Copyright i's owned by the Author of
copy to be downloaded by an individu
private study only. The thesi s may nc
permission of the Author.






Opti mization of the rea
the blackHgomeétena .l ¥y uc
( Di ptera: Stratiomyi dae

for organic waste bio

A thesis presented in partial fulfil ment
Doctor of Philosophy
in
Zool ogy

at Massey University, Manawat I,

New Zeal and

Zhongyi Liwu

2022






1 Oly26ft SRASYSy il

Acknowl edgement s

I would |Iike to express my appreciation to
Naj ar-Rodriguez, and Prof Patrick Morel for
my doctor al journey. I remember every ti me

situation and guided me back on to the rig
motivated, courageous, and most i mportant |l

hel ped me pave the way for becoming a respo

I would |Ii ke to thank the founders of Presc
and my friends and coll eagues Dr Kambiz Esf
in my research. Bruce and Dennis, thank you
for my experi ments. Tal king with you, I | e
scales is challenging, which in turn has m
devel opment. Kambiz, we had become friends
you for always being there when | needed vy
researcher could be. Mari, thank you for he
knowl edge, insights, and ideas, and just |
My gratitude goes to Tracy Harri s, Shaun N
Martin Hunt, who provided technical support
t hat eased experimental handlings. They al
technical routes that could be applied to
benefit my future career. Many thanks to Ne
me i mprove several sections of my thesis.
My sincere appreciation to Kai Qi, Dr Boyan
my achievements and potential. Your gener o

A



1 Oly26tft SRAISYSyila

me build my confidence, find my career path, an
and devel opment in insect farming and organi c Wwae
Finall vy, I would |like to express my appreciatior
Hossein, Kri s, Denni s, Christin, Song, Ti na, an
and becoming my family in New Zeal and. Mum and
during my PhD. Your son will soon be able to | oo
accepting, and marrying me, and giving birth to
thank you for coming into my I|ife and | oving me.
responsi ble father, how to deliver my knowl edge
be curious about the world and be keen to | ook f
This research was partially funded by the Bior

Zeal and.

AA



Abstract

Bi oconversi on i s an environmentally, soci a
organic waste managementHer Tee i lallLa d K( Ds @l deir eal
Stratiomyidae), is one of the promising spe
of BSF (BSFL) can feed on multiple types o
could be processed into valuable products
fertilizer. To maximize the efficiency of

necessary to optimize the rearing environme

of the impact of environmental factors on BE
my investigations on (1) the effect of diet
physiol ogical traits and bioconversion eff
moi sture content on BSF pupation, and (3) t

and adult density on BSF reproducti on.

First of al |, I tested three types of org

semidigested grass) against a standard die

flour). Among the organic wastes tested, br
and highest | arval wei ght gain. However, pr
brewerdés waste was | ower than the | arvae fe
the high protein content in brewerdés wast
|l ignocellulosic content has an adverse i mpa
Second, | investigated the effects of two p
and nine moisture | evels on BSF pupation r a
could reduce prepupal water | oss, i mprove p
onset of pupati on. BSF prepupae were found
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Third, |
BSF from
of photor
' ight res

flickerin

Mor eover,
i ndividua
reproduct
adult den

needed fo

Finall vy,

recommend

content exceeded 20% and 70% for ver mi

be due to reduced oxygen availability.
assessed four types of artificial I i ght
two different colonies. The artificial

eceptors of BSF adults |l ed to the highe
embling summer sunlight failed to supp:¢

g . Colony effect was also significant ¢

I found an interaction between the |
I f emal e reproducti ve out put and adul
ive output of a BSF col ony, 8 h of pho
sity (e.g. ., JL,owaerehanl 80gernghoidparlt s/

rr- - higher adult densities.

I present the iimplications that can |

ations for future research and the 71 el e
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1.1 Organic waste bioconversion by insec
Organic waste is generated from household actiywv
husbandry and fishery, and post-harvest food pr

(U.s.), 1983, Pol prasert & Koottatep, 2017). Gl «

and garden waste are generated per year, and thi
billion tonnes edr, aRhalr8 )by 2050 (Kaza

I n many parts of the world, landfill still acts
which | eads to problems such as greenhouse gas e
the | atter could be collected to aeawvpaHd. soil and
2010; Figure 1.1). A comprehensive |ife-cycle ¢
tonne of organic waste could result in emitting
kg of <car bon edi,oaxRi0d2e0 )(.NoWwodrashel st i | |, people in |
often dump or burn organic waste in open areas,

severe environmert, all Opldl; | WwPtoil o a(skaza & Koottatep

co, CH, N,0
GWPyo =28 GWP15p=265 [FFSRIFS

collected
for further

. treatment

Liner

Leachate containing
phenols, benzene, ammonia, dioxins,
and heavy metals

Possible failure
(crack) of liner

Figur eGrleeelnhouse gasses and | eachate generated

GWRoo(100-year gl obal war ming potential) describ
greenhouse gases over 100 years, in comparison Vv
t he same weovgehrt tohfe CsCame peri od. | mage by Z. Liu
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remove the unnecessary burden on
he bioconversion systems is the C
es) system, where saprophagous in
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symbiotic microorganisms turn organic waste in
residue (Diener & Zurbrg¢gg, 2008). The invertehbi
system could then be further preteaB@d0jnto food
SogatrjakR01 %t , Tadmd 9) , chitin- or pebtaln-based b
2021; Rdas @Ri0O&rl; eSanaaln0d2iOy)a, or f at -ebtasaeld product s

2022; eXi,akd 20) .

Al t hough many invertebrate species may be pote
bi oconversion, research and application have bee
among which the most extensi Vielnyebgti wdimod i dpeci e
(L.) (Col eopter a: Muesnceab rd cofné sddaieq i htoaursae:f | Musci d:
and the bl dekmeol di(dt. )uUldPn pter a: Stratiomyi dae)
focused on optimizing the rearing environment f

stages.
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Tableldas&ct species that could be used as

organc wast e.

Order Speci es Waste type

Bl att cPlekad pl anet g Ldajpeordi éwearsa e
Col eopAttearaagenus( Birnatcmo)l ©orf eat her s

Tenebrio(mo) itor spent muWshvegmt shbe t
pomacgépol ylacpow!®arcy dl i tt

Protaetia br ewiotparssirsaw, asiplestawnwshr oo

(Lewi s) subst at e

Di pterChrysomya c¢hladbradpyoda wast e

(Wi edemann)

Her metia(iLL)lucensanilmatesmbadrahtsivast e
of falbrewery!byvopgotdaltes
and frdjtawastteir waste

Musca dofmkes)ica ani'mafomdnwaste

| sopt eCropt ot er mes fpoarpreoa st avawsst e
(Shiraki)
Reticul iter mepsa psep € rwaatsu se
(Kol be)
Or t hopAtcéhread a do(ne.s)t i cus?god owaustheu’se by-pr o

1T20Ref erences:

' (AdtyaR(F2(1Kkeefe & (&Keegf20R21)Sonhg2@2K) m, 20
> (Ruseh, @ah#2(0Revt aial 02(1Pemn,gal ¢2(19¢,i vaR021),

O (ati, aRk0t919)eti, aRkO020PptraR020Ppritn@2015) ,

13 (Zreeang@k i 2Pt -eHti | @R &Y Me nectguazk 35 8) al ander
et,akdiowaeng akdignkity akdifglenzakFi@¢lundy

& Parrel?lgdQe2@h®020) .



/ KI LIGSNI ™

1.2 Study species T the black soldier f

MOPHDIBV2 ANI LIKAO RAAGNAOGMzIAZ2Y |yR 3ISYSNI

The bl ack sdl.diidrl(ubdlgptsd rB&S:F)St rati omyi dae) i s

from Latin Aneetr,j&@l20ZLuil Al ehough the speci

0 A

bel

e s r

introduced to Europe alkoeytaRf0ilvlg ,cent wraiseanodga e

on the European continent wuntil 1926 (Lindn

er ,

was mainly due to human transportation since the

(Barbier, 1952; Leclercq, 1997). Today, BSF i s &
a vast | atitudinal range (bedtweah0Z@n.ada and Ne\
BSF has four |ife stages (Figure 1.2): egg, |l aryv
(Figure 1.2A). The eggs are elongate-oval, tran
Fertile eggs develop ocelli (also called nfAeye

through the chorion (Figure 1.2B) and can thus b

Larvae pass through six instars ( May, 1961). Th

in color, about 1.8 mm in |l ength and 0.4 mm in
el even obvious segment s, and bristles on each
original color (Figure 1.2C) from the first to
instar, and is highly darkened and hardened in t

|l arva (Figure 1.2D) may be up to 27 mm in | engt|

a Aprepupaodo, as it stops feeding at this stage (
The color of the pupae is similar to that of th
| ast two segments of the pupae bend ventrally
di fferentiate pupae and prepupae. Except for the
and males (female pupae are normally bigger th:
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mor phol ogi cal feature that can be used to
and G) are bright bl ack in color, 13 to 20
appearance. There are some variable yell owi
flattened tubercles on the broad vertex. E a
the first abdomi nal segment , which are norr

|l eg has a conspicuous <creamy white <col orat
average biggerett,hah0 ImA;l eTso naloOrBIBi)n The t wo s

be easily identified by the morphol ogy of t

In its natur al environments, BSF can col oni
manure (Booth & Sheppard, 1984, Tomber |l in
human) caragti,omRqQBR;r rbest z® & Tombereti,ngl .2020
2011), and decaying vegetation (Kotz® & Ton
eggs into dry crevices above potenti al l ar v
(Booth & Sheppard, 1984), where hatchlings
feeding. When reaching the prepupal stage,

suitable pupatiortsiatl®d®4()Cr @wirg bShegppdaredns el

to pupated , @BDrIO9 s I n pupation substrates, [
with heads facing upwards ( May, 1961) . To

puparium is created by an adult pushing off
and creating a mid-dorsal crack in the seco



Figur eMor.phol ogy of Héeremdt az ki lBhpladereg§l gl ut ch,
eggs (arrow indicates an ocellus), (C) a 4-day-
mal e (arrow indicates the genitalia), (G) a f em:
by zZ. Liu, 2016; CC BY-NC.
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Mal e BSF could be sexually mature and read
emergenceet Mak @avkB)ly, whil e the age of sexual
be I ess than 48h post emergence (Tomberl in

for BSF adults to achetyal2p86fg)odbatti amc( &I
| ongevity and kBécaB0ildy. (B&Ftiratdtito mate e
before 15:00) and wunder bright I"TAgght (e. g

(Tomberlin & Shegtpaa@@dl@PO20@®ibddy showed

l ight spectr al composition also influences
band seems to be a key component that i mpr
mati ng, a BSF male grasps a female in flig
mal e succeeds, the nt wppiautd thec ws seweotheyl dadd
persisting in his tcaoapelopuhean mat eempids .f eVl

opposite directions or fetma20@d)e- Abomut i b g

post mati ng, i nseminated BSF females start

BSF [|ife hi story traits ar e influenced by
t emper ateutr,ea 0CIhE ;a eTto,neblerd 9 )n, huemt daRP1l1R2MHol m
and | arvaletdia®t0 1@3Go &ltomjmbR0O0d2)n. When reared
relative humidity with Gainesville diet (w
70% moi sture), it takes about 24 d for BSF
about 18 d for pupaéet daRO6DOpmenhn ¢ hHhemsamlei
adul t |l ongevity is about 14 days eftoralf.emal

2009) .
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MPH@HSE 2F GKS o6fl Ol a2t RASNI Fte Ay 2NALY

BSF | arvae (hereafter BSFL) are able to voraciou
(Table 1.1). Generally, BSFL prefer wastes that
matter, and with | ow |Iignocellulose contents, st
and vegetable waste, food wastealP0d8t h®zepmi xtur
et ,akR020; eLab0der) . Depending on waste type, a
grow 2007i300 mg of body weight in 15 d, convert

its body biemasBBOLRal aAtieer BSFL consumption, th
waste contains un-ingested organic matter and |
Afrasso (e.g.et, BRdXilga MakyHpad ) . Studies have sho
BSFL frass could be used as a fertilizer or soil
speci es, sQcihmuans bbadssiill[{ t@ami al es: Lami aceace]), F
(PhaseolusL.vull Babalses :BrFaasbhsaicceaa eda)re r kaad eep h(al a

[ Brassical es: Br asBs.i caapaeypegr.vifrdmikbtsssurcal € s :

Brassicaceladqtiycdlesadfukseagr al es:ZeAsstmayasceae] ), me
[ Poal es: PoaB.earcfp as ephiklp ecrhpo@elroys e(l i num cri spum
(Mi Il .) Fuss [ Api alecelsi:u i pmudlcdeirafel][OF,aanl yeesgr aPs0sa c(e a e
Swi ss Bceehtaar dv u(l.g afrGasr yophyl |l al es: 3&3mhaawnmhaceace]),
| ycoperLsi cfuSml anal es: eSo laanla2cle; a eq e e 5(i, Agnhynmeugkaa ma

2021; Borkent & ¢lodagkRO02202Hawa&O8RPOier EIl ammstei ner

et, akR020;etMerRiO20et , €O Ot , dB21) .

BSFL biomass harvested from bioconversion syster
71 39% of crude fat, 171 9% of crude fiber, and 91

(Barragaet FabhB8BetCaet), -zl @m)k. A | arge body of rese
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conducted to evaluate the potenti al of us i
feeds (Table 1.2). Il n most studies revi ewe
proportion of conventional protein sources,
' imiting the use of BSF meal are its high c
fatty acids, and thus further processing (

(Barragaet FolhGkt;,a Zeatr,aanktOo2nG;te,Addd 8) . Fortune
BSFL fatty acid profile is changt,adR @l1T;hr ou
ErbleandR020) . Therefor e, BSFL meal wi th mor
be derived from | arvae fed with diets enr

unsaturated fattet ,al2.0231 gtABbRMERKDJou I n add

providing |live BSFL to farmed animals is s
only provide nutrients, but also serve as e
t heir weléetareR Q2 @p,emad21) . Neverthel ess, a f

use of BSFL biomass in animal fegd&i021)ts I
Therefore, there is an wurgent need to red

bi omass through optimizing BSF rearing envi

BSFL-derived nutrients could also be wused

produced not for human consumption. For exa
Aedes aMegiygpan (Di pt eA.a:alCudbkicstdiagePi piner a: C
l ar val di ets coul d comperti,sael 05109% to fRPBOASAF6L) me a
showed that adding BSFL hemol ymplEXxiomr iasrttai f i
| arvatLum ( Di pter a: Tachinidae), a | arval p
wounded BSFL may be |l ive hosts to patoduce ¢

al .2017) .
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Subject to | ocal |l egi sl ations, BSFL fed with ab:
waste may not be all owed as a efteeadl Oiln9g)r.edlinent f o
such circumstances, BSFL may be used to feed ani

or the animals mentioned above) or to be proce:
fraction of BSFL biomass could be processed into
bi odegradabl e pots, mul cehi,m® Of2ieltms§,& ORrD )ppac kagi nc
whereas the |lipid fraction could kBé,ased to pro
2022; Kamarul zaman & Abdul |l ah, 2020) . The remai
some by-products from BSF farming such as pupar
mostly chitin, which could be extracted and useEe

management seectt,oarPsD 2(1Pasqui er

Globally, there is an increasing number of busin

generated organic waste using bioconversion syst

2009

2019 () BETTERORIGIN QPROTIX ”"
2016

2006 O

INNOVAFEED

NUTRI INDUSTRY
wealocisey _

JM GREEN “ 2012
P

ReProtein 2021
WESETIN

20 @Enterra‘“\,ﬁg 5: N

2013 S\’M%W?ONI7 (28 <&
@2 LN
ENVIROFLIGHT® S e s
= Ny N
K\!/f 2019
AgriProtein INSECT\PR

£
U
“414 j \GOTERRA’ 2016
2015 F // 2008 2018 HATCH
L= -
Figur eolme3 of the businesses established to conv
sol di ¢dler méyi g illalrwcadnsbi omass. Numbers next t o

indicate the year when the businesses were founct
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Tabl eMaxPmum suggested inclusion ratio (%erofetfi @l lil lafrawt@aé¢ @ snepad r t(iBa
feeds for different domestic ani mal speci es.
Cl ass Species Type Full -fat BSFLM P a
Mammal i a SusPidgonfEs xi eben) We a n®¥r 5. 48 19
Growing ¢ 30.5
Finishing 81 14
Do@an(i s fami)liaris Adult beagl e ° 20
Aves CiGiat¢ ks ddmesticus Broil ert® 0. Zi. BG%®15
Layer 7 3710 47i¥27
Qu&obltu¢ni xLcdturni x Broiler 21, 2 5.47115
Layer 23 13.2 1%
Reptilia Ch i n ePseel osdoifstc-ussh esviemetnuseitsl e ( 25 4. 2
Wi egmann)
Adul t 26 8.5
Act i nophlerlyagnitii 8akmb ms.a) &r Pre-smtlt 16. 1
Post-smo®t 14.8

