beer draff, BB: Beauveria bassiana; TH: Trichoderma harzianum.
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When total conidia production is not corrected with total volume, 1.5 L reactors
show lowest obtained productions, as expected from the lowest volume. When comparing
tray results with same substrate in 22 L PB configuration, total conidia production
obtained are, most of the times, in the same order of magnitude, taking into account
differences in fermented substrate quantity. These results suggest similar conidia
productions can be reached with both configurations. When correcting total conidia
production using total volume, both 1.5 and 22 L PBB show higher values in comparison
to tray in the majority of the reactors. This behaviour is explained by differences in
working volume between reactors: while almost all the PB volume in both configurations
was used as working volume, only 8 (rice husk) or 13.5 (beer draff) out of 43.5 L were
used in tray configurations. As such, better spatial usage of tray configuration might
improve conidia production, with possibility of reaching higher values. It must also be
considered that, when working with beer draff, the substrate/bulking agent mixture used
in tray and 22 L was different (70/30 in tray vs 40/60 in 22 L packed bed w/w beer
draff/wood chips). Results could vary if using same proportions, which might be needed
in case of increasing bed height, which was kept constant at 4 cm in all tray bioreactor
tests. According to some authors, this value could be higher without compromising
airflow through the bed (Jou and Lo, 2011; Krishania et al., 2018). Increasing bed height
up to the same working volume used in the 22 L packed-bed (corresponding to 8 cm bed
height per tray) configuration should lead to a better comparison.

Comparing specific airflow rates, values were proportional between PBB scales.
In tray fermentations, much higher values were provided for rice husk fermentations,
despite its higher AFPr in comparison to beer draff. However, conidia production was
much higher in TH beer draff tray fermentation rather than in rice husk. This results
confirm the relevance of biodegradability as a key parameter in TH fermentations, as
found in PCA analysis results in Chapter 5.

Tables 7.8 and 7.9 present a comparison of conidia production and
biodegradability, including mean values for conidia production and temperature (with the

correspondent statistical analyses) and maximum sOUR for the fermentations.
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Table 7.8. Conidia production, mean temperature and maximum sOUR obtained in all

BB fermentations. Statistical analyses are shown for conidia production and mean

temperature.

Test/parameter Conidia production = Mean temperature Max sOUR
(conidia g'dm) (°C) (202 kg''dm)

Packed bed .5LRHBB  3.8x10%+ 1.7x10"® 26.4+0.99 0.2

Packed bed 22 LRHBB  6.0x10° + 5.4x10"® 22.5+1.3® 0.7

Tray bioreactor BDr BB 1.2x10° + 8.0x10% 26.9 +2.69 2.7

Packed bed 1.5 L BDr BB 1.5x10° + 3.8x10% 26.0+1.7@ 3.6

Packed bed 22 L BDr BB 2.5x10° + 6.5x10%9 25.5+ 1.6 3.5

Table 7.9. Conidia production, mean temperature and maximum sOUR obtained in all

TH fermentations. Statistical analyses are shown for conidia production and mean

temperature.

Test/parameter Conidia production = Mean temperature Max sOUR
(conidia g'dm) (°C) (202 kg''dm)

Tray bioreactor RHTH  7.0x10® £ 2.1x10%® 25.8 +1.9@b© -)

Packed bed .5 LRHTH  2.0x10°+ 3.0x10*® 23.0 +1.9@9 0.7

Packed bed 22 LRHTH  9.1x10%+ 3.1x10%® 25.8 £ 1.8 0.7

Tray bioreactor BDr TH ~ 2.5x10° + 4.8x10%® 25.6 + 4.4 4.5

Packed bed 1.5 L BDr TH  2.1x10° + 3.7x10%® 29.1 +£2.6%9 32

Packed bed 22 LBDr TH  2.1x10° £ 3.6x10%® 25.7 + 2.6 3.3

Comparing between substrates, conidia productions on rice husk were always
lower compared to those on beer draff using the same configuration and strain. This
behaviour was coupled with much lower biodegradability presented by rice husk in
comparison to beer draff. Rice husk respiration values never surpassed 0.75 gO> kg'!dm
at both tested scales, while beer draff varied between 2.70 to a maximum of 4.45 gO»
kg''dm in tray bioreactor. Comparing initial values from sections 6.3 and 7.3, initial
parameters at the start of the fermentation were similar between substrates (with the only
exception of AFPr in beer draff fermentations, determined as key parameter in beer draff
process scale up in Chapter 6). These results suggest conidia production is highly
dependant on substrate biodegradability.

