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Abstract

In the framework of a circular economy, organidgelastes are considered to be
resources useful for obtaining value-added proddets®ong other potential uses,
biodegradable wastes from agricultural, industaall domestic sources are being
studied to obtain biopesticides through solid-statmentation (SSF), mainly at the
laboratory scale. The suitability of biowaste (s®4selected organic fraction of
municipal solid waste) for use as a substrat@arllus thuringiensis (Bt) growth
under non-sterile conditions in a 10 L SSF reaat@s determined in this study. An
operational strategy for setting up a semi-contirsuprocess yielding a stabilised
organic compost-like material enriched with Bt able for use as a soil amendment
was developed. Concentrations of 1.7-2@-10 and 1.3-162.1-13 CFU ¢* DM for
Bt viable cells and spores, respectively, wereiabthin the final material. As the
results confirmed, Bt-enriched compost-like matesigh potential biopesticide

properties can be produced from non-sterile biogvast
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1. Introduction

Worldwide population growth has two consequencespray others, that require
immediate actions and consensus plans: increasodugtion of all types of residues
and increasing demand for agricultural productsiniyaas direct or indirect human
food sources. A significant portion of the wasteduced from domestic, agricultural,
and industrial activities is organic in nature, éample, food waste, yard waste, straw
and other agricultural wastes, animal manures, fioddstry wastes, and wastewater

sludge.

In the framework of a circular economy, the potantif solid state fermentation (SSF)
for converting organic solid wastes into resourte®btain value-added products is
gaining attention (Sanchez et al., 2015). SSFfisel as a fermentation process that is
carried out in the absence or near absence ofwWeter on a substrate that possesses
sufficient moisture to support the growth of miarganisms and their metabolic activity
(Thomas et al.,, 2013). SSF has been presented asltemmative to submerged
fermentation to obtain enzymes, surfactants, blefugavours, and other metabolites
that can be used as raw materials in the chemicgharmaceutical industry or as a
direct product of these industrial activities. &cf, various studies have reported results
obtained at the lab scale using organic wastegedsftocks for the production of the
aforementioned substances (Abraham et al., 2014sdaet al., 2012; Murthy and
Naidu, 2012; Singhania et al., 2009; Zulkefleelgt2916). SSF has been included as a
viable technique for waste valorisation in a biorefy scheme (Forster-Carneiro et al.,

2013).



Biopesticides have also been produced through GB&ndler et al. (2011) summarised
the definition of a biopesticide as “a mass-produagent manufactured from a living
microorganism or a natural product and sold fordbetrol of plant pests”. This is the
case forBacillus thuringiensis (Bt), the most widely used microbial biopesticiddiich

iIs a gram-positive bacterium naturally presenton that produces a crystal protein
known as d-endotoxin. This parasporal crystal presswxicity to many insect pests of
the orders Diptera, Coleoptera, and Lepidopteraniggstion, causing gut cell lysis
(Chandler et al., 2011). Bt has traditionally bgeaduced by submerged fermentation
and applied by spraying onto crops, but the cogirofiuction by this method is high
due to the cost of the production medium. Howewegricultural and industrial by-
products with an adequate content of nutrients Hasen proposed as alternative
growing media including wastewater and wastewatkrdge (Prabakaran and
Balaraman, 2006; Vidyarthi et al., 2002; Yezzal e2906).

In the case of Bt production through SSF, soy rtessd wastewater sludge, kitchen
waste, food waste, and wheat bran are some of #stew that have been investigated
(Devi et al., 2005; Zhang et al., 2013; Zhuang et2811; Zou et al., 2016). To date, all
such SSF studies have been performed under soenilditions, and the majority of
them have been done at the scale of a few grama(R#t al., 2010; Smitha et al.,
2013). In addition to sterilisation, other pre-treants have been applied to substrate
wastes to enhance Bt production (Ozcan et al., RM0ring SSF, the substrate is
degraded to some extent. Previous works have deratets the ability of Bt to survive
in an SSF process without temperature control usorgsterilised residual soy fibre as
the substrate (Ballardo et al., 2016). During thiscess, thermophilic temperatures
were attained and stabilisation and hygienisatibthe substrate were reached. The

final material could be considered as a soil orgaamendment (compost-like)



containing Bt with potential biopesticide propesti@he presence of Bt can enhance the
effect of some bio-protective agents found in saomposts (Suarez-Estrella et al.,
2013). From a circular economy point of view, orgawastes from an agricultural
source (in this case, soy waste) can be returnagrioultural activities in the form of
crop protection and amendment agents. It is alssiple that this practice could be
extended to other wastes from agriculture and ¢ne and food industries and even to

municipal organic food wastes (biowaste).