29,3

Rai nboQwnctorohuytnchus mwkiesis | e

Wal baum)

Europeambiseathbas lh.Q)s

page)

|l dbvanri Pe

(continued on next

8i 10. 6. 2WB40

141%. 5
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Table 1.2 Maacnmumued)ygested inclusion ratio (%erafetfi@l lil laflravta ¢ o rgnef
(BSFLM) in feeds for different domestic ani mal species.
Cl ass Speci es Type Full -fat BSFLM P a
ActinopNeirlyegiOr baphaomi k. hil otitwwenil &° 8 BB. B

Si beri aAcisp e@m g eBorndbnrddetr)i i Juvenil e 118.153 0

Ji anCycparipm u(sv pcraarnp i o Juvenile 4 7.9

Mi norCy@ari g u(sv acpaercpliloa rJiusv eni | e? 13.1

Afri ca@l @it ds sdBau(ricehpeilnlu)s Jufenile 177 .25
Mal acostraca P a.ditfoipce nvaheiuts® ovsanrniaampevi @ ¢ 7 9.5101H%95

Boone)

1"4%Ref erences:

L (Céhti aaRF10%¥y, akl20angablk23pr eengaerisl(8Bi,as aa P02 §aar, ak 02(1Qdhti a
al . 20209y, akP1OPFeeeb P02t Muyrawsk®0%D) zefjaR0i18Dnseotngaock 031 8Ppabbou

al . 20d18Katm ¥I(.Bi ats,ada B0O0(beit,y aPd21Bej aei
20 (SetcakCigMbbae) akCiorLuetl ecaRGFiIBHarl gt
2022 (ati, akF2tWethtadasabhGheBeruniakRF20Hp e

& 1€ Peatg,ka R22002200M o, neite, lalRod 1 9) ,
apF2epal led , ARGID Blean |l .
saaBRC2 L Car dédtnad et ReNnNa

et, aRCigrLaeitmialF2(Boretgnd8fF2Abdeet-,laatG2( MagalthalFiTWachima®021),
ST (Devi,aRCPi8Agbohtesa@2(PDietz & L?eRaeaevskaROABRasws ka2 0 LCaitmial .

2020 (ati, alO0iT7En, ak020Adebyabl 020 Faavio] &P
49 (Ri ctear, asRaO2 1)

d20rhenalkd2tCyumenti n®aR2017),



1. 3 Thesis aims and | ayout

The present work aims to optimize the BSF r

nutritional requirements and factors influe
Chapters 2, 3, 4, and 5 are presented as ma
international journal s. I have tried to mi
some repetition was still necessary to form
chapters were reformatted in style to achie

Substrate and moisture
effects on BSF pupation
(Chapter 3)

Light and density effects
on BSF reproduction
(Chapter 4 & 5)

% - - » A
Dietary effects on larval growth

and nutritional composition
(Chapter 2)

BSF life cycle

Figurenl.id4dlustration of the research conduc
environment for thélebmatkgsmltdidadrf&elrentBSHKF

| mage by Z. Liu, 2022; CC BY.

MPp
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The o

pupat

Whi | e

Il rrad

succe

SNJ w

apter 2, | tested BSFL with four types of s
S, nutritional composition at the harvest s
utrient conversion ratios. This experiment
ubstrates were selected by the clients. I n
stand the i mpact of dietary Il ignocellul osi
contributes to the knowledge on why and ho

ence the efficiency of a bioconversion sysi

mbi ne suitable waste types to be consumed I

bjective of Chapter 3 was to optimize the :
ermined prepupal mortality, pupation rate,
ion substrates (vermiculite and wood <chips
providing pupation substrate may ful fil
pae, adjusting substrate moisture | evel wol
xygen for the insects.

ssful operation of a bioconversion system e
stent supply of neonat al | arvae. Because B¢
, t he mo st reliabl e measur e t o achieve t
rature controlled indoor spaces wusing art.i/
o test four artificial light sources for th
iance across different wavebands was measu
ss was indicated by the presence of sperm i

t wo BSF colonies were compared under the same ty

of maintaining a healthy BSF stock colony for ir
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I n Chapter 5, I studi ed possible effects
phot operiod on BSF reproductive output, Wi
production within a I|Iimited indoor space

Combinations of three different adul t densi

the total reproductive output directs the s
i ndividual reproductive output and adult m
and |l ight regime on BSF adult fitness.

I n Chapter 6, I addressed the major finding
research to optimize BSFL diet, BSF pupati
mati ng. Al so discussed are the potenti al
mai ntaining a genetically healthy BSF col on
presented a summary of practical recommendaeé

directly applied to BSF farming.
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Chapter 2 Bioconversion
wastes by Dblack sol di er
Strati omyi dae) | arvae
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Abstract

This study aimed to determine the suitability o

processed by the | arvHer mdt itadi.Iplugcd®Pnps el di er

Stratiomyi dae) (BSFL) in a value-added bioconve
waste (brewerds waste, solid phase of pi g manur
and compared with a standard | arval di et , brol l
gr owt h, chemical composition of the resulting p
and waste dry matter, and waste reduction rate
in all tested substrates. Compared with the | ar:

those fed standard di et or br ewer 6s wast e show

wei ght gain, and higher prepupal crude protein
more dry matter in the standard diet or in brewe
On the other hand, | arvae fed semidigested gr ass
suffered fat | oss. Thus, we suggest that brewer

among the selected wastes for being processed b
an unsuitable substrate. We found that | ignin he
gr owt h, and emphasize the i mportance of applyin
l'ignin-rich substrates being converted by BSFL

carbohydrate ratio of 2:1:2 was hypothesized to

YS@ g2bNRadcYk sol dier fly, |l arval devel opment, orga

nutritional composition, l i gnin
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2.1 Il ntroducti on

Organic waste is generated worl dwide at a |
was about 600 million tons within the first
approximately one billion tons by 2025 (Ho
prevailing approach for organic waste dis
contribute to global war ming and soil and

concern for sedi,akYW10ChHootreammweegn & Bhada- Tat

A promising alternative solution for organi
convert organic waste into insect bi omass,
i ngredient ( EI 8obpuabh06 kINEKRIOALIL;, s Raatos - EI or
al .2002). Bl acHKesmédi drLi.f )l (DEBSFE)Y a: Stratioc
have been suggested as effective organi sms
such as food waste, waste plant ti ssues, a
bi omass (Kal ov§ & Beotr,kaokvOcOo8v;&t, N g2uDyleBrs ; MSte+ 4 |
et,ak007a). The resulting | arval bi omass ha
for farmed animals such as pi gest,, aclhd Ic&;en s ,

Newtean allL977; e$t aRi0OIOZibr) e

In this study, the performance of BSF | arv
organic waste into insect bi omass was asse
where | arval feeding rate (i.e., the amount
frequency) was fixed, and all the prepupae
Three types of organic waste, i.e., brewero
of pig manure, were selected based on thei
in New Zealand, and the associated economi c

oOT
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i s th

compo

nitro

nitr a

SNJ H
e spent barley from beer producti on. I n New
g farmers, while the rest, especially that
ndf il |l . Semi digested grass, which is the p
d to landfill. Organic waste was reported
il in New Zealand (Ministry for the Envir
oria Flats landfill) in the South Island re
per week (Waste Not Consulting, 2016). Th
i gested grass does not only increase finan
increases the burden of organic waste manac
ig manure (hereafter, pig manure) is often
stedt (dROLON. However, during conventional
gen in pig manure are converted into carbo
t e, l eading to greenhouse gas emission anc

Ti gei aakR002) .

The s
bran
stand
prepu

each

BSFL
br eak
( Ohku
obt ai

effec

el ected organic wastes were tested in comp
and wheat flour. Brol | is normally wused fc
ard diet to rear BSFL in our | aboratory for
pal chemical composition, and bioconversi ol
type of diet.

can barely e¢egadda?2)igwhnchzZmakes it diffioc

down and wutilize | ignin-protected hemicel
ma, 2003) . Therefore, we al so conducted a
ned in the current study with data from put
t of |l ignin content on BSF | arval growt h.

oy
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2. 2 Materials and met hods

HPHOM O1 a2t RASNI Ffe O2f2ye

The insects wused in this experiment wer e
gl asshouse at the Pl ant Gr owt h Uni t, Ma s s
Zeal and. The <colony was initiated from | a

popul ations at Thames,CoitEhAGPaekeReani ndNol &
(34821 M3 A1%mnd Pal mer st ongNo &y A6Marea veatl w n(
had been maintained using food scraps in a
then it was transferred to broll, referred
met hod as descetbé0b®) Shdppahe ti me the e
here were conducted, the colony had been m;

the colony was maintained using BioPod Pl u:

food scraps were fed to the | arvae ad I|ibit
transferred into a tray containing ver micul
By contrast, when the colony was maintain
corrugated cardboard, where they were att.]

consumed diett, dINmk@)murlahe eggs were removed

to an insect rearing room (24.5 N 1.5AC, 40

hatching. Ten egg clutches were placed on
(ca. 8.5 ¢cm in diameter, 8 c¢cm in depth) sea
frame to initiate a | arval Obatchdé. The st
water to 100 g of the diet. Egg clutches we
period, so the humidity of the microenviron
hatchingt(, hRIOMes) . It took 2713 d for egg hat

o
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hatched. After 7 d, the | arval batch was fed 1,5
after that 750 g of standard diet weekly unti/l n
prepupal stage. The | arvae and prepupae were the

which they were taken to the glasshouse to compl

~

HOPHhANGBE T YA O 61 4GSa dzaSR F2NJ GKS € FNBFE RAS

Broll was supplied by the Ani mal Science Departn
Brewer 6s waste was provided by Garage Project, \
i . e., solid phase that had been isolated by a p
was collected from Ratanui Devel opment Co. Ltd.,

grass was acquired from Ovation New Zeal and Ltd
of diet was homogeni zed, randomly divided into

for further use. One pack per diet was sent for

Prior to feeding the different diets to the BSFL
freezer and maintained at room temperature for 1

content bet ween 70 and 90% have been shown to be

Therefore, the moisture content of the standard
and 79 %, respectivel y. The brewero6s waste and
adjusted, as their original moi sture content was:s
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HOHIOLISNA YSYy Gt RSaA3dy

More than 10 egg clutches were obtained frc

transferred to the insect rearing room, as
placed in a 500-m glass jar (ca. 8.5 cm in
paper towel. The glass jar was placed into
t wo vented wall s. Because high humidity 1Ie
(Holentesak012), a |l ayer of wet cotton wool W

i ncrease the humidity within the storage bo

The eggs were observed daily. On the day ol

were each transferred onto 15 g of the stan

in diameter, 7 c¢cm in depth). The jars were
prevent | arval escape. These 25 jars are he
were then reared in these jars for 7 d.
Thirty 7-d-o0ld | arvae were randomly selecte
pl aced into a clean 70-ml plastic jar (4.5
either brewerdéds waste, semidigested grass,
which were used to initialize the experi mert
was then sealed with a | ayer of paper towel
have five replicates per diet (i.e., i n to

were supplied with fresh didiyeTheat!| ar wada ef rod
remaining five nursery jars were pooled tog
as Obaseline | arvaed. The baseline | arvae

t hen further analyzed to represent the chen
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Lar va

prepu

prepu

sent

SNJ H

| devel opment in all replicate jars was obs
pae were collected while the remaining | ar\
5 d, which resembledeprafiopdl) . srephpraeesbi

ave gut content because 1) they empty their
eed due to their reduced and i mmobile mout
onsumed diet were stored at T20AC for furth
he next 5 d was adjusted according to the -

ning | arvae, and the number of days wuntil
ied per replicate declined with ti me, whi
ity of the diet. Thus, to avoid dehydrati
wer openings were used to accommodate the
ned, i.e., 70-ml plastic jars for 157130 | al
plastic vials (1 c¢cm in diameter, 7.5 c¢cm in
arvae were |left in a replicate. After the
pae, they were pooled together with those
for chemical anal yses.

HPHISYAOI T | ylFfeasSa

The ¢
wer e

Zeal a

Sampl

hemi cal analyses of all the diets, baselin
conducted by the Nutrition Laboratory, Ma s s
nd.

e dry weight was determined after drying t|

Ther motec 2000 oven (Contherm Scientific Ltd.,
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to the method 930.15 of the Association of
Oof ficial Analytical Chemi sts (AOAC), 2005) .
complete combustion at 550AC in an Elecfurr
New Zeal and) ( AOAC, 2005; met hod 942.05) .
combustion using a Leco CNS 200 Analyzer (
( AOAC, 2005; Dumas Met hod, met hod 968. 06) .
extraction using a Tecator Soxtec System H
Sl angerupgade 69, 3400 HillerBd, Denmar k) (
were analyzed for neutral detergent fiber (
content usi ng t he Fi bretec 2010 Aut o Fi b
Sl angerupgade 69, 3400 HillerBd, Denmar k) (

energy in all diets was determined using a

Howdpt Odzg  GA2ya FyR &dGFGA&GAO4

The nonfiber carbohydrates (NFC) content of
Crude protein was <calculated from the tot e

nitrogen-to-protein coenverksfilodn .factor of 6

For each diet, initial | ar val dry weight
multiplied by the average dry matter cont e

dry weight was calculated by dividing the t

prepupae. Larval wei ght gain was determine
l ar val dry weight. Average weight gaining
di vided by devel opmental ti me.
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The mineral, crude protein, and crude fat conten
the nutritional profile of the baseline | arvae.
prepupae per diet was measured as aforementione
protein in the initial | arvae and prepupae was
nutritional profiles. The conversion ratios of 1
calculated as the difference in weights between
| ar vae, di vided by the tot al i nput of these two
respectivel y.

The r
met ab
wher e
exper

di ffe

Wast e

conyve

(4).

atios of waste dry matter that had been re
olized were calculated for each diet using

by W is the total dry weight of the organ

i ment , R is the total dry weight of the ¢
rence between prepupal and initial |l ar val
stimated using the fresh weight of the init
ine | arvae.