Comparing between strains, BB and TH present different behaviours. Although

significant differences between reactor configurations were observed, they were not
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always between the same reactors. Maximum mean conidia production achieved using
BB and beer draff was obtained in 22 L fermentation, while both tray and 1.5 L
fermentations obtained more similar values. This result is remarkable, as most of BB
aerial conidia production is not performed using packed-bed bioreactors as fermenters but
by superficial production, which ranges from polypropylene bags and tray bioreactors to
environmentally-prepared chambers for fungal growth and sporulation (Jaronski and
Mascarin, 2017). The use of different substrate/bulking agent ratios between 22 L beer
draff bioreactors and the rest of the tested conformations (which results in different AFPr
values, as presented in Chapter 6) could possibly have affected conidia production. Use
of AFPr values around 80% (Chapter 6) improved 22 L packed-bed performance in
comparison to 1.5 L or tray performances. This gives higher relevance to a correct AFPr
adjustment when working with BB, in agreement with BB PCA analysis results in
Chapter 5. In contrast, TH conidia production was more equal between different reactor
configurations when looking at the same substrate. TH conidia production has overall
been superior to BB’s, suggesting better use of the substrate by this fungal strain. As
previously found in Table 7.7 results, this analysis is consequent with obtained results in
TH PCA analysis in Chapter 5, where parameters related to the biodegradability of the
substrate were the most relevant for TH conidia production. This behaviour might also be
attributed to the superior enzymatic production capabilities of TH (Verma et al., 2007) in
comparison to BB. Aside from chitinases and as stated in previous chapters, the genera
Trichoderma has been previously used to produce several enzymes, most of them being
lignocellulosic enzymes such as cellulases, xylanases and endoglucanases (Lopez-
Ramirez et al., 2019; Kar et al., 2013; Ortiz et al., 2015; Ahmed et al., 2016), whereas
there are no reports on the use of BB to produce similar enzymes.

Achieved mean temperatures were similar among most of the reactors, presenting
higher deviations in tray bioreactor than in packed bed and in beer draff than in rice husk.
Although overall temperatures were a little bit lower when using rice husk, they were not
always significantly different from beer draff. Most of the observed mean temperatures
in all reactors and strains were around 25°C. Interestingly, lowest mean temperature with
both strains was observed in PBBs. Considering the thickness of the 22 L packed bed
reactor in comparison to one tray bed’s height (40 vs 4 cm), obtaining similar mean
temperatures in both designs with both strains opens scaling-up possibilities for packed-
beds. At the same time, higher bed thickness should also be tested for tray configurations,

as demonstrated by several authors in different SSF tray fermenters (Krishna, 2005; Xie
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etal., 2013; Zhang et al., 2014). It is noteworthy to mention that tray bioreactor insulation
capabilities were probably superior to PBB, as tray bioreactor was adapted from an
incubator, meaning potential better heat insulation. However, PBB were almost full of
substrate, whereas tray bioreactor had a huge dead volume in all fermentations, meaning

generated heat per volume unit was higher in PBB than in tray.

Final remarks

Successful conidia production has been achieved using both BB or TH in tray
bioreactor configuration. Differences in conidia production between trays were shown
when working with BB, although they were not present when working with TH. Chitinase
analysis in tray bioreactors revealed different optimal production times for conidia and
for chitinase production. Chitinase activity values were similar between strains. However,
maximum chitinase production was 1.5-1.75 times higher in TH fermentation in trays 1
and 2. BB strain production was affected by little temperature and moisture variation
between trays, while TH overall performance was more similar between trays despite
experimenting higher variations between trays for both parameters.