The objective of the present work was to deterrtieesuitability of the source selected
organic fraction of municipal solid waste (OFMSW} tise as substrate for Bt growth
through SSF under non-sterile conditions at théesafalO L. A compost-like material
with added biopesticide properties can be obtaasetthe final product of the SSF
process. Different operational strategies have bested to maximise Bt growth, and
these strategies have focused on the suitabilitheprocess for full-scale plant
implementation in a semi-continuous mode and sedfasned inoculation procedure.
The use of a high production waste, such as OFM&\/Veceived in the treatment plant
(without pre-treatment or addition of supplementauyrient sources) and the working

scale represent a further step in biowaste vakwisséhrough SSF.

2. Materialsand Methods

2.1 Materials

Source selected OFMSW (25 kg) already mixed witledvohips as a bulking agent
in a 1:1 volumetric ratio was collected from a casiing plant in Manresa
(Barcelona, Spain). The main characteristics ohtindure are summarized in Table

1 and presented as average and standard devialioes\of at least three samples



collected during the study. Once collected, the GWiwas separated into 5 kg bags
and stored at —20°C. The waste was used for theusatests after defrosting during 1

day at room temperature.

A commercial strain of Bt subskurstaki (CECT 4497) was used in this study

(Spanish Type Culture Collection, University of ¥atia).

2.2 SSF reactors

The adiabatic 10 L reactors used for SSF were egdiwvith temperature, airflow, and
oxygen monitoring and online calculation of the@pe oxygen uptake rate (SOUR).
This value was calculated as the difference ifQheontent of the input and output

airflow per amount of dry matter present in thecteg following Equation 1:

P x60x 32

(Eq. 1)

where sOUR is the specific oxygen uptake rate{gdg3 DM h™); F is the airflow
entering and exiting the reactor (L iinyO, is the oxygen molar fraction in the
exhaust gases (mob@ol™); P is the pressure of the system, assumed cartan
101,325 Pa; 32 is the molecular weight of diatomiggen (g @ mol O;%); 60 is the
conversion factor from minute to hour; R is theaidgas constant (8,310 Pa [*#nol

1; T is the temperature at which F is measured &ijt DM is the dry matter present in

the reactor (kg).

SSF reactors were filled with non-sterile OFMSW apérated under near-adiabatic

conditions (no temperature control). Aeration wes/gled continuously at a variable



airflow following a control strategy with SOUR d®etcontrol parameter to maximise
biological activity, as detailed in Puyuelo et(@010). Samples of the material were
withdrawn from the reactor for moisture and organatter determination and cell
count at different process days. Bt inoculum wateddo OFMSW at a 10 % volume to
weight ratio either at the beginning of the SSFcpss or after reaching thermophilic
conditions according to the strategy followed. Reacwere run in duplicate. Control
reactors were set-up in all cases following theespnocedure and containing OFMSW
without Bt inoculum (results not reported). Thegmece of Bt in the control reactors

was checked periodically with negative results.

Inoculum for SSF was prepared by culturing Bt imb of nutrient broth (Oxoid®,
powder 1 %, peptone 1 %, NaCl 0.5 %) at 30°C, P80, for 3 h; then 1 mL of the
mixture was transferred to a 500 mL Erlenmeyeikflagh 100 mL of liquid medium
until achieving 20 h of growth under the same aigitaconditions. Scale-up was
continued to 2 L reactors, while maintaining the?4@:v Bt inoculum:nutrient broth
ratio. Compressed air was provided to the vessefsdans of a plastic pipe at 2 Nt h
flow, measured with a rotameter, to ensure adequatgen content for Bt growth.
Another plastic pipe was installed for output flohgases. Reactors were agitated
mechanically and placed in a water bath for tentpegacontrol at 30°C. Finally, the
biomass was centrifuged (3,500 rpm) and the coratexak inoculum was mixed with

the OFMSW.