W-R .
Rati o of reduc:e-dW—\MalsDtOé%) dry nalt)t er

G .
Ratio of convertwdl whGQ% dry matter = (2
. R - .G
Rati o of metaboll—me-dlwm@t)% dry matter (3)

conversion efficiency measures the percen
rted to insect biomass. This parameter was

Foll evwvi a2 0Di9¢nemwaste reduction rate was ca
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(5), whereby T is the average devel opment al

G -
Wast e convers'WeTn IF§f1fOi0c%i ency =

w - _R
Wast e redu—c—Tt—l Oon 108 e =

Average prepupal dry weight, conversion ra
converted wast e dry matter wer e anal yzed
( ANOVAs) , foll owed by Tukeyodés honestly sig
overfrat ¢ st was significant. Survival, devel

waste conversion efficiency were analyzed u

Howel | test s, because the assumption of hor
was violated for these parameters. Outliers
of reduced and metabolized wastkt algtys madrner

used for t hese parameterdtedtod | ovwe th By n Me

corrections for multiple comparisons. Gener
were used in the meta-analysis. Cal cul ati o
using SPSS Statistics v. 23 (SPSS Inc. , Ch i

test U=s Ot 0&t

HOHLDELI O 2F tAIYAYy 2y fFNBFf INRSGKY

To analyze the i mpact of Ilignin on | arval g
t wo published sttuddil2G1l 7bay, Re)h maenr e used. Du

definitions of final | arval dry weight wused
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dry weightti aPRdifmanb), | arval growth rate was |
t his was calcul ated by di viding final l ar val

Considering possible effects from not only | igni
setup (e.g., bl ack soldier flpyerstseeadntheemper at
i nteraction bet ween the experimental setup and

observations of the three experiments and fitte
experi ment as a fixed factor and lignin content
actual and predicted | arval growth rate was dr a

the dat a.

The s anaen amhewsdss al s o NDRRA (=c t8eld. Of00%; Table S2.1),
(R = 94.22%; Table S2.3), hem®c=l35ullols®; (Tcaabllceul a't
S2.5), and cellul ose (BPal=cu9@ated%w,asTabbDr 1S21] 7Y}
Hemicel |l ulose did not have a significant effect
while al/l the other types of fiber showed signi
(Tables S2. 2, S2. 4, and S2.8). Mor eover, among
met a-anal Rses95| #@g#wj nTable 2.3) had the stronges

(Table 2.4, Tables S2.2, S2.4, and S2.8).

2. 3 Resul ts

A w4 oA x

HPo/AMS YA Ol f O2YLIRaArxdAzy 2F GKS aSt SOGSR 2

The organic wastes used in this study varied ir
shown to have a considerable amount of nutrients

insect biomass (Table 2.1). For instance, the hi

nc
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Both brewerés waste and pig manure were ri.
the highest fat content among the tested di
di et s. Approximately 60 to 75% of the dry
comprised of plant fiber (Table 2.1). The N
our chemical analyses, but instead was calc
the highest NFC content, followed by brewer

contained no NFC (Table 2.1).

HPO[BHNIII f RSGOSE2LIYSYyd YR AdzZNDA DI §

Larval survival was not Kj®mgn3d P8 ka n0t6l2y) d(iTfafbel

2.2). About 98% of the | arvae fed the stan
survived during the experi ment, whil e a |
semi di gested grass. Devel opment al ti me was,
di €&t # 46 1P<97;. 001) (Table 2.2). Larvae fed b

|l ess time to develop into prepupaer,than tho

21P<306.001) , with no significant di fferen
The |l ongest l arval devel opment al time (70
Average weight gaining rate of | arvae signi
7.77 112M< 803.;001), with the highest weight ga
di et , foll owed by brewerds wast e, pi g manul

same pattern was oOobsRkRrmedlPo58pd@pup@lalvlee c

The diets in which | arvae had a significant
significantly hi gher prepupal wei ght (Tatk
devel opmental time of | arvae fed semidigest

was consider ed as unsuitable to be convert

further analyses regarding waste reduction
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Tabl eCheti cal composition of a standard diet (brol 1), brewer 6s
substrates f oHerbmheatcika Isiolj ldi eenvsdg ély (

Chemi cal composition Standard di et Brewer 6s waste
Moi sture content ( %) 75 78 79

Ash (g/ 100 g) 4.6 3.7 13.7

Crude protein (g/ 100 g) 15. 6 22.6 26. 6
Crude fat (g/100 g) 2.9 5. 8 1.2
Neutr al deter 39.7 59.0 61. 2 75.1
Acid detergent fiber (g/100 g) 12. 8 20. 3
Lignin (g/100 g) 3.6 4 . 4 11. 4

NFC (g 37.2 8.9 0 1

Gross energy (kj/100 g) 1887.0 2084. 0 183

The values are presented on a dry matter basis except for moi st ul
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Tabl eSAr2i val, devel opment al ti me, |l ar val wei ght gain, Harwvmetaigae
ill Lcegnd arvae fed a standard diet (broll), brewerdéds waste, pig m
Parameters Standard di et Brewer 6s waste Pi ¢
Survival (%) 98. 00 N 0.82 98. 00 N 1.33 98.
Devel opmental time (days§?¥ 14. 9721V .08.210N. 024 0.7403. 00N 5. 09
Larval weight gain (mg) ¢ 34 . 544°8N 408 718 .19.8"2N 1. 2963 °N 0. 79
Average weight 'daining. 84tB8 0mgédai 0.046.80 N 0.007 04 N 0.01
Prepupal dry weight (mg)¢ 45. 4858. 00@M. 164RN 0.1920. 982 N 0. 80

Di fferematy ' Wittters 4 row indicate B4 ghilG5).antardvdlf eweinglkts @airm,s sa\

prepupal weight are presented on a dry matter basis.

The values arEe5means N SE,

n o
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I n the meta-analysis of the impact of diet [ i gn
interaction on | arval gr owt h, it was found that
|l arval growth rate, and the effect of experi ment
t wo sources of variation (Tables 2.3 and 2. 4).
robust (Table 2.3, Figure 2.1). Lignin content
| arval growth rate (Table 2.4, Figure 2.2).
Tabl eS@mbhary of the gener al ' inear model conduc
carried out in this study to Heersmettihae iilmpuaccetn so f
L.) | arval growth rate.
Source df Seqg&kential PSS
Lignin content 1 4. 56 94. 11 <
Experi ment al setup 2 3.02 31.11
Lignin content I

_ 2 2. 47 25. 48 <0.001
experimental setup
Error 10 0. 48
Tot al 15 10. 514
Data from thisest@aBpPpldaad Rphwmwmans used to build t
model , with experiment being a fixed factor and
R = 95. 40% =a®j3udt0éed =pr8d.i7c&%.d

pn
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Tabl eM@8t 4-analysis testing the i mpact of di
on bl ack Hsalnkitara fill y/l\oevrad gr owt h rat e.

Term CoefficientT SEP

I ntercept 2.53 0.19 13. 27

Lignin content T0. 12 0.02 T 6

Experi mental setup

This study 1.55 0.23 6. 89

Rehnmatn 2aD17a T0. 39 0.35 T1.13

Lignin content I

experimental setup

This study T0.10 ooo@o01 T4. 8

Rehnmatn 2aD17a 0.01 0.03 0.16

Data from thisest&@ablpldaad Rhmas used to bu

model, with experimental setup as a fixed f
4-oThiss‘tudy

Ao Rehman etal. 2017a
O Rehman et al. 2017b °

Predicted larval growth rate (mg-day™)
[\>]

0 T T T
0 1 2 3 4

Actual larval growth rate (mg-day™)

Figurecatt er plot of theHecmeal dbi)htlknosvoad d i
growth rates observed in thi®etst@kkdyl7@qurb)d
versus the predictions based on our meta-an

l ar val growt h.
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-o- Current
° -&- Rehman et al. 2017a
-©- Rehman et al. 2017b

Larval growth rate (mg-day™')
N~

10 15 20

Lignin content (%)

Figurde&ardw2 h rates of Helranek isdo.li)dillaaa efrdsy d B SrFe | gt e
to the Il ignin content in the diets wused in this
et a&arRO0O17a, b). Fitted |Iines are those estimated
HPodoC[ OKSYAOFf O2YLRaAlAZ2Y

The different types of di et fed to the BSFL re
chemical composition of the resulting prepupae.
prepupal crude protein content either between t
bet ween pig manure and semidigested grass, but t
had significantly higher crude prdteisn content
= 42P<8 ;. 001) (Table 2.5). All diets were signif
mi ner al F,i Fesd 7 O0Rs BB ;0(01) an d=1eclr4uddle D5a@ 0 1)

content (Table 2.5). The highest mi ner al cont e
semi digested grass, followed by pig manur e, br e
mi neral content of the prepupae fed pig manure a
ti mes higher than that of the prepupae fed the s
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fat content showed an opposite pattern to t
content found in the prepupae fed the stan

semidigested grass.

Changes in BSFL chemical composition were o

protein content of BSFL biomass decreased b

the crude fat content increased by 417 193%,
grass. BSFL mineral content decreased when
wast e, but increased by more than 260% whe

(Table 2.5).

po
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Tabl eCRBRemi cal composi tHemmetfi alidlclkinceormsgi at the 6€tart of the

prepupae after feeding the | arvae on a standard diet (broll),

Prepupae
ar\yvae

Chemi cal composition Baseline |

Standard di et Brewer s wast e Pig
Ash content (g/ 100 g) a 65522 °N B2B0795° . ®@RIWL.456N 0. 72
Crude protein content (g/ 1080 g)49.896H. 0453.19435N0 .08.54.8890 N2D. 42
Crude fat content (g/ 100 g)¢ 33.72°HN201RB.135°8808481 48 0. 37

Di ffereft’y®itttreirs 4 row indicate B<d gh.id5)c.anfthedivdleuesn cerse ame arsss N

b a sni=s 5.

expe
br

man u
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HPodn2 O2Y BSNEBAZ2Y YR 21 30S wSRdAzOGA2Y

BSFL performed significantly differently 1in
when fed different diets (Table 2.6). BSFL
(F2, 1223 ®P<60,001) and metabolizedHa=s1gnb8; ca
P= 0.003) of dry matter when fed the stant
significantly highe#Hz &r tRm&@B.t 03 ) edumpgaroend r
fed pig manur e, with no significant di ffer
reduced dry matter from the standard diet a

dry matter significantly Iore 12FE6®LYWO0O&NMhen

However, there were no significant differen
threeFod metdsP4&Q ;0. 063) . During the experi ment
semidigested grass), 13140% of waste dry ma
of the reduced dry matter was converted int

BSFL converted a significantly higher propc
from the standark, =i 20 PorI;p0@l mahlTalkl d 2.6
conversion ratio did not differ significant
diets differed significantly from esaxch oth
35.B68; 0.001) , with the highest crude prote

standard diet, followed by brewerdés waste a

pp
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Tabl ewas

pi g manu

6e reduction and bideometirdiighnll hgemea whesnolf didera stywndard

re.

Parameters Standard di et Brewer 6s waste
Total dry matter per replicate

Waste fed to |larvae (g) ¢ 1926631RK 06.063@1.97°N 0.56
Residue (g) b 17.28 1R .00.5222 0.25 18.91°N 0.37
Proportion of waste dry matter

Reduced ( %) b 33.76 RN81695%N 1.24 13.813N 1.56
Converted ( %) b 5.43 HN. D3 PR 0. 12 1.86 ®N 0.15

Met abolized ( %) b 28. 343 . \b61°.N601.29 11.952N 1.66
Wast e

Conversion efficiency ( %) 16.19 N 0.69 13.33 K
Reduction rate (mg/ day) b 5 0580.90 14°1N N1 42.38 5B5. 322 N 19. 85
Conversion ratios

Mi neral (%) 2@ 4.02 N706@B8N 0. 27 5.02 2N 0.26
Crude protein (%) c 161993R°0l. 9825 2.26 N 0.30
Differetnth Clwettthems a( row i ndicate B< goniOf5i)c.anTth ed ivfafl eureesn caerse rancer&onsss N
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Thr e

accu

( ADF

ef fe

Di scussi on

e selected organic wastes (brewero6s was

ssed in this study, in comparison with
onverted into BSFL biomass. During our
ived on the selected diets. BSFL gaine
dard diet or brewerdéds waste, compared t
lting in significantly higher prepupal
ent was measured in the prepupae fed t
significantly higher than that in the p
over, BSFL were able to reduce signific

brewer s waste than from the ot her t wo

es, brewer 6s waste is the most suitabl e

fed semidigested grass took 70 d to

igible weight (0.04 mg/day). Mor eover,
r stored fat, as their fat content at t
ae (Tabl e 2.5) (Tschirner & Si mon, 2 (

i dered unsuitable for BSF-bioconversior
s could be due to its high lignin cont e

bi oconver siedan aysltz2em (| ohdereg, t he met a- :

ignin on | arval growth showed that | a
mul ati on, i s generally negatively corre

Figure 2.2). Mor eover, among the type
, NDF, hemicell ul ose, cell ul ose, i gni

cts on larvRl=9g9dDwa4bm%; bThablle ghid) (had t

PT
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The underlying mechanism is that, in nature, | ic¢
and it protects hemicellulose and cellul ose frol
2003; Ri bakodb6; evanahbbdInle) . Thus, the degradati on
BSF-bioconversion system |imited the usage of p
the | arvae.

A possible solution to this issue is co-conversi
et a&aR012), without the aid of microorgani sms BSHF
mi xture of rice straw and restaurant wast e, w h
mi croorganism product (Ri d- X) boosted the Il i gn
Mi croorganisms can also be obtained from natur
(Ozbagtaml2018) . Il ndeed, the | ignin degradati on
including dairy manuret ralhhbe,d eRe@malza , t ©) 66 % ( Li
The degradation of l ignin exposes hemicellul ose
broken doewn alP®r2dz and then utilized by BSFL. So
Phanerochaete(BlhhrgsospéPolumpor alPéur haser ochae
ostrédnanosyg. ) (AgaricalCesi pBreopet ddeRad)ge)mndpor a
Gil b. & Ryvarden) (Polyporales: Merul i aceae) ha
lignin (Cullen, 1997; VicufYfa, 2000), and thus m
rich substrates before BSF-bioconversion.

The differences in BSFL |ife history traits acr
from the differences in the composition of t he
Ooniemtcx&RP015) reported that a protein to fat rat
devel opment in their experiment. Cammack and Tol
with different protein (a mixture of casein, p

Py
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carbohydrate (a mixture of sucrose and whi
protein t o digestible carbohydrate rati o

devel opment . Based on t hese t wo studi es,
protein:fat:digestable carbohydrate ratio

above, wi t hout effective removal of i gnin,
fiber as a major source of carbohydrates fo
carbohydrate present in our Jlarval diets wa
for t he standard di et , br ewer 6s wast e, pi
approximately 5:1:13, 4:1:1.5, 22:1: 0, and
bal anced digestible macronutrient ratio was

that the fastest BSFL devel opment was recor

In this study, the chemical composition of

l ar val di et . The protein content of the re
which is consistent with pnewaR06ddg)studitesel
the protein content of the prepupae was not
example, the protein content of the standar
but the prepupae fed those two diets had si
i s that compared with the |l arvae fed brewe
increased protein assimilation efficiency

Si mpson, 1990). This is supported by the e\
matter conversion ratios when fed the stand
a significantly higher proportion of protei
t han when fed brewerés waste (Table 2.6).
compensatory response to nutritional defi ci
in phytophagous insect species (Simpson &

p ¢
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Locusta fLg)a(O®Orithaoptera: Acrididae) tended to

oxidize excess carbohydrate when fed a diet wit

ratio dtZaab9998) . I n our experiment, conversion

than those of dry matter for al | diets (except
conversion ratio was not determined), suggesti nf¢
by BSFL, which is etonBRG&GI®)nt with Ooni ncx

The miner al content in BSFL is generally higher
their potential as food and/or feed ingredients,
grasshopper s, crickets ,alRadrdd)si Il kmwotrhm s( Mat kukdayr, tf
content of the prepupae ranged from 3.97 to 29.G¢
pig manure and semidigested grass had notably h
result of the high mineraletcoana®Int) .i nAntohtehseer s u
possibility is that the BSFL reared on pig manu
extra diet for energy homeostasis as a compens:
carbohydrate in these diets, which might have e
intake.