Higher productions with both strains were obtained when fermenting beer draff
complemented with wood chips, which yielded higher conidia production in comparison
to rice husk due to the use of a more easily biodegradable substrate with high AFPr while
also obtaining much higher respiration profiles. BB performance was highly dependent
on substrate AFPr, while TH production was more dependent on substrate
biodegradability, confirming PCA results presented in Chapter 5. While significant
differences in terms of conidia production were shown between 22 L packed bed reactor
inoculated with BB and the rest, these differences were not observed when working with
TH, suggesting TH as a more versatile strain than BB. Total conidia production was
similar between tray and 22 L PB when using same substrate. Although most reactors did
not present significant differences in terms of mean temperature, better comparison could
be made if adapting tray bed’s thickness while also providing better heat insulation in

22 L PBB.
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Product validation and biocontrol potential

The experiments presented in this Chapter have been performed at the Department of
Plant and Environmental Sciences, section of organismal biology (SOBI) at the

University of Copenhagen (KU, Denmark), being part of a three months’ research stay.






Product validation and biocontrol potential

8.1. Summary/Overview

In this chapter, evaluation of the biopesticide effect presented by some of the BB
SSF products obtained in previous Chapters is presented. Differences in biopesticide
properties between BB and TH have been highlighted in Chapter 1: BB is an
entomopathogenic fungi that can act as insect parasite and TH is an antagonistic fungus
capable of numerous effects.

To properly evaluate biopesticide effect in entomopathogenic fungi, pathogenicity
and virulence concepts are of major relevance. Pathogenicity is defined as the quality or
state of being pathogenic, while virulence is the degree of pathogenicity within a group
or species. Pathogenicity is a qualitative term, whereas virulence is the quantification of
pathogenicity (Shapiro-Ilan et al., 2005). Both terms are commonly used when working
in insect pathology. 7. molitor has been chosen as pest to test BB against, as it is widely
used as model host for the study of pathogenic fungi (de Souza et al., 2018). Its larvae
stage, commonly known as mealworm, is a pest of storage grains and bran (Cotton, 1963;
Philips and Throne, 2010). First report on the use of 7. molitor in the investigation of
fungal diseases dates to 1973 (Reiss, 1973). As shown in Figure 8.1, research on this pest
has not stopped growing since then, reaching more than 2500 documents in recent Scopus

search, showing higher growth in last decade and particularly from 2015 onwards.
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Figure 8.1. 7. molitor research evolution from 1898 to 2021. Obtained from Scopus in

August 2021.
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The aim of this Chapter is to evaluate the biopesticide effect of the obtained BB
product from 22 L reactors in Chapter 6, providing quantitative comparison on quality of

conidia obtained from different biodegradability substrates.

8.2. Materials

Lyophilized BB material (conidia extracted from plates or solid material with
conidia) was brought to Copenhaguen University (KU) to quantify its biopesticide
properties. Samples obtained from plates and from various SSF tests presented in Chapter
6 were tested. The complete list of samples is presented in Table 8.1. Samples from 22 L
SSF tests were obtained by mixing at least 3 samples from different reactor areas
(superior, central and lower, as presented in Chapter 3). Samples treatment after

fermentation has been detailed in section 3.3.7.1.

Table 8.1. Lyophilized samples used in biocontrol potential tests.

Conidia (conidia  Conidia (conidia  Conidia (conidia

Sample g’'dm) (before mL™") (before mL™) (after
lyophilisation) lyophilisation) rehydration)
BB plate ) 9.0x10’ 7.3x10’
BB RH 22 L 6.0x10* 5.4x10’ 4.8x10’
BBBD 22 L 2.5x10° 2.8x10® 1.1x10®
BB BD 22L (WV 10 L) 1.4x10° 1.9x108 9.5x10’

BB: Beauveria bassiana; RH: rice husk; BDr: beer draff; WV: working volume; B: batch.