Three operational strategies were tested in SSFrg@ctors:

Strategy 1: Bt inoculation from the beginning o fbrocess



Strategy 2: Inoculation of Bt after the thermophphase of the process (process
temperature around 40°C).

Strategy 3: Use of Bt containing solid mixture téag from a previous SSF process for
reactors’ inoculation. It consisted of the followiprocesses:

- A 10 L reactor, R1, was operated following Strat@gye. starting with
OFMSW and inoculating Bt to the solid matrix aftee thermophilic phase
(approximately day 15 of the process). Day 1 ofttal process was
established as the first day of R1 operation.

- Inoculated R1 (named Riwas run for 7 days, until day 21 of the totalqass,
for Bt acclimation and growth.

- After the 7 days of R1 operation, a second red&aj for OFMSW SSF was
set up. It proceeded identically to R1 (thermoghplinase followed by return to
mesophilic temperatures after 15 days, at appraeiynday 21 of the total
process).

- Atday 21 of the total process, with mesophilic pematures in R2 (after the
temperature peak), the contents of R2 were mixetptetely with the contents
of RY, which acted as inoculum in a 1:1 w:w ratio. Tasulting mixture was
placed in two new 10 L reactors, RA and RB.

- RA and RB were operated for 30 additional daysidder mixing of the solid
matrix was performed to promote a homogeneous oreistind organic matter

distribution.

2.3 Analytical methods
Viable cells were quantified by mixing 10 g of sbdample with 90 mL of Ringer

solution (NaCl 0.225 %, KCI 0.001 %, Ca®l.012 %, NaHC®©0.005 %) in a shaker at



130 rpm for 30 min. Serial dilutions were prepafm@an this mixture, then plated on
nutrient agar Petri dishes and incubated at 30P@8d. Manual counting of viable
cells was performed subsequently. To quantify e content, the diluted sample
was maintained at 80°C for 10 min, then placedaold (iced) bath for 5 min (Zhuang
et al. 2011). After this process, the same proaedeed for viable cells was applied. In
both cases, the results were expressed as avalgeand standard deviation of
triplicates in colony forming units (CFU) per grarhdry matter of solid matrix. Gram
stain was used to differentiate and identify Btha mixture, and malachite green
(Brock et al., 1984) was used as a differentiahdtar bacterial endospores. Scanning
electron microscopy (SEM) (Evo® MA10, Carl Zeissgswsed to identify Bt toxin

morphologically.

Moisture content, organic matter content, and plevdetermined following the
standard procedures recommended by the Test Metbottee Examination of

Composting and Compost (2001).

3. Resultsand Discussion

3.1 Previous results

Previous experiments using soy fibre residue astsate have demonstrated the
feasibility of this media for sustaining Bt devefhopnt under non-sterile conditions at
the 10 L reactors scale (Ballardo et al., 2016heDauthors have obtained satisfactory
results using sterilised food and kitchen wastecamomic substrates for Bt-based
biopesticides production (Zhang et al., 2013; Zbal.e 2016). In light of the mentioned
references, the suitability of OFMSW as a Bt gromiddium was explored. First, tests

performed at the 500 mL scale using sterilisedrandsterilised OFMSW under



continuous aeration and constant temperature (308@& undertaken and achieved
satisfactory results (not shown). To examine tladiity of the process at a larger scale,
10 L adiabatic reactors were operated for SSF unalersterile conditions following

different operational strategies.

3.2 Operational strategies at the 10 L reactor scale
Three operational strategies were investigated/éocome the difficulties that occur

when the process is performed at the 10 L scale.