The efficiencies of waste reduction and bioconyv
devel opment of a BSF-bioconversion system. Il n th
matter was reduced during |l arval feeding, which
found in the | iteratt ugR00 F)orr epxaarntpd ¢ ,a Dmaxmiemu m d
reduction ratio etf 40 A fwhurddke tMyetr sBSFL coul d
than 50% of waste dry matter. We found that | es
had been converted into insect biomass, while m
et &4R0O009) . A possible explanation for the | ower
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bi oconversion recorded in our study is tha"
opti mal . During our study, an oversupply o
al ways observed, indicated by the presence
whereas the | arvae fed pig manure and sem
deficiency judging by the |l ow | arval weight

studies should address the opti maletf ealdi ng
(20868 Myter&sl008) . Al s o, the ambient relati
10% R.H.) was |l owerett h@ahQ ®® )t Ruble)YethgadlMPee e s
(2009) (67% R. H.), whi ch might have |l ed to
studies. The ambient temperaturet @Ro®W®d) stu
and Detngl0O009) , which could have had detri
(Harnden & Tomberlin, 2016). Hi gher temper a

rates and metabolietrak6l18f thetiar&adohBpB

would result in higher waste reduction.

Conclusively, the results of this study su
waste and pig manure into insect biomass, Ww
whil e semidigested grass being considered
prepupal chemical composition, and convers
depend on the chemical composition of the d
a significantly negative effect on | arval

di gesting microorganisms to aid BSF-biocon\

Ssubstrates. We al so hypothesize that a pr o
could benefit l ar val devel opment . To achi e
reduction rates by BSFL, further investiga
mi xed wastes, and temperature and humidity

CM
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2.7 Appendi Xx

Tabl e SuM@mdry of the general l inear model ¢
carried out in this study to test the i mpac
flder(meti a Li.l)l daawsl growth rate.etbaala. fro
(2017a, b) was wused to build the gener al I

factor and NDF content as a covariate.

Sour ce df Seqgruent i &I SS

NDF content 1 1.61 8. 02
Experi mental setup 2 4. 19 1
NDF content | experimental setup 2 2
Error 10 2.00

Tot al 15 10. 54

R = 81. 00% =adjlustoédf =pr2esd.isce%.d

Tabl e Met2a-2anal ysis testing the impact of di
and experi ment al skerume toina bil Jalclka eswd Id i ggrro Wil ly
from this steutdylPanld7 aRe hbmanwas used to buil d

with experimental setup as a fixed factor a
Term Coefficient T S
Il ntercept 3.80 0. 72 5. 27
NDF content 1T0. 04 0.01 - 3. 32
Experi mental setup
This study 3.50 0.95 3.
Rehma&am 17 a 1T0.93 1.17 1T0.79
NDF content I
experimental setup
This study T0.05 0.02 T 2.
Rehhmam17a 0.005 0. 02 0. 25
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Table Sumdma&8ry of the gener al l i near model <conduc
carried out in this study to test the impact of
fler(metia Li.l)l dcaamwsal growth rate.etbaala. from t hi
(2017a, b) was used to build the general i near

factor and ADF content as a covariate.

Source df Seqruent i &I SS

ADF content 1 4. 12 67.65 < C
Experi ment al setup 2 2.16 17. 74
ADF content I experimental setup 2 3.65
Error 10 0.61

Tot al 15 10.514

RR = 94.22% =-ad®jlusSBém —pr&e4d.is&a%.d

Tabl e MetRra4d4anal ysis testing the i mpact of diet :

and experiment al sHedrunpe toina bil Jalclka swd Idigrrowtlly rfat e
from this steutdyl Panld7 aRe hbmanwas used to build the
with experimental setup as a fixed factor and AI
Term CoefficientT S
I ntercept 2.66 0. 22 11.79 <
ADF content 1T0.04 0.01 T7.12 <
Experi mental setup
This study 2.25 0.29 7. 84
Rehmam 17 a 1T0.80 0. 34 1T2.31 0. 0.
ADF content I
experimental setup
This study T0.06 0.01 T7.03
Rehma 17 a 0. 02 0.01 1.61 0. 14

cy



. A202y@BSNBEAZ2Y 2F 2NHFYA

Table Summadry of the gener al |l i near model ¢
carried out in this study to test the impac
fiber - acid det er geHmetr nfeitbh earl)i. )d ni abelwascl k gsrool wd
Data from thisest@ablp9pldaad BRphmas used to bu
model , with experiment being a fixed factor
Source df Seqgruent i &I SS

Hemi cell ul ose content 1 2.80
Experi mental setup 2 0.78 0
Hemicellulose content I

experiment al setuzp 0. 12 0.09 0. 91
Error 10 6. 84

Tot al 15 10. 54

R = 35.11% =a@j 6F0%R gr 6d 0 & £oe d

Tabl e Met2a6anal ysis testing the impact of d
detergent fiber - acid detergent fiber) con

HermetialLilll beenmnsal growth rateet DaR@l7aom t

b) was wused to build the gener al l i near mo (
and hemicellul ose content as a covariate.
Term CoefficientT S
I ntercept 0.78 4. 63 0.17
Hemi cell ul ose content 0.01 0.28
Experi mental setup
This study 1T0.67 4.91 T 0.
Rehmaam17a 1T2.35 5.11 1T0. 46
Hemicellulose content I
experimental setup
This study 0.05 0.28 0. :
Rehmam17a 0.12 0.30 0.40

c o
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Tabl e Sum@mary of the gener al l i near model <conduc
carried out in this study to test the impact of
- lignin) onHermeki adl.dil e caeafvekayy (gr owt h r at e. Da:
study andt RegBmMmanda, b) was used to build the ge

experiment being a fixed factor and cellul ose coc¢
Source df Seqruent i &I SS

Cellul ose content 1 1.89 19. 32
Experi ment al setup 2 2.67 13.48
Cellulose content I

experiment al setzup > 03 25 71 < 0.004
Error 10 0.98

Tot al 15 10.54

RR = 90.72% =-adjpuDt7&sf <prle.ddic%.ed

Tabl e Metza-8anal ysis testing the i mpact of diet c
fiber - lignin) content andHexmpeti ambinjlabcasmrd up ¢
l ar val growth rate. Daetta &Pr0Oolnv at,hibs) swausd yu saendd tRoe
the gener al |l i near model, with experimental set |

as a covariate.

Term CoefficientT S
I ntercept 2. 77 0.28 9.97 <
Cellul ose content T0.07 0.01 1T6. 44
Experi ment al setup
This study 2.70 0.39 7.00
Rehmam 17 a 1T0.99 0.41 1T2. 42 0.0
Cellulose content I
experimental setup
This study T0. 11 0.02 T6. 37
Rehmam 17 a 0. 04 0. 02 2.07 0. 07
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Chapter 3 Substrate and
content effects on pupa
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1 I ntroducti on

e Dbl ack soHedrineert ifal (yiLl.(DBUS{FDn pt er a: Stration
vironment al and economic potenti al i n de:
d by-producetts I®2 2p;t,, GHIoLMOMm €E§ mRORKLlet Gao

20109; Md,hned 0.21) , devel oping sustainabl e
i mal s ( eetg. a&l0.D%rtp e0.2 0 t, K&ID.2 1 ; Ré tc halr ds or
21), and producing orgathil02ert Betexgtegamhdk
20212;t, GHG.19). Driven by increasing deman
mmaek &10.2é&étf &10.19), interest in BSF-relev
, aR020; eRf odild.Xlk)s, and government support |
increasing number of BSF farms have bee

ed to optimize the mass-rearing environme

pation is a critical transitioning proces
age to the adul't reproductive stage. I n
pation substrate (e.g., soil en,d @&dplen;t | a
eppeatr ddl994). Laboratory experiments have
.9., wood shavings or potting soil) can ¢

crease its pupation rateetandlO@d@uletiolbmesge

13), suggesting a potential application o
aring.

i sture content is an i mportant physical p
bstrates for insects. Several studies hav

rform better than their dry counterparts,

. g., 90% moi sture content) may hamper i

Tp
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Hul t hen & Clarke, 2006; K°kdener & kahin Yurtgal
Wanget, &10.17). Pupation substrate moisture may a
(Di mew &10.03; el a ckRs%8;etWal@®.17), which further det
the amount of pupation substrate needed for a gi
Moreover, the effects of substrate moisture on
type ( Bit,m@&u0.0 3 ; Hul t hen & CIl ar ke, 2006 ; Kekdenert

Wangget &I1017) .etHHInle3>) i ndicated that BSF pupatio

substrate moisture and its possible interaction
knowl edge, relevant research has not been conduc
The present study aimed to investigate the eff et
on BSF pupation rate and depth, and to discuss
t wo substrates: (1) vermiculite, which is widel

rearing of several Dbrachyceetr aghi®.2 0 ;i n@dtudar aalgo BiSEF (
al . 2021; Il ncadthp, 20984 ; Reykkl®dllds evVadPP8y ), and
(2) wood chips, which are similar to a substrate

study (el ®e43) .

3.2 Materials and met hods

o PHtddmLIF GA2Y &dzo&adGNF GS

Vermiculite (Egmont Vermiculite Seed Cover, Egm
New Zeal and) and wood <chips (manuka wood; Big
Hamil ton, New Zeal and) were purchased from | ocal
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and
soa
i nc
hap

c hi

at

Ped
res
[ R.
buc
c ha

Tab

a preliminary trial, particles of wver mioc
-drying cycle (Figure S3.1) and the new
ki ng-and-drying <cycl es. Such changes in
rease in its dersiAlyt fawgrh Oa kWi daws 0s Ma3p &
pen to wood chips after soaking-and-dryi
ps may evaporate at a certain temperatur

oven-drying method (Forest Products Labo

i sture content. Therefore, as a pre-trea
sent experi ment, soaked vermiculite and
n (Contherm Thermotec 2000; Contherm Sci
105AC wuntil constant wei ght (Forest Pr
i geitusal0.2 1) . After the pre-treatment, t he
tore moisture conter€, i:0 aN Imb%emeli a tinwn
H.]) for 2 d. Then, both substrates wer
kets for 2 min and stored in the bucket

racteristics of the two pupation substr

l e 3. 1.
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Tabl eS8l acted physical characteristics of the pu
study. Vermiculite was soaked with water and th
oven-dried without soaking. Both substrates wer
content at 20 N 1AC and 50 N 5% relative humidi:t

Physical <characteristics Vermiculite
Densit¥ (g/cm 0. 43 0.31
Moi sture ontent (9%). 34 5.94
Particle s> z26 mm 0.5 13.6
di stribut ilg2n mm 37. 4 53. 3
(gravi metordec ;mm») 52. 4 32.0
< 0.5 mm 9.7 1.1
& Moi sture content is calculated as (weight | oss

(Cammedk 210.10) .

0 dH{dRHAZNIOS 2F AyasSoia

BSF pupae were obtained from a mass-reared | ab
captivity for about 2 yr prior to the present ex
MegaView Science Co. Ltd., °CTai5wan\) 5we rR. Heptanidn
il luminated using artificial |l ight sources (BSF
Ltd., Hong Kong, China) witéat a@2®20)16 EQlgs: w@) eh
collected daily from aduwCtamcag®&8 Hn#a%i RcHbaf ed
(Hol neets &l10.12) . To start a batch of |l ar vae, appr
clutches, recogni zed by the presence of eye spo
container and were provided with 2.1 kg of broll
ratioet(RIOuL8). Larvae°Cwerrd mMedre R. dt. ;28 hi® hi gh

humi dity | evel reduced water | oss from newly adc

Ty
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| a

gr

Fo

en

rvae was fed 600 g of broll diet three t
own iinto prepupae. I n this way wunnecess:
nseca al0.18; eDi ahoelr5) . The container was t
vironment to allow growth of the remainin

a batch had grown into prepupae, al | t h
nning tap water, and then dried with pape
one replicate of the experiment describe

0 PHIEOLISNA YSyYy Gt RS&aA3dy

Pu
d
Au

8

S P

Ca
al

Th

al

pation substrates and insects were place
ameter 6 cm, hei ght 10. 8 c¢cm; BC-12- ART 3
stralia). Each cup was filled with a subs
cm; this depth has been shown to be suffi
ecies in different substratefnasdr eaphadi

spelnseaw ( Di pteBactTepl(ltpstgegread;, Teplati ti d:

pitW@Witademann (Di ptleuaicl i bepMei geataa )D,i pt er
Il Il'i phobDrdaephi aMatssuwnuikkria ( Di ptera:etbrosop
.2017; €gmaWdl; HenneeteglDO0B9 4 a didxOuBn .

€ sSubstrate in cups was not compacted, b L
ring filling to minimize pore space. The

s standardized to be 131 g and 95 g, res,

e cups using plastic straws connected to

. 2) . The highest moisture content was set

mo s t saturated at this | evel. The | ower m

LY



/ KI LIGSNJI o

the range between 0% and 150% into eight interv,
wood chips expand after absorbing water, t he ac
depending on both substrate type and the amount

N 1 cm. To evaluate the i mprovement in BSF pupat
and to understand the underlying mechanism of t
substrate or water was added as a O06no substrate:

treat ment s wi t h substrates and a treat ment wi t

experiment. The experiment was replicated six ti

Tabl eDBf Rerent moisture | evels and the correspon

type of the pupation substrate tested in the pre

Moi sture | evel Moistx@éeéoﬁggﬁg &%;)

Vermiculite ood chips

1 Dr y 0 0

2 18. 8 18. 1 11.5

3 37.5 41.7 28. 3

4 56. 3 65. 2 45. 2

5 75.0 88. 8 62.0

6 93. 8 112.3 78. 8

7 112.5 135. 9 95. 6

8 131. 3 159. 4 112. 4

9 150. 0 183. 0 129. 3
Substrate placed in a cup (9) 131.0

& Moi sture content is calculated as (weight | oss

(Cammedk 210.10) .

b Substrate oven-dried then allowed to rehydrate

R.H.; this moisture content was 4.34% for ver mic

yn
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Fifty prepupae were weighed in groups, and
prepared for the nineteen treatments. The i
perforated | id was used to cover each cup
air exchange. The “Cupsd we@eNkB@wt RaH. 28n Ncadr
All the treatments were terminated after 10
environment, whil e minimizing deathe2ld.uper Ao f
additional group of fifty prepupae (referre
from the same batch, wei ¢bh@AC hod Bubued ia
Upon termination of the experiment, a thin
hel p measure the actual content depth, and
ranges (0712 c¢cm, 21 4 cm, 476 cm, and > 6 c¢cm
each of the four depth ranges was quickly |
Then, the number of prepupae and pupae in
technique allowed collecting the prepupae o
while avoiding vertical mi gration of i ve
experiment was set to minimize the chance o
adult flies emerged from a treatment. Bot h
individuals for the calculation of pupation
counted.