8.3. Tests

All tests in this Chapter were run for 14 days. Mycosis (fungal infection) of each
cadaver was visually evaluated 4-6 days after dead of each individual by means of fungal
emerging from the insect’s dead body. Accumulated dead was used to calculate
survivability for all the evaluated sample groups on each day.

BB Isolate KVL 13 39 was used as positive control in all tests. This isolate
(obtained from the commercial biocontrol product BotaniGard containing the BB strain
GHA) had been previously used in the SOBI research group and recognized to present
high virulence against 7. molitor (Tall and Meyling, 2018).
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8.3.1. Dose-response tests

For testing the effects of different concentrations of the BB conidial suspensions
from plate samples, a dose-response assay was performed using both larvae and adults of
T. molitor. The assays were performed in triplicate with 10 individuals for each
concentration. According to several authors (Seid et al., 2019; Maistrou et al., 2020; Yang
et al., 2018; Oreste et al., 2012), intermediate virulent doses of BB against T. molitor
range between 10°-107 conidia mL™! with droplet topical applications. Using BB conidia
harvested from agar media plates, four concentrations of 10°, 10, 107, 10® conidia mL!
were tested against 7. molitor larvae and adult. Triton X 0.05% suspension was used as
control and diluent. When performing assays with adults, only 10° 107 and 10%
concentrations of the CECT 20374 strain were tested. Schematic representation of the

tests is shown in Figure 8.2.
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Figure 8.2. Schematic representation of BB concentration tests. Left: larvae assay.
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Right: adult assay.

8.3.2. Comparative virulence test

Based on the dose-response assays, an experiment to compare virulence of conidia
obtained from different substrates against 7. molitor was performed. As described by
some authors (Keyser et al., 2016; Seid et al., 2019) virulence assays were performed

using two concentrations, low (X1) and high (X2), respectively, which were previously
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found to be in the lower and higher range of mortality in the dose-response assays in 8.3.1.
The virulence assay was performed with 12 adult individuals for each concentration in

triplicates. Schematic representation of the test is shown in Figure 8.3.
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Figure 8.3. Schematic representation of BB virulence test.

8.4. Results and discussion

Germination test results for all samples used in this section are presented in Table
8.2.

In all total mortality graphs, statistical difference between total mortality is shown
in black and statistical difference between mycosis in red. Control population mortality
is also presented, despite using Abbott’s formula to correct mortality on the rest of the

samples.

Table 8.2. Germination test results for all samples.

Sample Germination (%)
KVL 13-39 95-97*
CECT 20734 84-86°
RH 22 L (CECT-SSF) 63-67 ¢
BDr 22 L (CECT-SSF) 74-77 4
BDr 22L (WV 10 L) (CECT-SSF) 72-76 ¢

RH: rice husk; BDr: beer draff, WV: working volume, SSF: solid-state fermentation. Stastical significance
between tests is shown in superscript.
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8.4.1. Dose-response tests

Product validation and biocontrol potential

Figure 8.4. presents larvae 7. molitor dose-response test results. Tests were

performed with conidia suspension obtained from plate pure cultures. Total mortality and

mycosis are shown in a) and survivability in b).
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Figure 8.4. Larvae 7. molitor concentration test results. a) total mortality and mycosis

and b) survival evolution. BB samples correspond to CECT 20374 strain (used in this

thesis) and C+ correspond to KVL 13 39.

Larval mortalities were generally very low for most of the tested concentrations

below 108. In contrast, the positive control treatments using BB GHA (strain KVL 13-39)

produced significantly high mortality in a dose-dependent manner, ranging from 20 to

90% mortality between the two tested concentrations. Mortality in the lowest KVL 13-39

concentration was similar to mortality produced by the highest concentration of BB
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CECT 20374. The proportion of mycosis development was also low for CECT 20374,
around half of the dead population in 10® conidia mL"! treatment, similar values as in
lower concentration applied of KVL 13-39. The only exception was high concentration
of KVL 13-39, which reached up to 83% mycosis of the total population, considered high
mortality in other works testing other BB strains against 7. molitor (Gottig and Hertz,
2018; Al Khoury et al., 2019; Seid et al., 2019). Additionally, this treatment was the only
one presenting statistical significant differences with the other treatments. Different
survival curve was also observed in the high concentration treatment of KVL 13-39, as
survival decreased much faster (both in terms of time and slope) for this treatment than
in any other treatment.