The results obtained ®&rategy 1 are shown in Figure 1. The initial solid matrix43

kg of OFMSW and wood chip mixture) had a moistuwetent of 59 %, organic matter
content of 79 % (dry basis), and pH of 5.45. Asested, temperature increased
immediately, reaching its maximum (69°C) during $keeond day of the process (heat
generation due to microorganism metabolism in thalatic reactors). Values higher
than 45°C (thermophilic range) were maintainedrtérdays (from day 1 to day 8). The
temperatures achieved and maintained in the reangure the sanitation of the final
product which is free of pathogenic microorganisiiable cells decreased from
5.8-16 CFU g DM to 3-16 CFU g* DM until day 15 and showed a further increment
on day 28 in coincidence with reactor temperatbesg maintained in the mesophilic
range (less than 45°C). Temperature could haveendled Bt viable cell growth and
development in the solid mass, although competitigh indigenous OFMSW
microbial populations could also have been presgmre counts were almost constant
during reactor operation at around 3> 0%U g* DM. Considering sOUR values (and
thus microbial activity during the process), a mawin of 5.1 g @kg™* DM h*was

reached during the first day of the process, wigah the range reported previously for

10



OFMSW (Barrena et al., 2011). The peak observe®idR values should be attributed
to thermophiles, adapted to the temperature camditand mainly responsible (as
higher values of SOUR demonstrate) for organic enakegradation during the process.
A lower peak of SOUR can be observed on day 6 (Bigue to reactor mixing for
representative sampling. From day 8 onward, me$ophicroorganisms regain
prevalence. sSOUR values are lower during the beggnorf this phase, but they do not
become negligible until the end (1.2 g k> DM h*on day 8 to 0.3 g £&kg* DM h*

on day 20). Thus, a stabilised material is obtailGmhzalez et al. (2016) reported a
decrease in the abundances of mesophilic and tipdifirobacteria and fungi after the
thermophilic period during sewage sludge compostimg) established a relationship
among total concentration of microorganisms anatiel solids content. This

circumstance may have contributed to the Bt graviberved after day 15.

After 28 days of reactor operation, the stabiliselid was kept in an open container at
room temperature for an additional 15 days (matungihase) to determine Bt

behaviour in the product obtained from SSF.

Taking into account the decrease of total Bt pdjputaregistered by applying Strategy
1, a second operational strate§ir,ategy 2,was tested inoculating Bt when process
temperature descended to 40°C. Two factors werecgg to influence Bt growth
under this strategy: the amount of remaining edsdgpvailable organic matter in the
solid matrix and the presence of indigenous mesepkhbmpeting for that fraction. The
results, presented in Figure 2, show Bt growth foawy 15 of the process (when
inoculation took place) until day 30, in both vialgells and spores, reaching 9- OFU

g* DM (initial values were 2.5- £Gand 4.3-1DCFU g' DM for viable cells and spores,

11



respectively). In this case, the maximum tempeeateached was 64.6°C, and
thermophilic conditions were maintained for 7 dalyise initial conditions were 3.2 kg
of OFMSW and wood chip mixture (1:1, volume bas@i)taining 65% moisture (w:w,
wet basis), 75% organic matter (w:w, dry basisyl baving a pH of 5.23. The
maximum sOUR, with a value of 4.5 g &y DM h*, was obtained during the first
day of the process and was in the range registarédr Strategy 1 and reported
previously for OFMSW (Barrena et al., 2011), camiing the adequacy of the solid
matrix for process development. Because no lo&t inable cells and spores but rather
a 4-fold increment of viable cells was observesgsStrategy 2, this operation mode
was considered satisfactory. The evolution of sGldRes confirmed the stabilisation

of the material through the process.

The main restriction when operating at the 10 Ueseas the preparation of the
inoculum. As explained in the Materials and Methséstion, the inoculum was
prepared using a commercial medium with Bt growmgubmerged fermentation.
Prior to solid waste inoculation, the liquid inoeod was centrifuged to avoid excessive
moisture content of the final solid mixture. Allese steps can pose economic and
operational difficulties when operating at a largeale Strategy 3 was an attempt to
overcome these aspects. As explained in MataradsMethods, a 10 L SSF reactor,
R1, inoculated following Strategy 2 (becoming Rigs used as inoculum for R2
producing two new 10 L SSF reactors, RA and RB s€heactors were then operated

for 30 days.