Because vermiculite adhered to the cuticle
even by rinsing with water (Figure S3.2),
pupation could not be accurately determined
were only investigated for the wood chips
from each cup were washed with running tap

Yy M
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wei ghed as a group. The treatment pupae and t he
105AC wuntil constant weight. The dry matter con
calculated as (dry weight/fresh weight) T 100 %,
prepupae used in the experiment. Dry weight of t
calculated as prepupal fresh weight T dry matte

pupation was calculated as the difference betwe
before the experiment and that of pupae after t

calculated in the same way.

oPHPRhGAAGAOLKE FylFfeara

Statistical anal yses were conducted using SPSS
u. S.) and OriginPro 2016 (OriginLahb Corp., No |
significance |l evel for all tests set at U = 0.0°¢
Prepupal mortality rates across al/l treat ments
mo d e | (GLi M) with a binomial di stribution (logi
(event/tri al mode) . | f treat ment effect was S i
di fference (LSD) test was perfor med, where only
and substrate treatments were of i nterest. Ano
bi nomi al di stribution (logit |Iink) was conduct e
moi sture content, and their possible interactio

met hods were used to analyze pupation rate of su

rated hereafter).
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Because
i ncreasi
& kahin
of moi st
(Osborne

t he mode

al . 2011) .

(Engqgqvi s

to pl ot

wood <chi
foll owed

effect 0

The tend
moi stur e
this ten
based on
functi on

OriginPr

mortality and pupation rates may ¢
ng moi sture content (Chen & Shelton

Yurtgan, 2022; RiectkedlOnlah)n, &a Bawedr d

ure content was initially included

: 2015) . Where the inclusion of a

| based on a |likelihood ratied test,
Non-significant i nteraction term

t, 2005), where predicted values of

regression cur ves.

ces in BSF fresh and dry weight | o0os
ps treatment were analyzed wusing a
by two-sided Dunnettds tests. Line

f substrate moi sture content on BSF

ency of BSF to pupate deeper in sul
|l evel was investigated for each su
dency foll owed substrate-specific p
guadratic functions, reciprocal d e

s were fitted to the data for each

o 2016. Fi nal model s were selected
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3.3 Resul ts

A

odotdNS LJdzLJF f Y2NIFfAde NIGS

Prepupal mortality rate in no substrate treat mer
substrate treatments when moisture content was |
in vermiculite was | ower than that in wood chij
declined; the interaction between substrate type

(Figure 3.1, Table 3.3).

?1 U5 —e— \ermiculite
S ] -0- Wood chips
% 8 A No substrate
2o ]
5 0
(@)
£ 4=
=
S
Q.2_
o |
a
0 T T T T T T T T " T T T 7T

No substrate 0 20 40 60 80 100120140160
Moisture content (%)

Figur eMaoldr.tlal ity rat eHerf mebtliaac birlslpuicleanesr wif t y and
without pupation substrates and at different sut

is calculated as (weight | oss during drying/over
standard errors of means (n = 6). The means and
from the | og scale outputs. Non-significant diff
treatments are indicated as On.s. 0. Solid and de
curves for vermiculite and wood chips, respecti
T 0.0140x; wood chips: Logit(y) = 1T2.5994 1 0.0

yn
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TableTgpd & tWwasltds for the effects of substr

their interaction on prepupkhdr meotritaa liiltlyu aen
Source @ Wald df P

I ntercept 1604. 1 1 < 0.
Substrate type 8.0 1 =
Moi sture content 42.3 1 <
Substrate type I moisture content 1.0

odotdoglI GA2Yy NI (S

BSF pupation rate was affected by the prese

moi sture content, but not by the interactioc
(Figure 3.2, Table 3.4). Compared to the n
pupation rate of survived prepupae, but wo
moi sture content (O 18.8%) . Moi sture cont el
pupation rate. At the same moisture content
t han that in wood chips.

yp
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100__ —e— Vermiculite
95 4 |-O0- Wood chips
& 1|4 _No substrate
:g/ 90 -
© 4
.0 4
S 80
>
& A
75 — I
1 l
70 I T I T l T I T I T l T I T I T I

No substrate 0 20 40 60 80 100120140160
Moisture content (%)

Figur @u®.azi on r at eHeorfmebtliaacpkr lesipou pdaigesrwiftlhy and wi t h

pupation substrates and at di fferent substrate

calculated as (weight | oss during drying/oven-d
standard errors of means (n = 6). The means and
from the | og scale outputs. Non-significant diff
treatments are indicated as On.s. 06. Solid and de
curves for vermiculite and wood chips, respectin
0.0028x; wood chips: Logit(y) = 1.3342 + 0.0028>

TableTg$pd & tWwasltds for the effects of substrate

their interaction on ppHepanteitom pirdetpan paafesbl ack sol c
Source & Wal df P

I ntercept 1901. 2 1 < 0.001
Substrate type 7.1 1 = 0.008
Moi sture content 12.3 1 < 0.001
Substrate type I moisture content 1.5 1
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odboCMNS &K YR RNE ¢gSAIAKG f2a3

Pupation caused a reduction of both BSF fre
di fference was found for dry Fwegsg hOP. 8150s s ac
0. 49) . I n comparison with the insects that
with a moisture content between 5.9 and 37.
moi sture content they | ost |l ess fresh wei
i ncreasing moisture content, while dry weiog

(Table 3.5).

Tabl eEBf &ct of wood chips substrkdremanoiiast ur

illuédeesh and dry weight | oss after pupatio
Response Term SCaoardd&di d¢citemt orP

Fresh wenitgehrtcept 31. 8 1.0 30
| oss Moi sture &dnbhent 0. 2 L13.6 0.001
Dry weilgnhtter cept 4. 5 0. 4 12.
|l oss Moi sture content 0. 03 0.07

yT
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35 — o O Dry weight
. NS ® Fresh weight

30 !E 6
maq . =
g %7 .
@ 20— * Y o5 X,
8 - T¢I N30
= 15- RO
3 10 ¢
= ]

5 o al & a © o o 0 Q.

0 | AR N PO [ 1 M W I
No substrateO 20 40 60 80100120140160

Moisture content (%)

Figurdg&r®sh and dry wei gHetr neotsisa aofflt lebul capcokp astoil odn e r

in no substrate and in wood chips at di fferent
calculated as (weight | oss during drying/oven-d
standard errors of means (n = 6). The value nex

di fference between the mean of a wood chips tre
an asterisk indicates signi fRP <armt. Odbi)f.f erence (1t

o dotddzl)- G A2y RSLIK

More than 85% of pupae were found in the top 2
Ssubstrates tested (Tables S3.1 and S3.2). The p

cm depended on both substrate type and moistur

nonlinear model functions tested, the | ognor ma
vermiculite data the best, while the Holliday n
wood chips (Table S3.3). The proportion of BSF
increased then declined with increasing moistur

predicted maxi mum was at about 20 and 70% moi st L

chips, respectively (Figure 3.4).

yy
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| oss

(n
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as (weight during drying/ o)
6). Solid

respectivel

errors of means

anec

and wood

ps,

Di scussi on

S a common practice to use pupation sut

omi ¢ and/ or environment al i mportance,

ni que (Pasttaad @21 le§aéaBlnilb 3 , i n si | k P

ation substrate is cal leetd a20.LD)f ageni wa

gementet HRIO.M8 gt Pa&®10rly7) , and as biocontro

eel er , 2@19 2I0MWr)at drnideed, us i a suit

ng

mi zing physiochemical parameters therei

i bly temperature) could shorten metamor

fitness, and reduce epyr oRUtT jecthzE&lpst s

; HeotlLb m&19.1 3 ;e t,P aa2l0.Y 7 ; Weston & Desur mont

y ®
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show that vermiculite or wood chips with adjust
used as a pupation substrate for BSF mass rear.
use any pupation substrate (unpublished data). |

of using a pupation substrate need to be bal ance

rate (and perhaps emergence rate as well). Now
substrate and no substrate treat ment s, readers
model s.

Dry vermiculite performed better than no substr
BSF prepupae, but the same was not true for W

presented here are that of the survived prepupa

but not wood <chips, brought forward the onset
mechani sms may be that vermiculite reduced sur
thigmotactic stimuli to the insects. The wood ct
and | ower density than vermiculite, may not h a
thigmotactic stimuld. as much as vermiculite.

The effects of surrounding disturbance on insect

insects. For iZopthaormass, ( Kuwpsgetdigo n( Gofl eopt era: Tene
anfdenebri o( mo) i(t®@aol eoptera: Tenebrionidae) was di

moving conspecifics or ®Withugopeas gometwals ahaion s

retarded by the vibration of Petri di shes (Tsch
(1995) suggested that both mechanical and chemi
invol ved i n del aryiirop | ipwm a tf iicemChoabrgio pt er a :

Tenebrionidae). To remove most of surrounding

GN8rek & Denlinger (1991¢G|l csasiperadmeadr $iaramae mdr $is

dn
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(West) (Diptera: Glossinidae) in the mid-ai
was the quickest among all treatments in th
average 9.5 ® t(o0pou RatHe , atl 4@ts 1AID.L2 ) Holwme s e
prepupae accommo°@at edkt ogetahherage 286.3 d to
conditionet,( M0 InEe)s. Since the higher t empe
expected not to prolong but rather t0d 89 hor t
these results indicate the effect of conspe
Positive thigmotaxi s, which refers to the
thigmotactic stimuld.@ (i .e., physical press
among animals (Hill &t L&ldg2, Ha 9 0DOPh o Sit mg k
et,all998) . Last instar i nsect | arvae and mo
or penetrable substrates as suitable pupat]
parasitoids, aHOOGsomri n&0tleOdt Okuyama, 2019)
Denlinger (1991) found thaG. pmorvdidtiranrge t hy g
wrapping them with Parafilm or wedging them
To our best knowl edge, there is no evidenc:
benefit BSF pupation, but the aggregation
positive thigetpt@Wil8) ( Hol mes

Il ncreasing moisture content improved BSF pu
pupation and reducing prepupal mortality. O
where desiccation delayed BSF pupatitomaland
2012). As moisture content increases, pupat
(Cai ens &10.11et, V&EID.11) , and thus may |l ead to
assumption is supported by our results regs:e

d ™M
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ranged from dry to a certain | evel (e. g., 20% a
respectively). Mor eover, our resul ts regarding
indicate that BSF pupated in a substrate with hi
mor e water. Because water serves as both a med
processes ( Ferte n&2e012-1Pi,nt®3$F prepupae in higher

treatments may have pupated more quickly and w
physiol ogi cal mal functi on. Desiccated prepupae
treat ment s, but we could not determine whether

death or happened after deat h.

Notabl vy, when the moisture content of wood chips
in wood chip treatments was | arger than that wi
added to wood chips stayed at the bottom of the
or no water was added, the wood chips in the top
so dry that they absorbed water from the air in

drying microenvironment.

Moi sture content of a pupation substrate affect s

oxygen. Pupation substrates at extremely high m
taken by water, creating hypoxic environments f
2022;eSh&l0.21) . I n the present study, adverse ef
BSF pupation rate or mortality rate were not ok
went from a certain |level (e.g., 20% and 70% for
to higher l evel s, more BSF tended to pupate sh:

oxygen deficiency.
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Pupation substrates that are too shallow (
provide thigmotactic stimuli or to retain w
than necessary would |l ead to a waste of mat

were found at the top 4 cm of both pupation

t hat a 4-cm of substrate would be sufficien

Pupation rate is but one factor to consi de]
for BSF farming, with other factors includi
and price. Both substrates used here are e

reused after being separated from BSF pupae

of vermiculite and wood chips used here ar
respectivel y. The price of wood chips coul ¢
wood or wood by-products. Mor eover, ver mic.t

to extra cleaning steps before tenhte &ldPA).i a

Therefore, wood <chips or ot her l ignocell ul
vermiculite i n i ndustri al scenari os. We en
materials with | ow cost, soft textur e, and

As one of the first attempts to optimize B
provides clues for selecting suitable subs:i
We hypothesize that pupation substrates as

di sturbance and providing thigmotactic stim

be more favorable. Moreover, wetting pupat.i
mortality and to help BSF pupate early. Co
oxygen | evels in the substrate, extremely w
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FigureDBf8etences in vermiculite particle s

and-drying cycl e.

Moisture level No
Substrate
1 2 3 4 5 6 7 8 9 | substrate
Vermiculite a 3
Wood chips '

Figure Sanmpl2zes of bHac mesbhpupaes Eeqlsl ect ed

Ssubstrate and no substrate treatments. Mo i ¢
18.8%, 37.5%, 56.3%, 75. 0%, 93. 8%, 112. 5%,
|l evel 1 was 4.3% and 5. 9% for vermiculite a
is calculated as (weight | oss during drying
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depth rang

112.5

Tabl e FBer3dcelnt age oHerbmheatcika pwodkbedacegnddegnt ed at di fferent
Standard errors are shown in parentheses.
Depth Moi sture content ( %)
range (dmpB 18. 8 37.5 56. 3 75 93. 8
0¢2 99. 14 91.1596.7199.15 97.25 100 98.84 99.60 99.

(0.54)(0.02)(0.01)(0.01)0.01) (0)

2c4 0.86 5.01 3.29 0.85 1.95 0
(0.54)(0.02)(0.01)(0.01)0.01) (0)

63

(0.01X0.004)0.004)

0.78

0.40 0.3

7

(0.01X0.004)0.004)

4¢6 0 2.89 0 0 0.40 0 0.39 0 0
(0) (0.01) (0) (0) (0.004)0) (0.004)0) (0)

> 6 0 0.95 0 0 0.40 0 0 0 0
(0) (0.01)(0) (0) (0.004)0) (0) (0) (0)

Moi sture content is calculated as (weight |l oss during

drying/ ovel
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Tabl e FBer3cé&nt age

oH e rbmeatcika piod bdeé cegn g d ggnt ed

at different depth rang
Standard errors are shown in parentheses.
Depth Moi sture content ( %)
range (&mp 18. 8 37.5 56. 3 75 93. 8 112.5
0¢2 98.19 100 95.84 93.3889.08 97.47 99.2098.49 99. 22
(0.01) (0) (0.01)(0.01)(0.02)(0.01)(0.01)(0.01)(0.01)
2¢4 1.81 0 4.16 6.62 10.92 2.53 0.80 1.51 0.78
(0.01) (0) (0.01)(0.01)(0.02)(0.01)(0.01)(0.01)(0.01)
4¢6 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0)
> 6 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0)
Moi sture content is calculated as (weight |l oss during drying/ ovel
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Tabl e SomBlLi3near models fitted to describe the efHfeaatet ¢ fa prudpilasttewm e
deeper than 2 c¢cm in different substrates.