As shown in Table 8.2, differences in germination rates between the two BB
strains were observed (being 10% lower in CECT 20374 strain in comparison to KVL
13-39), supporting the better performance of the KVL 13-39 strain. However, it would
not be correct to assume germination index as the only explanation factor for the
difference in infection performance between the two strains.

Results obtained both for mortality and mycosis suggest that strain CECT 20374
is not particularly virulent towards the 7. molitor larval stage. Some studies have found
the adult stage of 7. molitor to be more susceptible to BB infection in comparison to
larvae (Rodriguez-Gomez et al., 2009; Seid et al., 2019). Differences in structure of the
cuticle between larvae and adults, as well as possible shedding of attached conidia on the
cuticle after larvae ecdysis (Hajek and Leger, 1994; Vestergaard et al., 1999) might be
the principal causes of differences in susceptibility within the same insect species.
Consequently, adults of 7. molitor were also tested as hosts for the two BB strains. Figure
8.5 presents adult 7. molitor dose-response test results. Total mortality and mycosis are
shown in a) and survivability in b).

Contrary to the larval stage, total mortality caused by strain CECT 20374 in adult
T. molitor increased with increasing conidia concentration, starting at 40.7% for 10°
conidia mL"1 and rising to 61 and 83% for 107 and 10® conidia mL"!, respectively. This
increase was also observed for level of mycosis, reaching its maximum when using the
highest tested concentration, corresponding to nearly 60% of the total dead population.
Despite these results, virulence was still not comparable to that of strain KVL 13-39,
which achieved 100% dead adults at 107 conidia mL"!, while mortality similar to those
caused by the CECT 20374 strain at both 107 and 10® conidia mL! (around 80%), was

reached already at 10° conidia mL! for KVL 13-39. Observed levels of mycosis were
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similar between the highest CECT 20374 concentration and the lowest concentration of
KVL 13-39 (10° conidia mL"), but mycosis level was highest for the high concentration
of KVL 13-39, reaching values close to 80% of the total dead population.
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Figure 8.5. Adult T. molitor concentration test results a) total mortality and mycosis and

b) survival evolution. BB samples correspond to CECT 20374 strain (used in this thesis)
and C+ correspond to KVL 13 39.

Lower virulence of CECT 20374 strain is further evident from the survivorship
curves (Fig. 8.5 b). Although the main mortality effects occur at day 4 for both 10® conidia
mL-!' of CECT 20374 and 107 conidia mL-' of KVL 13-39, the curves reach different
percentages of survivors. At day 8, all individuals were dead in the treatment with 107
conidia mL! of KVL 13-39, whereas approximately 40% remained alive after the same
period in the treatment with CECT 20374 despite a 10-fold higher exposure of conidia.

These differences can partially be explained by reduced germination rate for the CECT
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20374 strain, but are also reflecting reduced ability to infect 7. molitor adults compared
to KVL 13-39.

However, the CECT 20374 strain showed more pronounced virulence against the
adult stage of T. molitor compared to the larval stage at the highest tested concentrations,
but only at level equal to the low concentration used of the KVL 13-39 strain. Although
the obtained virulence was still relatively low for CECT 20374 against the adults of
T. molitor, mortality increased in a concentration dependent manner, confirming dose-

dependent virulence against the insect.

8.4.2. Comparative virulence test

Virulence assay results against adult 7. molitor are presented in Figure 8.6.
Conidia from fermented samples CECT 20374 (BB-SSF) were compared with conidia
from agar plates of the strains KVL 13-39 (C+) and CECT 20374 (BB). Both strains were
tested at a low concentration of 10% conidia mL-! and a high concentration of 5x107
conidia mL"! for this comparative test.