The whole process (12 days of R1 operation pridttmoculation + 6 days of R1’

allowed for Bt acclimation + 30 days of RA and Rfgecation) was monitored by

12



temperature, SOUR, and Bt viable cell and spor@tso he results are summarised in
Figure 3. . The process evolution is shown fort@adRA (Fig. 3a) and RB (Fig. 3b).
The temperature and cell-count profiles until d8yate common to both RA and RB, as
shown in Figure 3, and correspond to reactor RIMOW, until day 12) and R1
(OFMSW + Bt, until day 18)The temperature in R1lged as in previous experiments,
with a maximum of 65°C attained at day 5 of thecpss. Thermophilic temperatures
were maintained for 7 days. A similar profile wdtaned in R2 (not shown), ensuring
sanitation of the OFMSW during SSF. In day 18,dbetent of R2 was mixed with the
content of R1’ giving RA and RB which temperatunel ©® UR profiles are presented
separately (Fig 3a and 3b respectively). Tablee3gmts the mass balance and process

parameter values.

As proven by the initial and final values of Bt bla cells and spores in Table 2,
Strategy 3 using the solid matter of a reactoraltytinoculated with Bt (produced by
submerged fermentation) to inoculate a secondaeahbuld be considered a valid
option for reactor operation. In fact, the finahBable-cell and spore concentrations
were higher in reactors RA (1.7-"1nd 1.3-10CFU g* DM for viable cells and
spores, respectively) and RB (2.2% 26d 2.1-10CFU g* DM, respectively) than the
initial concentration in R1(6-10 and 5-18CFU g* DM, also viable cells and spores,
respectively) from which RA and RB originated. bidéion to the increment in Bt
concentration, the total amount of final Bt-contaghmaterial (4,544 g, RA + RB final
weight in Table 2) was 1.5-fold the initial quaptih R1' (3,000 g, organic matter
degradation through SSF should be considered)preing the positive balance in Bt
production. The stability of the final product efted in the final SOUR values in

Figure 3 should also be highlighted. Relevant attaratics of the end SSF material

13



such as pH, organic matter and moisture contenbedound in Table 2 as final values
for reactors RA and RB. Although a stable produas wbtained, further curing is
required to be used as soil amendment. In othts teslertaken in domestic
composting bins comprising a maturation stage] fimeterials with similar
characteristics were obtained from Bt inoculated aon-inoculated bins (pH=8.15-
8.17, MC= 33-39%, OM= 58%; C/N= 12.9-13.2; N= 3%.1n dry basis). In that case,
values for respirometric and germination indiceligated that final materials were
mature and stable (Dynamic Respiration Index < 1lgJ OM h'; Germination Index
> 100%, (Komilis and Tziouvaras, 2009)), with ngrsficant differences between Bt
enriched and non-enriched materials. Those matguralsented also similar microbial
biodiversity except for the presence of Bt in theaulated bin while pathogenic

microorganisms were not detected in any of them.

Thus, Strategy 3 permitted the set-up of a semiizoous SSF process for Bt-enriched
compost-like amendment production. The possibdftdoing SSF without a previous
SmF process to produce the inoculum is of greateast, especially if scale up is
considered. The cost of commercial culture medidtayrowth is one of the key points
in process economics (Zou et al., 2016), thusiatportant if inoculum has to be

prepared by SmF.

Comparison of Bt concentrations obtained in thesg@méwork to literature values has
not been possible due to the lack of works stud§i8& of non-sterile wastes.
Concentrations of Bt spores in the’200'° CFU g* range (clearly higher than those
reached in the present study) have been obtained sigrile wastes (Balasubramanian

and Tyagi, 2017). However, the current processegjyeavoids energy consumption

14



and operational difficulties associated with seWiaste sterilisation. A complete energy
balance and economics study will be required topleta the evaluation of the

process’s viability. After a maturation period b&tSSF product, Bt-enriched compost
application study will also be necessary to deteenthe usage, dosage, and effects of

this novel product.