Substrate Nonlinear function * Mo d el par@meters Par ame
Vermiculiteg  — A 287.97 N 37.96
¢ e X ¢ 24.66 N 2.850.556
W 0.65 N 0.07
Wood chigpsd¢ & 6 a 1.78 N 0.51
b -0.049 N 0.0106 553
c 0.00036 N 0.00012

* I n they $tuantdsoher the proportion of bd atkhndel 6ber mbi gt pupatedt
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Chapter 4 Mating succes
sol dider metyi,a (I Dil putceernes:
Stratiomyi dae), under f
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Abstract

Larvae of the bHaeckesoBHdi.fF tDEyst(eBSE) Strati omyi
promi sing organisms to be used for organic wast
has been suggested as a cost-effective approach
sunl i ght |l evels through the year. As the BSF n
i1l umination conditions are critical to a succe:

we tested four different types of artificial | i

success. They included: (1) a halogen | amp; (2)
diode (LED) | amp and a fluorescent wultraviolet
specially designed |ight-emitting diode (BSFLED)
specific BSF adult visual spectral sensitivity.
' i ght sources, compared their spectr al composi

spectrum, and compared their effects on the mati

BSFLED was the most energy efficient |ight sourc
hi ghest mating success in terms of the percent ¢
clutches. Thus, BSFLED is the most suitable 1ig
breeding BSF indoors. The colony effect and po:
mating success were also detected. The implicati
YS@ g 2INRghyt spectrum, indoor breeding, mating suc
colony effect, organic waste bioconversion

MYy
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4 .1 I ntroducti on

The bl ack soHdrimat ifa(y.l]jlBuscER)inmst er a: Stratiom
identified as a promising species in organi
a wide range of organic wastes into | arval

feed i ngr eedi,eanlt0 1(4B e sMahbklkOalr4d ; eMen @@ U B ; Nguyer

et ,akR015;et0OoalRkX; e$t aRi0OlOZi)rr.e After being pr

| arvae, the organic waste resetduek0ra,n @loiu
et , akR00 %t , 2adt0tli9) . Mor eover, it is also fea
from BSF | arvae to produce bi odi esel, t he

bi oconver siean askyosltleem ( Li

Year-round production of fertile BSF eggs
bi oconversi onetagahl 5elti Rakbtvd86) . Therefor e,
consi stent and high | evel BSF mating succe

suggested that BSF matingtiabkVilSyuatOowmli me ki ¢
2016; Sehte,pgpbard2et TabhgvV®; Tomberlin &tSheppa
al .2010) . Li ke other ani mal s, BSF visual Sy
natural i1l umination ( Keetl,baelrO 18 ;0OsCosroira,o 28%0 IV
2008; eZhamfkgp10). Therefore, BSF adults are
with sunlight, which is for many countries

(Sheppara2 002) .

BSF mating decreases when sunlight et | i mit
al . 1975) or in temperate regions due to | ol
the year, which |l eads to inconsistent prodtvu
has al so optimal tempteral&a)y,eqwhiremeint smg

M
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are provided through heating. The high costs of

unsustainable to breed BSF in a gl asshouse year
al . 2002) . An alternative solution is to develop
system, where temperature is effectively contr.

provided to support the consiestt,ean200p2)o.ducti on of

Several artificial |l ight sources have been repo
some degree of success, i ncludingetqualr.t z i odine
2018; eZhal®d10), fluor eetc,ean20 1 &;epgQGoaBHElObg S| er
l'ight-emitting dioaete, dRLEDJ) | aampso riiHiennastsil@m of an
and two fluorescent aRdmpy , ( Mamlkdamwmr aa nnovative L
system based on the BSF aduaBB81l6)yi sThésspact i uima
' ight sources have been compared to determine t
l ongevity, and the resul tientg, anuOnb8;re tdniynocuxng | a
al . 2016) . However, the influence opemartificial

seis unclear.

In this study, we compared the effects of four
mating success wusing two different BSF col onies
tested four artificial i ght sources, cal cul at e«
BSF-visible spectrum, and compared their ener gy

spectra.
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4 .

2

Ma

terials and met hods

n u{demdzNOS 2F AyasSoda

Two BSF colonies were used in this experim
hereafter, was established from two thousan
Ltd. (Rotorua), New Zealand in 2017. The |
| aboratory on broll 0 a by-ptoalkOtl89f Wheat
our | imited rearing capacity, two thousand
at each generation. The other colony, refe
more than ten thousand | arvae collected fr«
New Zeal and. The | arvae of the PRST col ony
restaurants | ocated in Pal merston North, Ne
Nutrition Ltd. (New Zeal and) at a commer ci
prepupae were used for breeding at each gen
kept in their respective cages (each <cage
gl asshouse, and sunlight was the only 1|light
this experiment, the BROL and PRST col oni e
14 generations, respectivel y. To obtain ac
experiment, two hundred pupae were collecte
pupae were obtained from the PRST colony. A
(relative humidity), and adults that emer ge
wings were collected.
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noOHINGATFAOAFE fAIKEG a2dzNDSa

Four artificial |l i ght sources were included her e

1.A 500-W halogen |l amp (HL11O, Arl ec Australi:
referred to as AHALOO. Hal ogen radiation ha

facilitate BS&F, mBOLl@GYy. (Zhang

2.A combination of a 50-W white LED | amp (WLED1

Australia) and a 50-W compact fluorescent bl :
Pty. Ltd., Australia) further referred to as
to that t es teetd &l0 INsa)k,amaurrda f ol | ows earl i er s

ultraviolet (UV) radiatioetjakRoeteayrial for BSE

3.A 400-W met al halide | amp (MF400DL, Eye Lig!
America I nc., u. S.) referred to as @AMHO. Thi

because its spectral pattern resembles cl ose

4.A 20-W LED | amp (BSF-4C-20-3900A, JM Green
referred to as ABSFLEDO. This | ight was incl

match the visual spectraletsaRdiltéi)vity of BSF

nOHIOLISNA YSY (I f RSaA3y

The experi ment was originally subject to a rand
to test the HALO, LEDUV, and MH | ights with the
fertile egg clutches were obtained from any of t

MM H



. {C YFGAY3 dzy RSNJ I NI

a trial with adults from the PRST colony wu
reproduction. Therefore, a new randomized b
PRST colony and all four types of | ights,

the BSFLED Iight, and (c) one more replicat
and MH lights was set up. Due to spati al al
treatment could be run at a time. The entir

2017 to November 2018.

For each artificial Il i ght and col ony, a 3
MegaView Science Co. Ltd., Taiwan) was used

1 sex ratjiaRPQ0QO6pindr provide water for th
was folded into a fan to wick water up thr
container (Cuisine Queen FS3320, Seymour Di
sugar cubes were pl acedeto,naltOhle6 )c a ghlen oftlhoear
plastic container was used to hold fermente
(Nakaenural016) , and covered with a mesh | ic¢
pieces of 3 I 6 cm corrugated cardboard str
3 mm) were glued together and placed on t he

cage setup is illustrated in Figure S4. 1.

The artificial Il i ght source to be tested
il lumination regime wes$,sa@€0183.1Dukingl2hbk
when the | ight was off, the temperature in
0.5AC by wusing an air conditioner (CS-E7PK
photophase, the infrared radiation from the

~

in the experiment al room to 29 N 1AC. Thus,
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all the Iight treatments, supplementary heating
l ight treatments during the photophase. Because
could benefit B®&F , md2tlilnége t(TOaxiigbl ieb x Tomber |l i n &

Sheppard, 2002), the distance from the bottom of
was set as small as possibl e, as |l ong as the te
aforementi oned range during the photophase. The
artificial l i ght source at the center of t he «
(USB4000, Ocean Optics, l nc. , U.S. ), with the se
Sunlight irradiance was also measured on five

afternoons, during January 8thi31lst, 2018 at t h
175A36Nj48. 13njE) , where the two BSF adul't col oni
was averaged over the five measurements. Becaus:
hi gher | ight ientaRdiltbieesTa@@d®i)ncur measured su
represents the most possibly suitable natural

humi dity in the experi mental room was kept at 60(
Each artificial ' ight and colony was replicated
adults were kept in the cage with a particular
selected because (1) |l ight type does not af fect
pattern éNal#®mMurég e Ooai2MOdA¥% ) , and (2) in prelimi
females from both colonies |l aid more than 80% ec
During the course of each replicate, egg clutch
adults were removed from the cage and stored at
determine the true size of a clutch, because (1



. {C YIFGAY3 dzy RSNJ I NI

size of the crevice, where the eggs are | ai
egg clutch, and (3) a female may deposit F
|l ocationet (HEWad S8, e €lto,mb20 0 2 )n. Therefore, an
arbitrarily defined as a group of more than

egg clutches were incubated at 27AC and 80

(Holentesabl012) . Fertile eggs showed eye spot
percentage of fertile clutches waest ,uasled t o
2016) . Il n a preliminary experiment, femal es

carry sperm in their spermathecae after dea
|l aid infertile eggs (Figure 4.1). Therefo
sper mat hecae was wused as a sign of success
after each replicate, and the percentage o0

i ndicator of mating success.

Figureg Ad. IReproducti ve orHeams tdfa af lednaatoekn $s o

arrows indicate spermathecae. (B) A sper mat
newly inseminated female is shown in (C),
sper m.
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n ¢ u/ dnf O dz I-G)\2)/é I-)/FVQ atdraradaaoa

The absolute spectral irradiance were integrated
nm, and 65071885 nm wusing OriginPreada ,220L6 ( Ori gi r
2016) . For each | ight source, the percentage of
out of the total measured irradiance was cal cul e
Generalized | inear models (GLi Ms) with a Poisson
data, or a binomial distribution (logit |ink) fo
effects of colony and artificial |l ight source or
of fertile egg clutches, and the percentage of

run over a considerable ti me. Thus, to account

when each replicate was started (time | apse) w
deviance analysis was conducted based on the GLI
Bonferroni corrections were used for multiple c
used to analyze the correlation between the nu
number of fertile egg clutches per | ight type ai
percentage of inseminated females and the percen
and colony.

Al | statistical analyses were performed using G
Ltd., U.K.), with the sigwiFfdDcaABbce | evel for all



. {C YFGAY3 dzy RSNJ I NI

4. 3

Resul ts

A > 4 A X

n do{fdbvf SOGSR 2LJWGAOFf LINRPLISNIASAE 2F GKS

The
wer

vis

and
wh e
(Ta

of

' ight intensity and spectral pattern o

e found to be highly specific and disti.

i ble irradiance (i.e. light intensity) w
MH Iight (Table 4.1). The BSF-visible
hts was only 6% and 19 %, respectivel vy, (
hi ghest Uuv (3007T400 nm) irradiance was
hest irradiance at blue (4007V500 nm) and
e both observed under the BSFLED Ilight (
artificial |l ight sources provided high
ure 4. 2Ai1 D). Regarding the non-UV BSF-vi
l ight was found to be similar to sunli gl

h stronger than sunlight (Table 4.1 and

ng the selected waveband (30071885 nm), t

95. 5% of their radiation output wit hi

reas only 22% of the HALO 1|light radi at
ble 4.1). Across the tested artificial
the MH | ight had the most similar patter
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TableThelabsol ut e "Agr aadciraonscse d(iefnioelrAermt wavebands
to 885 nm) of four artificial | ight sources: a b5
of a 50-W white LED | amp and a 50-W compact fluo
W met al halide |l amp (MH), a 20- WelLrEnketliaamp desi g

il l yuceowrseeding (BSFLED). Sunlight i's included a
irradiance (%) of each Ilight is shown in parent:
Visibility
WavebantdO _ HALO LEDUV MH BSFLED Sunlight
H. illucens
adu? ts
30071400 nm Visi Bbe8 420528.2 20. 2
(0.30213.1)YX5.9X2.9)(1.9)
40071500 nm Visi Bbe2 1867 .88 7. 4188. 6
(3.0022.1025.8n6.3018.1)
50071650 nm Vi silbllle. 630498569 . 2336. 9

(18. 71H4.5041. 74H6.4032. 4)
65071885 nm A 6r.i 2ilh12e193. 044.1493. 6
(78.Qn0.4026.704.5)47.5)
T he wavebands vi sH.blielddictettnsnar ei blneli tated acco
Ooniemtc xaR016) .




. {C YIFGAY3 dzy RSNJ I NI

A A
RS o 4l L PRS Yioil L
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it el i b
14 1 !
0.5 0.5 *
i
0 0 it
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Absolute spectral irradiance (pmol-m'z-s'1-nm'1)
S

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm)
Figurefhe. Z2bsol ute spectral irradiance of f ¢

effects on bkeamkt s ahaltiieruge eshugc,cess. (A) a 50/
(HALO), (B) a combination of a 50-W white L

bl ack | ight (LEDUV) , (C) a 400-W met al hal
designed for Hbl ad¢ Kk bsreelreddiienrg f(IBISFLED) . The mq
artificial | ight sources was ¢onduadueldtnat t
flies. The grey area indicates WwWavel éngtems

adult flieeas aROdmi)ncxXhe red dotted curves r ¢
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n®odPHTF SOUGa 2F FNIAFAOAILE fA3IKG 2y . {C YI I

Both insect colony and artificial l ight source |
fertile egg clutches and inseminated females, b
number of egg clutches (Table 4. 2, Figure 4.3).
day of the experiment) did not affect the numbe
i nseminated f emal es; however, t he percentage

significantly with time (Table 4.2).

For the BROL colony, fertile egg clutches and
when BSF adults were exposed to the BSFLED 1| i g

pairwise comparisons were not conducted for this

For the PRST colony, adults exposed to the BSFLE
(90.0 N 5.8%) and the highest production of fer !
by the HALO and the LEDUV I|lights (Figure 4. 3E,
inseminated females were collected when adults

4.3E, F).

There were significant differences between the |

Under the BSFLED | ight, successful reproducti on
PRST colony was used, and on average more than e
colony was wused, mating success was only observ
i nseminated femal es were found. Moreover, matir
HALO and LEDUV lights with the PRST colony but

4.3B, C, E, F).
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Tabl eAdc@mul ated deviance analyses conduct e
to test the effects of insect colony, artif
clutches, the percentage of fertile egg c
femal es.

Devi ance

Parameter Factor df Pevi ance
rati o
Number Cofl ony 11. 56 1.56 0.21
egg cl Arechds ci al l' igha. 2urced. 973 0.40
Colony 1
Artificial Fighﬁ'%%urc;'6l 0. 19
Ti me | apse 0.0% 0.05 0.82
Resi dual 3 .1159
Tot al 22B. 55
PercentCode®ny 38. 48 38. 48 < 0.0
of Artificial Il i ghG8 .s»4rce36. 13 < 0.0C
fertil €odpaqy |
clutch&gtificial |3ighq.:%%ljrCé).04 0-99
Ti me | apse 6. 43 6. 43 0.01
Resi dual 8 .1753
Tot al 152. 28
PercentCode®ny 36. 12 36. 12 < 0.0
of Arti ficial |l i g®D. 8Furce30. 13 < 0.0
i nsemi Catl ®hy |
femal edArti ficial Isighq'i%urcmf ta 0.94
Ti me | apse 1.6 1.60 0.21
Resi dual 15181
Tot al 123 . 31
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Figur eNwmb3er of b | Hhecrkmes d lad iielglgufctelnust ches col | ect

percentage of fertile egg clutches, and percent a
colony (AT C) and the PRST colony (DiF) under d
hal ogen | amp (HALO), a combination of a 50-W wh
fluorescent black Iight (LEDUV), a 400-W met al

| amp desH.gnield rdexmachisng ( BSFLED) . Data points repr
bars denote the standard error of the means. Th
di ffer across |light treatments (A and D). Pairw

the BROL colony regarding the percentage of fer
femal es (C). Di fferent |l etters above the error

di fferences acrPgs®9.0B5ght treat ments (
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The number of inseminated females had a sig

of ferti Re ©OIP&B ¢Oh.elsO 1(; Figure 4. 4A). Si mi |

nseminated females was positivel yRxTorrel at

0. &; 0. 001, Figure 4. 48B) .

16 1 100 .
] A - & |B :
54 . & Ay '
s S
s . 3 60
5 s 5
§ 6 Z)’ 40 A .
€ ] £
s . 5 20 *
24 . g . 0
° o
0 * T T T T T T T T 0 T T J
0 1 2 3 4 5 6 7 8 9 10 0 20 40 60 80 100
Number of inseminated females Percentage of inseminated females (%)
FigureScdatsd er plots of (A) the nhHenbraet iod i r
i I | ufceemasl es against the number of fertile e

i nsemHnat éftleuncaelness agai nst the percentage of

both colonies were used.