Interestingly, differences in total mortality were observed depending on the
substrate used to produce fungal conidia (Fig. 8.6a). At the high concentration, mortality
of conidia from beer draff was higher than when using conidia produced on rice husk,
being significantly different in one of the presented reactors (SSF-BDrl-H sample vs
SSF-RH-H sample). Sample E2 (beer draff high conidia concentration) did not present
significant differences with sample C2 (high concentration of CECT 20374 extracted
from agar plates), which is considered to provide the optimal growth conditions for
conidia. No differences were observed when comparing the low concentration for the two
substrates, as little mortality with very low mycosis was obtained with all treatments.
Except for E2, conidia quality loss was observed when comparing any sample to its
correspondent agar plate control, which could also be expected from the germination test
results in Table 2. These losses in viability were possibly caused by a sub-optimal
downstream and conservation process. In fact, the downstream process was simple,
consisting only of filtration and centrifugation steps with no formulation involved. These
steps allowed conidia separation from almost all the solid material. However, accurate
and complete formulation processes should be considered. As of conservation, all
samples were frozen at -20°C after the fermentation ended, unfrozen only to be

lyophilised and after this kept at 4°C for less than 5 days before its use after rehydration.
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Figure 8.6. Adult 7. molitor virulence test results a) total mortality and mycosis and

b) survival evolution. P indicates plate samples (KVL or CECT strains), SSF indicates
fermentation samples (CECT strain). Low concentration (L) corresponds to 10 conidia

mL-!, high concentration (H) corresponds to 5x107 conidia mL"!.

When lyophilising, conidia must be dried to a water content below 9% w/w or
equal or to water activity equal to or lower than 0.3% to optimize shelf-life and maintain
viability (Jaronski and Jackson, 2012; Moore et al., 2016). Drying and anaerobic
packaging are required to maximize the storage period (Chen et al., 2009; Faria et al.,
2012). Despite using recommended conservations methods, possible quality loses might
still be attributed to sample conservation. Formulation is a crucial aspect of any
biopesticide product development, highly affecting both viability and infectivity of the
active ingredient (Mascarin and Jaronski, 2016; Jaronski, 1997; Brar et al., 2006). As
such, both conidia extraction, separation and formulation should be improved to obtain

maximal conidia virulence.
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Sample appearance after mycosis occurred is shown in Figure 8.7.

Figure 8.7. Examples of insect mycosis observed in dead 7. molitor in virulence test. Left
samples correspond to 1x10° conidia mL! and right samples to 5x107 conidia mL"!
a) KVL-P-L; b) CECT-P-L; ¢) CECT-SSF-RH-L; d) CECT-SSF-BDr1-L; e) KVL-P-H;
f) CECT-P-H; g) CECT-SSF-RH-H; h) CECT-SSF-BDrl-H and i) CECT-SSF-BDr2-H.
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Virulence differences between conidia from agar plates and fermentation samples
can also be attributed to different conidia germination rates. While germination rates for
conidia of strain CECT 20374 from agar plates were 84-86%, germination rates were
72-77% for conidia produced in beer draff samples and even lower for conidia from rice
husk, reaching 63-67%. Although both substrates have been successful at producing
BB conidia using a batch strategy, germination rates of conidia were higher when using
beer draff compared to rice husk (Table 8.2). Consequently, higher virulence of conidia
from beer draff samples could be expected. Despite this, there were no significant
differences between observed mycosis in the high concentration samples, regardless of
the substrate used.

Conidia produced in all fermentation samples were generally causing lower
mortality than the typical values obtained in virulence assays with BB, which normally
reach levels close to 90-100% at high concentrations (Keyser et al., 2014; Barta, 2018;
Seid et al., 2019). High germination rates are mandatory to ensure proper infection and
mycosis of the insect in such controlled experiments. All germination rates in the present
study were calculated at 24 h of incubation. With the low percentages observed, and also
considering growth and conidiation time of strain CECT 20374, it would be advisable to
perform conidia germination tests at 36-48 h instead of 24 h, as presented in other works
(Keyser et al., 2016).