4. Conclusions

Non-sterile OFMSW was used as substrate for Bt tiramvan SSF process at the 10 L
scale, and an operational strategy that permitsehap of a semi-continuous process to
produce a compost-like material enriched with Btadile for use as an organic
amendment was developed. This strategy allowsdtukation to OFMSW using the
material obtained from a previous SSF process, dkagling inoculum production
through submerged fermentation. The results obdaat¢he 10 L scale are promising

although further pilot-scale studies are recommeénde
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Figure captions

Figure 1. Evolution of temperature, SOUR, and Bbie-cell and spore concentrations
during SSF in 10 L adiabatic reactor using nonist€FMSW under Strategy 1: Bt
inoculated at day 0 (day 28: end of reactor opematinaterial was kept at room

temperature).

Figure 2. Evolution of temperature, SOUR, and Bble-cell and spore concentrations
during SSF in 10 L adiabatic reactor using nonist€@FMSW under Strategy 2: Bt
inoculated at day 15, after thermophilic periody(8a: end of reactor operation,

material was kept at room temperature).

Figure 3. Strategy 3: Semi-continuous operatiobdr reactors. Evolution of
temperature, SOUR, and Bt viable-cell and sporeeotnations during SSF in 10 L
adiabatic reactors using non-sterile OFMSW. That iB days of the process are
identical in a) and b) and correspond to day 0-dd3yR1 without Bt inoculum and day
12—day 18, R1Bt inoculated. Day 18, R1 was mixed with R2 (ewolu similar to R1,

data not shown) originating RA (a) and RB (b).
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Table 1. Characteristics of the biowaste usedersthdy (values represent average and

standard deviation of at least three samples ¢eleduring the study)

Parameter OFMSW + bulking agent (1:1 v:v) as

collected in waste treatment plant

Moisture (% whb) 590.3+2.1
Organic matter (% db) 67.4+1.9
pH 5.6 +0.1
C/N 16.9

C (% db) 423+1.0
H (% db) 5.7+1.4
N (% db) 25+2.2
S (% db) <0.1
Conductivity (mS crit) 5.4 (26.4°C)

% wb: wet basis; % db: dry basis
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Table 2. Process parameters and mass balanceg donrsterile OFMSW SSF in 10 L reactors operatinder Strategy 3.

R1 R1 R2 RA RB

g‘g&'gbevr)”e (R1 + BY) g‘g&gbevr)”e 1/2 (RL'+R2) 1/2 (R1'+R2)
B. thuringiensis inoculum No 10 % (viw) No
Process time (d) 12 6 11 28 28
Initial weight (g) 3800 3000 4000 3067 3067
Final weight (g) 3000 2107 3250 2232 2311
Initial MC (% wb) 67.4 65.5 63.1 66.6 66.3
Final MC (% wb) 64.2 62.1 60.5 62.6 62.8
Initial OM (% db) 72.9 78.4 76.6 70.5 70.3
Final OM (% db) 68.1 72.0 73.1 63.8 64.3
Initial pH 5.38 8.22 5.53 8.23 8.32
Final pH 8.16 8.36 8.23 8.83 8.45
Initial VC (CFU g* DM) - 6E+06 + 1E+06 - 7.8E+05 + 8E+04 1.1E+06 + 3E+05
Final VC (CFU ¢' DM) - 3.8E+06 + BE+05 - 1.7E+07 + 3E+06 2.2E+07 + 6E+06
Initial spores (CFU g DM) - 5E+06 = 3E+06 - 1.5E+06 + 3E+05 1.42E+06 + 4.5E+04
Final spores (CFUDM) - 3.52E+06 + 4.9E+04 - 1.3E+07 + 2E+06 2.1E+07 + 2E+06
Total initial (VC+S) (CFU g DM) - 1.1E+07 + 1E+06 - 2.3E+06 + 3E+05 2.5E+06 + 3E+05
Total final (VC+S) (CFU g DM) - 7.4E+06 + 8E+05 - 3.02E+07 £ 5E+06 4.3E+07 £ 8E+06
Total initial (VC+S) (CFU) - 1,14E+10 - 2,36E+09 2,58E+09
Total final (VC+S) (CFU) - 5,91E+09 - 2,52E+10 3,70E+10

SOUR max (g @kg* M h™) 4.9 0.8 6.1 2.5 2.2
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Figure 1.
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Figure 2.
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