4. 4 Di scussi on

Breeding BSF indoors has been suggested as

obtain fertile eggs of ehi,alkRHP®EJi esT hy sarwon
particularly beneficial in regions with | ow
a key challenge is to optimize the artific

we determined the spectra and calculated th

l ight sources, and then tested their effect
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Early studies wusing a halogen | amp or a combin
reveal ed some success at stuppbdibegZBBRgmati ng
2010). However, until the spectral sensitivity o
of t he adul t BSF was reported, it was uncl ear w

mating succetssal@®Obé@) ncxn our study, the BSFLED

designed according to the spectral sensitivity o
hi ghest number of inseminated females and fert.
adults exposed to this type of Iight had the hi
hi ghest production of fertile egg clutches (91.

success has never been reported before and cl ec

suitable |Iight for successful BSF indoor breedirt
From an industri al perspective, energy efficie
selecting an artificial ' ight source for BSF br
tested |ights, we found that the BSFLED | ight e
within the BSF-visible waveband (30071650 nm), \

emi tted, respectivel vy, 78. 0% and 26. 7% of their

650 nm). Thus, our results suggest that an arti:
visible sensitivity does not only increase BSF

use efficiency. However, we also found that t h
BSFLED | ight extends beyond that of bright sunl

be necessary for an optimized BSF mating systen

energy. Future studies are needed to optimize t1l
l ight or |l ight sources with similar spectra, the
still maxi mi zing BSF mating success.
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Hi gher 1light intensity (i.e., hi gher irradi

BSF reproducdti oaRQDeopt TamPI7& ; Tomberl in &

2002) . I n our experiment, the higher BSF-vi
l ight than under the LEDUV or the HALO I i gt
colony successfully reproduced under the H/
clutches or i nseminated f emal es wer e col |
significantly more inseminated PRST femal e:
under the LEDUV | ight, in spite of a | ower
former | ight. A possible reason is that ap

affects BSF mdt,ian2g0 1(6QenibEgcXxBda7n found t hat

flickering light Luncittha(  dendgemrpdfaicdelmal at tr
seeking males, and that male response was s
frequenci es, as wing beat frequency repres

mal es also use female wing beats aseta Vi suz:

al . 2018) . Flickering | ight casting on femal
to recognize the females'’ wing beat freque
recognition. Il n our experi ment s, this wvari
sources. FIickering coul d be observed wi t
observation), while the same was not true f

unable to quantify the exact frequency of f
and thus cannot conclude i f flickerdtng ef f e
al (2016) suggested that |l ight flickering c«

power supply or high-frequency ballasts. Th

Ooniatx g12.016) emphasized the i mportance o
supporting BSF mating. These authors sugges

MHDP
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for BSF mating success. However, while BSF succ

lamp (4007V800 nm) withotwtt ,aly 18Y , r andit a thnigo rwa(sH enu

observed under a rear-earth | amp witt,lala spectr un
2010) . Therefore, non-UV radiation may al so pl e
experi ment, di fferent UV and non-UV irradiance v
|l ight sources (Table 4.1). However, due to the
to interpret the influence of radiation at diffe

Previous studies used the ernum®Rdrl 09f, matei mg mbeeirr
and percentage of fertielte, ael2g0gl 6¢)l,u tocrh etsh e en wymhb e rN\

resulting young eltaraRalel 6()e. g.o, eGanimactxe t he ef fec

' i ght source on BSF mating success. However, a
requires a regular and precise counting, which

Because a fertile female may deposit her eggs a
may be attributed to multiple females, the numbe

not be a precise indiceat,carR 00lf8 ;maTtoin®Ordl2ixnc ess ( He

Similarly, the number of young | arvae might be i
mortality, and thus is not fully indicative of
all owed us to determine the exact number of fem
exposed to each particul ar Il i ght type. We wer e
sper mat hecae within as 1little as 30 s. We f oun
bet ween the percentage of inseminated females an
which indicated that the |l atter is a reliable p
our experiment . However, we suggest the percent
with | ow adul't densities (e.g., 10 pairs), bec

together under the oviposition attractant cont a

MHC



. {C YFGAY3 dzy RSNJ I NI

(Heueslak018) .

Interestingly, we found differences in rep
artificial |l ights tested according to the
inseminated females and fertile egg clutch
colony compared to the BROL col ony, regard.I

BSF adults were only fed with water and sug
all ocated to reproduction at the adult stag
resources accumulated during the | arval St

been shown to affect reproductive fitness

(Teleatn,gal2006) , mal e mating success and spert
1997) . Female fecundity of BSFetc,aanlk ®l1 &) ,be
especially by its nutrient concentration a

Compared with the diet fed to the BROL col o

wheat flour production, the diet fed to th
nutritional sources including meat, grain,
bal anced BSF | arval di et . Neverthel ess, B a
l ar val diet did not affect the percentage ¢
of an egg clutch is stildl ambiguous, we S|
femal es to further investigate the effects

Genetic effects may have also affected mat

experi ment . The BROL colony originated fro
Rotorua), while the PRST colony originated
Zeal and (i .e., Thames, Pukenui , and Pal mer s
size of the BROL colony was much smaller (<
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though the BROL colony have been kept in captivi
col ony, t he BROL <colony is stildl more prone to
i nbreeding depression than the PRSTetcolony (Fal
al. 2010) . Studies have revealed that i nbreedi n

through deteri oredt iad 1fli)t,n e anp a(l Rerdtemtlagd i ng behayv

al . 1993), and changing sexaB00%) sebiecdcedan riandrse
number of BSF colonies are being kept in captiyv
waste management , inbreeding is Ilikely to happe
potential consequences and ways of avoidance shc
I n summary, among the four types of artificial I
was the most efficient in terms of energy all oc:
|l ed to the highest mating success. We recommend

for BSF-indoor breeding. We also identified a

which warrants future studies and considerati on

first study that shows the morphology of BSF f ¢

det ai | . We recommend using the presence of sper
indicator of mating success. Now that we have i
source for BSF breeding, in-detail reproductive
under easily controllable indoor environments.

MHY
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pter 5 Reproducti on
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ferent adult densiti
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Abstract

The bl ack soHdrimat ifa giLI(I)BuScFePispt er a: Stratiomyi da

recognized as a promising insect species for su
and by-products. I ndoor breeding of BSF with e
successful, but efforts are still needed to opt

adul t density seems an option to exploit space.
duration may reduce unnecessary power consumpt.i

the effects of adult density (10, 25, and 50 pai

and 1,859, phigs®Amregime (8 : 16, 12 : 12, and 1¢
interactions, on some BSF |ife history traits r
that the overall BSF reproductive output increa:

not affectedpéry M ghtt heghmgbhest BSF adult densi
of more than 20,000 neonate | arvae were produce
density, increasing photoperiod increased neona

number of neonates per watt used for artificial

patterns, mean individual female reproductive ol
and insect survival rate were not affected by
effects. However, the interaction between adul' t
for the first oviposition peak, mean individual
survival rate. The possible mechanisms behind ol
YSegs2eNRg@aYhat ching rate, indoor breeding, mating

photoperiod

MOy
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5.1 I ntroducti on

The Dbl ack soHedarinat ifal yi.lJlBugcB)npst er a: Stratiom
great potenti al to upcycle organic waste a
BSF | arvae can consume aenhi amRO1®mapnpuagri{eubt
food-industrial ety,-pR@duectt Bal ®ma ), mumi ci pa
waste (eef., . aklkDildnetNgal@ens) , and their com
Barr ag 8§ ne-tF camks0elc8a e tR eahPnDaln7e t Zdkhg2) , t her eby |
t he amount of organic substrates in | andfil
used to feed differenett ,aanldnlad)s qrBabeag@p§mo<k
i ndustrial products such as biodiesel and
petroleum and plastalkllilicecstReddn®] yeSt@handi )
al . 2020) . The compost derived from the | ar
substitute for or suppl eme mtl2 082rlt; ieftS acailpaol n gf e

2019;etSealG19) .

Wor |l dwi de, the amount of organic waste 1is

popul ati omrt (BROdB8deHoornweg & Bhada-Tat a,

demand for young BSF | arvae (i.e., neonat
management would be expected. To ensure the
system must be efficient in pebdadiOngp)vi at

Because BSF reproduction reqgeitafO0OBdtt hLsEpec
al . 2020;etMacbhOv20d;etO ol k) and temperature r
in every part eof atbe8wori d CcOhila be cost-e
|l ight -assisted and temperature-controlled i

neonate pr oduectt,ioh0 qQS)h.eplpmacdeasi ng adult p ¢

MO b
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potentially increase the production of BSF neor
(Paetormak011), while shortening photophase (i . e.
could potentially reduce running costs.

Successful BSF reproduction has been observed a

2550 pa( Heksslad2r018; eNa kaalndulr6a; e tOomR k&) , but ,

to the best of our knowl erdgseeB StFh a eefr foaaitct o fo na dha
been investigated by oatt yalRW&dO%dt, Baddkls6 )t.hus f ar
However, ehottlR OR®N &tan@l HbT) used only the number
or pupae to represent adul t densities, wi t hout
|l osses during pupation or eclosion). Therefore,

et AR016)etan@P®HDZ) experiments are unclear.

BSF can successfully reproduce under a wide ran
2: 22, 6:18, 9:15, 12: 12e¢t 1&R2BlEAREBERO®A96 h L: D (

KI ¢ber ak02ét;, d8 mu20; eNa kaakndulréa, e tO, ok hk &; Zhang

et,ak010) . However, one of the few (if not the o
the effects of Il i ght regi me on BSF reproduction
popul atieoneaPQH®O®¢. Thus, the effects of | ight rec¢
neonate production remain | argely unexplored.

I n the present study, we investigated the effec
possible interactions on selected BSF |ife hist
patterns, female reproductive outoput from a br
reproductive output, mating success, egg hatchi
compared the relative i mportance of mani pul at i |
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maxi mi zing BSF neonate production, and disc
and the implications of our results for opt
5. 2 Materials and met hods

p PHIEMLIS NA YSyY (it RS&aA3y

The insects used in this experiment wer e [
Zeal and in 2019. The | arvae were fed with f
Pal merston North, New Zeal and. The adults
180 T 90 I 90 cm; L T W T H) in a glasshou:
pupae were <collected and kept at 27AC and
emergence. Adults that emerged within a 24-

used for the experiment described here.

The newly emerged flies were separated by

femal es were assigned to one of the treat me

or adult density tested, all adults were ho
DP- 1000, MegaView Science Co. Ltd. , Tai wan
(BSF-4C-20-3900A, JM Green Co. Lt d. , China)
BSF mating. The choice of experimental cageé

on our previous successt aakP®2@rding BSF ind

Three different | ight regimes (8 16, 12
densities (10, 25, and 50 paitds pespeatgieyel

were tested.
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Due to equipment availability, three different i
Five, Contherm Scientific Lt d. , New Zeal and; I
Wat son Victor Ltd., Australi a; l ncubator C: S
Bi omedi cal Ltd., Japan) were covered with bl ac
di fferent l ight regimes within an experi ment al

design was generated by CycDesigN 5.1 (VSN Inter

resolve all the nine combinations of the two f a
conducted during the experiment. The experi ment e
For each adult density and |l ight regime combina
coll ected daily, i f present. The sex and number
dead females were stored at T20AC for later di s
cages were transferred to a Petri di sh and kept
any fertile eggs to develop eye spots. Eggs wer
groups under a stereomicroscope (Leica M8O0, Lei
based on the presence of eye spot s, and were we
vs. infertile). Finally, one hundred fertile or
and weighed. This weight was then used to estim
infertile eggs collected daily from each experi
infertile eggs that were fewer than one hundred
fertile eggs were returned to the hatching env
number of wunhatched eggs was recorded. Each exp:

consistent with our previous experiments testing

in a BSF indoor ebtr,eaeldi2n0g) .system (Li u

On the | ast day of each experimental run, al | r
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OAC while the dead females already collecte
temperatur e. After the |live females had re
mi nutes, all the females from the same expe
inseminationest a2®@20as per Liu
p dH/dHf Odzf A2y & YR adlrdraarda
Al | statistical anal yses were pebf o0 .mes usi
for all tests. Al graphical work was condu
The number of eggs collected daily from a ¢c
pl otted against time to identify the preovi
Gener al l inear model s ( GLMs; GLM procedur e)
effects on different insect |ife history tr
start date of the first experimental ru ar
run) was treated as a covariate, whil e i nc
i nteraction between adult density and | ight
density or light regime effect was signific

was performed for multiple comparisons.
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Tabl eTbel3 | 3-factori al bl ock design used to test the effects
flyer(meti alLi )l adehs s.
Replicate Experi ment al run Il ncubator A l ncubat or B
1 1 3703 paLrsAm6D 3 9P®GL pai 8BAmM '318%22 pailrdDAm
370 'pailbdAm 8D 31832 :pdieDs AmS3 92PBL pailzaBm
3 1852"paliagls Am 8D 3. 98216 pal6BAmM '} 3TDL pairTzBm
2 4 926% paRLsAml12D 8 3A®BAL pai8MsAm ™3, 1832 :padi6rDs Am
370 hHhailrdAm 12D 3 1BGR2 pa8DsAr’, 9816 paléBAmM
6 18523pali2lsAm 12D '3, B10 :pdierDsAm '3 92&®L pai 8B Am
3 7 926% pabLsAm8D 3 37DL pairtz3Bm '} 1BGER pa8DsAm
8 926 hHhaiBLsAm16D 31822 pailrdDAm3 3ABAL pai8Ds Am
9 1852"3pa8lr stAmlL 6D 3 9PBL pai¥3Bm '3, BLO :padi6rDs Am
Three different adult dendsietriecesach3 2¥,ed92d6¢, honudi h§5210pai2r5s Amnd
cage, respectively. A 20-watt | amp was set 1 cm above each cage

of

50
1
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Tabl eSBgl 2cted

| i fe hi st oHeyr nertaiat Isi. l)o fuaabalratc «

analyzed with gener al l i near models to test
Category Life history trait meas
Temporal ovi podietnigarh of pre-oviposition pe
pattern Day of oviposition peak
Femal e repr oducltoitvad owtmbwetr of eggs
from an experi meontadl nawanper of fertile eggs
used Tot al number of neonates
Mean individualAvfeeamaglee number of* eggs | ai d
reproductive oWtvpputage number of fertile eg
inseminated female
Mating success Percentage of i nsemi
Egg fertility Percentage of fertile eggs
and hatching r a&tag ching rate of fertile egg

Adul t mal e

I nsect survival rat e

Adult femal e
a . Cal cul ated as the total number of eggs
in an experiment al cage.
b. Cal cul at ed as the total number of fert
inseminated females obtained in a cage.