When comparing treatments in the survivorship curves, mortality rates were
higher and occurred earlier for conidia produced on agar plates for both strains in
comparison to all fermentation samples. In most of these agar plate controls, most
reduction in survival occurred between days 3-8 (KVL 13-39 at 10° conidia mL'and
CECT 20374 5x107 conidia mL™"), even faster for KVL 13-39 at 5x107 conidia mL'. In
fermentation samples E2 and F2, the main reduction in survival occurred between days 5
and 10, being later than in agar plate controls. Formulation improvement should be
directed not only at increasing total mortality but also to make mortality occur earlier, as
seen for the same strain with conidia from agar plates.

LTso values corresponding to all samples that reached 50% survivability are
presented in Table 8.3. Only four samples (KVL-P-L, KVL-P-H, CECT-P-H and SSF-
BDrl1-H) reached 50% survivability, although it was close in sample SSF-BDr2-H. As
Statistical difference between LTso values confirm higher virulence of KVL 13-39
compared to CECT 20374, while also exemplifying virulence loss from plate to

fermentation samples in CECT 20374 strain. Differences between plate and fermentation

197



Chapter 8

virulence suggest fermentation step as a possible cause of viability losses. Differences in
relevant parameters (such as temperature), being much easier to maintain close to
optimum values when working with plates in comparison to reactors, could be the reason
of viability losses. Nutrient availability differences could also explain lower values
obtained with rice husk, as beer draff presented much higher biodegradability.
Improvements in fermentation with the aim of maximizing virulence maintenance and

not only conidia production should be considered.

Table 8.3. LTso values for samples with at least 50% survaivability.

Sample LTso (d)
KVL-L 5.8
KVL-H 4.4
CECT-P-H 7.2
CECT-SSF-H, BDr 10.7

LTso: lethal time 50; BDr: beer draff; L: low concentration (10° conidia mL™!); H: high concentration (5x107
conidia mL); P: plate; SSF: solid-sate fermentation

Final remarks

Virulence effect of the BB SSF 22 L reactor products using rice husk or beer draff
as substrate was successfully tested against 7. molitor adult stage, presenting a
biopesticide effect against this insect in laboratory assays. Differences in virulence
depending on the fermentation substrate used to produce fungal conidia were detected,
with beer draff being most suitable. Relevance of formulation technology was
highlighted, emphasizing in its relevance to maintain product virulence after
fermentation. Differences observed between plate and fermented samples also suggest
fermentation step as a possible explanation for quality losses, highlighting the need to

optimize it in order to maximize virulence maintenance.
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Conclusions and future work

9.1. General conclusions

Fungal conidia production of BB and TH in PBB using different autoclaved agro-
industrial wastes as substrates has been achieved.

Fungal SSF fermentation parameters with both strains have been optimized at
0.5 L laboratory scale using rice husk as substrate. Relevance of several
parameters on fungal SSF have been studied, allowing the selection of suitable
substrates for conidia production.

Valorisation of the studied residues (rice husk, apple pomace, whisky draff, wheat
straw, beer draff, orange peel and potato peel) through SSF has been demonstrated
feasible, highlighting the main waste properties and process parameters for the
two fungi used.

A robust, reproducible, and scalable process to produce BB and TH conidia in
SSF packed bed bioreactors using substrates of different biodegradability has been
achieved. Beer draff has been determined as preferable over rice husk.
Promising results were obtained when scaling the process up to 22 L, particularly
when using TH, allowing the use of a SBR strategy when working with beer draff
complemented with wood chips as substrate.

PBB performance was comparable to tray performance using same substrate with
both strains.

Virulence (BB) properties were present in the final fermentation products.

9.2. Block 1: SSF validation, optimization and substrate screening

In SSF process optimization tests using rice husk, optimized parameters at 0.5 L
scale for BB were 65-70% moisture, 5.5x10° conidia g!'dm inoculum
concentration, 20 mL/min airflow, 25°C temperature and 40 C/N ratio. Same
values were obtained with TH except for moisture (55-60%) and C/N ratio (25-
55). Mixing was positive to TH conidia production when performed at 24 h or 48
h after inoculation.

The robustness of the process shown through Box-plots allows establishing a
highly probable conidia production range valid both for BB and TH (5.0x103-
1.3x10° conidia g''dm).
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In substrate screening tests, rice husk, apple pomace, whisky draff, beer draff,
wheat straw, orange peel and potato peel have been successful substrates for
fungal conidia production for both strains. Soy fiber and rice fiber were discarded
due to bacterial contamination.

Rice husk and potato peel were more suitable for BB whereas beer draft, orange
peel and potato peel are more suitable for TH.

According to PCA, relevant BB SSF parameters (initial pH and AFPR) link to
proper adaptation to the substrate to ensure fungal growth, while relevant TH
parameters (COC, initial moisture and total sugar content) relate to potential

substrate biodegradability.

9.3. Block 2: production strategies and scale-up to 22 L

202

Process scale-up to 22 L has been successful using both rice husk or beer draff
and wood chips as substrates. For BB, batch strategy has been the preferable
choice due to presence of unavoidable AN contamination, reaching conidia
production of 2.5x10° conidia g''dm. For TH, SBR strategy has been successful
using the mixture of beer draff and wood chips, sustaining conidia production for
5 consecutive batches at values close to 2.0x10° conidia g-'dm.

Beer draff has been preferred as substrate due to presenting less contamination
(AN) than rice husk.

AFPr has been determined as a key parameter in process scale-up thanks to
observed differences between 1.5 and 22 L. A minimum AFPr value of 80% has
been defined as necessary for the correct scaling of the process.

Process robustness was demonstrated with packed bed uniformity in all 22 L
reactors with both substrates and strains, despite their different biodegradability.
Relevant differences were only found for temperature when using beer draff as
substrate due to its superior biodegradability potential.

SBR strategy has been demonstrated as a feasible alternative to traditional batch
operation, at least up to a scale of 22 L.

Successful conidia production has been achieved using both BB and TH in tray
bioreactor configuration. Differences in conidia production between trays were

observed with BB, while differences in chitinase activity were observed in TH.



Conclusions and future work

Conidia production comparison in different reactor configurations confirmed
PCA results presented in Chapter 5 both for BB and TH.

TH was demonstrated as a more versatile strain when compared to BB, as no
differences in conidia production were observed among different reactor

configurations.

9.4. Block 3: product validation and biocontrol potential

Virulence of the produced BB strain against the pest 7. molitor has been
demonstrated. Virulence was only possible against adult stage of the pest.
Higher virulence was found on beer draff fermentations product when comparing
to rice husk, highlighting substrate influence on quality of the final product.
Virulence loss comparing to plate samples suggest the need of improvements in

fermentation, downstream, conservation and formulation.

9.5. Future work

Being the first work in GICOM to attempt to produce fungal conidia via SSF and

given the scarcity of research on the use of packed bed reactors to produce fungal conidia,

future work is still to be performed:

Beer draff should be used to scale-up the process in PBBs up to higher volumes
(at least to preindustrial scale). SBR strategy has potential to be used at higher
scales, and should therefore be tested, at least with TH.

Future tests should also focus on analyzing enzymatic activities of the
fermentation products as an indicator of biocontrol potential, particularly
chitinases but also considering other possibilities. These analyses have yet to be
performed in packed bed configuration and could be related to strain virulence
against pests.

For BB, strains presenting high virulence (like KVL 13 39) should be tested and
produced. Fermentation strategies presented in this thesis can be used to produce
them. The use of potential strains presenting high entomopathogenic capabilities
should lead to maximization of the biocontrol potential of the final product.

For TH, obtained product from both substrates should be tested, with the objective

of demonstrating if its capabilities (antagonistic/biostimulant, etc.) are maintained
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during successive SBR fermentations. This assays should be conducted not only
at laboratory scale but also in greenhouse and/or field.

This thesis has been focused on the fermentation process. Consequently, a
significant effort should be made both in downstream and formulation for both
strains’ products but specially with BB, as necessary steps to maximize its

biocontrol potential.
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