Mnp



/ Kl LIGSNJ p

I n preliminary data analyses, temperature and R.
by i ncubator, el apsed ti me, and photoperiod (
temperature and R.H. were not fitted in the GLM
possible temperature and R. H. effects are discu:

Paired t-tests were performed to analyze (1) the
of eggs | aid per female and the average number o

and (2) the differences between male and femal e

5. 3 Resul ts
pPo¢dBIY LI2Z NI £ GNIAGA AY . {C 20ALIRAAGAZY

Overall, BSF females started to |l ay eggs after a
N SE) d. The first and the second oviposition ¢
d after the placement of adult flies in the ex
oviposition patterns of BSF under different adul
Figure 5. 1. Preoviposition and the timing of t
significantly affected by any factor fitted in t
peak was not significhn#sl yP2aX0f.e33)e dorbyl iaglhutl tr egin
(F2, 15 ®P=4D,66), but was signififRanst | 7af,fected b

= 0.027) (Figure 5.2). Under 8- and 12-h photope

peak ear |l i e'r® tantan9 2a6t ptahier soAtmher adult densities t
was found wunder 16-h photoperiod. Moreover, at
first oviposition period varied more widely in
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was significant for the FEim nB=340,. 0L8)f i bat

not for other temporal oviposition traits.

p PowhHLINE RdzOG A @S 2 dzii LJdzi

Adult density had significant positive eff
and neonates (Figures 5.1 and 5.3; Table 5.
not affect the RoisalPm5ulmblelr)s, 6&ff e setgi@lsd 4e699gs
0.87), OF,, mse oY s 80) . There was a signifi
adult density and |light Fraegi RedBnOORNe ( &t @l
5. 3A), with | onger phot operiods resulting
density was high, but not when adult densi't
bet ween adult density and | ight rFRgisme for
1. Bs 0.32) or neFpmet elR=3@,.0xU)c,edt {ough the t

5.3B and C) were similar to that for the to
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.{C NBLINRRdOGA2Y G RATT

10 4

—a— 8L : 16D
-@-12L: 12D
= 8 ~—A--16L : 8D
w @©
[
¥ 6-
L o
G
°5
2= 4
=0
£ g9
-2
o 24
0

— T T T T T T T T 1T 1
200 400 600 800 1000 1200 1400 1600 1800 2000

Adult density (pairs/m®)

FigureThbe. 2t i mi ng of t he first oviposition

(Her meti aL.i)l liuncernessponse to different combin
regi mes. The tested densitéesndecat BAg, 102c¢
50 pairs of flies per 30 I 30 I 30 cm cage
SE.

Mn o



[/ KI LJUSNJ p
70000
||—=—8L: 16D
60000 _‘.“12L: 12D l
o {[--a--16L:8D
o 50000 J
[0}
e |
o
L 40000 -
[}
_g B
S 30000 -
C -
©
5 20000
= 4
10000 |
oO+——F——7T— T T T T T 71 1
200 400 600 800 1000 1200 1400 1600 1800 2000
35000
||—=—8L:16D
o 30000 |~ @ 12L: 12D
> {[--a--16L: 8D
@ 25000 -
'g 1
¥ 20000 e
a 1 P
— ; L2
2 15000 | /
E ] -
2 10000 -~
-1 ~
5 e
2 5000
| B
0 T X T ) T & T Y T > T * T L) T » 1
200 400 600 800 1000 1200 1400 1600 1800 2000
30000
| [==—8L:18D
-9 - :
o s 12L: 12D
g ~—-A--16L : 8D
© |
8 20000 -
c
L
o
& 15000
Keo]
§
2 10000 -
I
2 5000
C
0 T L I T L I * I ) 1 Y I L I Y 1
200 400 600 800 1000 1200 1400 1600 1800 2000
Adult density (pairs/m®)

Figur eBlha.cXk
experiment al
(A)
neonates.
and 50
N SE.

regi mes.
of

pairs

stod rdmeetri af Liyl) I (d ®@eenad e

reproductive out
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Tabl eRBpBoductive output of (Fhdrd methieaf emalue

L.¥rom an experiment al cage in response to

_ Total number of
Adult dEBaotsalt ynumbteal ofumber of ferti e

. _ - .neonates
(pai'fsPerygs (meamgNsSEmean N SE) .
(mean N SE)

370 8,366 N 1,136a 4,108 N 575a
926 20,772 N 2,008b 10,280 N 1, 3460
1852 42,633 N 5,089c 20,743 N 2,537
F2, 15 63. 68 29. 34 28.52
P < 0.001 < 0.001 < 0.0
The data from all the experiment al runs we|
errors presented (i .e., n = 9). The F and
models described in the Calculations and S
column indicate significant differences 1in

= 0.05). Three different BSF 'aldwerte daecnhsiietviee
by housing 10, 25, and 50 pairs of adults i

A 20-watt | amp was set 1 cm above each cage

For mean individual reproductive output, ad
of eggs | akodispe®P=00& . mMmAT) r the average numb
per insemi hratsedPEFeMmalbé) ( Light regime did 1
number of eggd2 hsmi P=p®r. 99g malre t(he average

eggs |l aid per knssemPa2aDetidf em@he (nteractio
density and | ight regi me was significant f
femdal as( P=08®, 002; Figure 5. 4A) and the aver
per i nsemikatse dPF6mald 29;( Fi gure 5.4B). Unde
individual BSF females tended to have highe
| ow. Under the 16-h photoperiod, hi gher i nc

MpP M
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hi gher adult densities. Overall, the average nun
(607 N 35) was significantly | ower than the aver

N 5t5) 5P450.001) .

Ef fect of incubator was si §niski Bana@. Ob7) the tot

and the average numbReriso fP.=0gys00 a) d petr hemaf er (

—

ot al numberkF ook fFRF4t70,l @6 eggtsheé¢ t otRRlisnumber of

3P480.06), or the average numberFofs fertile eg

OP830.55) .

p doadtodl Ay3d &dz00S54aa

The percentage of inseminated females (68. 15 N 3
F2, 15 P=29D, 14), Fight®Pr&9,i M8) ( or Fuheir interact
0. 2P2, 0.92) . However, the percentage of i nsemine
(coefficiknits =18700061,1001) . l ncubator had signific

percentage of iFassemilBatd&ddode&mal es (

MpP H
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p®odhd FSNIAfAGES KIFIGOKAY3a NIXGS>E FyR Ayas

The hatching rate of fertile eggs (97.4 N 0. 4%)
the model. The percentage of feFtist ed.elyy,s decr ea
P= 0.034), but was noRy, 1af fOePcf&t 0e@d, 9b9y7 )a dourl tb yd etnhsel t
interaction between adw) ttis=deRi6tPy. 4&nd Theht re
percentage of fertile eggs (50.19 M 12.58%) decl |
= 13P=530,.002) . Il ncubator did not have significan

egogs, 16 (P<8B, 46) .

~

The 10-d survival rates of BSF males (75.85 N 2.
not differt=siOgP8i6f0i.c3a9n7t)l.y B(SF mal e and female sur
not affected by adult density or | ight regi me a

adult density and |light regime on Fhe survival r

7PZ9,0. 002) but marginal IFy, i po®Psd HPni0OBiBgant for
(Figure 5.5). For both sexes, survival rates ter
under 8- and 12-h photoperiods, but the trend wa

BSF survival rate did not vary significantly wi!t

Mp n
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4 Di scussi on

derstanding the effects of di fferent environrt

derlies the efficient production of BSF neona
e of this species in organic waste management
fects of adul t densi ty, l i ght regi me, and t h

story traits that are relevant to BSF reprodu

thin the density range used in the present st
creased the overall BSF reproductive output (1
.e., 1js852smditresdlAmn a neonate production of 2

30 cm cage. Similar reestul@ld30 We)reamdlIsldoa eport e

019) &6 higher number of BSF pupae | oaded in a

oduction. pAddis#®# denhsistiyyni ficantly affect i ndi
t put of BSF femal es. Similarly, i n a previous
pae | oaded in a breeding cage did not signifi

mal e on avemr®dPe 9)HocTherefore, hi gher reproduc
ult density in our experiment seemed to be thi

r results suggest t hat adul t density <could b

i rysAmo expl oit the | imited breeding space Wi
productive output. However, a threshold of ad
l' i kely to exist, beyond which individual rep

mpetition ébraPodd) (Mamavi position sites (Delv

cause BSF copulation occurs in flight (Tomber!l
duce flight space, and thus affect copul ation
BSF are in flight within a |Iimited space unde

MPp C
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occur , reducing the overall Il i ght intensit

needed for successttu|l aBBE6maTombe( ODoni &c $he

Al t hough the increased number of adults bey
for the loss of individual reproductivity,

breeding cage is expected to decline with
reproductivity continues to decline, i ncr eeé
drop of overall reproductive output from a
ofTenebri ol Lmogl i(t@al eoptera: Tenebrionidae)

adul t?2s Admer eas the total egg'?yained dt hiennc rdeeacsree

with higher adult denresti,taikelsl 2t)est ed ( Mor al es

Light regime (i.e., hours of | ight per day
environment al variation known to have a s
(Bradshaw & Hol zapfel, 2007 ; de Wil de, 196 °
8 to 13 h), which represents winter condi
Eysarcor i(sWewdmnoroadl)i st Hemi pt er a: Pentat omi da

suppr essed PRoivsispoodse sP esothr) oob{iCol eopt er aet Cur cul
al . 2002) . Long photoperiods (e. g., 16 h

reproducti Ve ddipopaluBdInodast)a ( Ort hopter a: Acr

represents the dry summer <conditions in th
Pener, 1979). The effect of | ight regime on
in |iterature. One of the few studies (if

showed that phot op'elrdoullsd sdiroarstteirc atlhlayn héa nmhples
BSF female fecundity and eggetpraoBRuXa).onl frw
experi ment, Il i ght regime did not af fect B S
probably because al/l phot op'ér iaondds rteepsrtoeddu cw

Mp T
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di apause seemed to have not taken place under .

photoperiods resulted in | ower percentage of fe
percentage of inseminated females under |l onger |
significant in our experiment) of the average n
females (Table S5.3 and Equation S5.1). Future
BSF physi ol ogi cal (e. g., hor mone and pher omon
reproductive systems, sperm viability) and beha
calling, and male responses) are required to un

al . 2022; Gemeno & Heyna®015300Dr sNaka®uPaner, 19

Light regi me has been observed to affect the te
insects (e.g., Jacobson, 1960; Kawano & Ando, 1
female dominated BSF popul ation, the ovipositio

oviposition when exposed to a short photoperi

photoperiods (12 : 12 and 18 : 6 h L:D) brought
d (elbcaR019). I n the present study, the tempor al
stable under different | ight regi mes, most | i ke

l onger "tthan 6 hAd

The interaction between adult density and | igh
reproductive output and survival (Figures 5. 37165.
adult density and |light regime on BSF female fe
similar trends. At the | owest adult density tes

both sexes were higher under shorter photoperioc
hi ghest adult density tested, the same response

photoperiod. These results indicate that the in

MpYy
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regi me possibly reflects their roles in ov

contributing factor eitn 4tl2n01s7 )i nrteeproarctte do nt h a-

|l ongevity decreased with | onger exposure t
activity wunder Il i ght than in darkness. Thi
survival found with short er?3pihno ttohpee rpiroedsse natt
Mor eover, energy deprivation in the adult
and adult | if e estp,aan? 0i2n0 )B.S FB § AMaacdauvletis have er

space-requiring reproductive behaviors such

2001) . Because the cage size and the amount
t hroughout our experi ment, high adul't dens
competition for flight space and diet avail
(Tomberlin & Sheppard, 2002), | onger photop
available for both reproduction and feedi nq
the intensity of competition at high adul't
flying or feeding behaviors of the flies, w

and therefore suggest further experimentat

resul t s.

I ncreasing adult density appears to be mor
maxi mi zing neonate production. Do'udb(lii.neg. ,adu
from 25 to 50 pairs per cage) doubled the

~

20,271 N 2,523. Longer photoperiods could b

adult density (Figure 5.3C). Howevert, whil e
increased neonate production by 32%, it wou
il lumination (i .e., number of neonates proc
by 34%. Siet | gR2I0OMI9) Hobound that i ncreasing

MPp



/ Kl LIGSNJ p

breeding cage froma4d m»GQ@ tWdou®) 8d0 oper aml repr od
(from 4.2 to 7.8 g per cagedl2O0H®OWeverncraascomnadg

photoperiod ftdmdénoob idI@8@prmdAde BSF reproductive

domi nant popul ati ons, resulting in a waste of
effective BSF neonate production system, more in
adult density, as to maxi mize neonate productio

regi me should depend on the balance between neor

The percentage of inseminated females and the pe

by 28% during the present study (244 d). Mor eo vV ¢

50% on average in the present study, which is | o
(Ber teitneat2 1@t ,d®2O®19; etteatiaa) . Since the BSF ¢
used here had been kept in captivity for al most

individuals (Z. Liu personal communication wit!l
viability and decline in the percentage of insenm
to inbreediengatBb@flée mRab@20). I nbreeding could re
propensity (Meffert & Bryant, 19949, alproducti on
2013) , i mpair mateitnoglllPOMBgviaonrds a(fMielcltersexual | y- s

(Dragt oaR007) .

The incubator effect had significant effects on
tot al number of eggs produced, the average numl
percentage of inseminated females. We hypothes
attributed to humidity, because relative humidit

(Table S5.2). Tomberlin and Sheppard (2002) rep

correlated with relative humidity. Temperatur e
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preoviposition period, femadte, dBCL&OEiE $lyyuman
al . 2019) . I n our experi ment, temperature \
influencing factor (Table S5.1). Neverthele

and relative humidity on other variabl es,

model s.

The present study is only one of the firs
breeding environments, and our results may
scales (i .e., di fferent sizes of cages usec
of the cage is increased by 1000 ti mes whi
| anding surface available for each insect v
surface-to-volume ratio, which may resul't
sur face. Moreover, i ght di stribution in th
availability may also differ with scales.
performance in response to different breedi
In conclusi on, our study is among the fir
performance under different environment al c

BSF neonate production for sustainabl e mana

We demonstrated that, within the range use
most i mportant variable for total BSF repro
pai t’%Aim e., 50 pairs per 30 I 30 T 30 cm ca
individual female fecundity,"?dndea,nabonate 2
neonates per 30 I 30 I 30 cm cage) on aver e
presented experimental conditions. Due to p
whil e keeping adult density, replication of
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is recommended prior to i mplementation at | ar ge
warranted to determine the maxi mum adult densi

Il ncreasing photoperiod could benefi't neonate pr

however, this would come at a cost for power eff
Therefore, a trade-off bet ween neonate product.
to be considered when choosing a suitable | ight
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5.7 Appendi X

Tabl e Goé&fflicient table of the gener al l i near m
that could affect the temperature in the experirt
Term Coefficient t SE P

I ncubator

B® bl. 28 0. 38 13.34 0.003

c? T0.76 0. 38 T1.98 0.06
AP 1.28 0. 38 3.34 0.0083
o 0.52 0. 38 1. 36 0.19

El apsed ti me T0.01 0.002 T 96
Photoperiod 0.16 0.05 3.30 0.
a. I ncubator A was set as a reference for compar
b . I ncubator B was set as a reference for compar
Tabl e Go&fRicient table of the gener al l i near m
that could affect the relative humidity in the e
Term Coefficient t SE P

I ncubator

B? T9.13 1.58 1T5.79 < 0.0012
c? 1T29.45 1.58 1T18.69 < 0.001
AP 9. 13 1.58 5.79 < 0.001
ch 1T20. 32 1.58 1T12.9 < 0.001
El apsed ti me 1T0.04 0.0009 T4.04
Photoperiod T0.58 0. 2 T2.9 0.
a . I ncubator A was set as a reference for compar
b. I ncubator B was set as a reference for compar

MC Yy
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Tabl e Selbe@8ted bl ackersnoeltdiiaeli. I)flldyd (S, st ory traits in response t
experiment. All BSF adults were housed in 30 I 30 I 30 cm mesh c

i nduce BSF mating.

Response 8L 16D 12L 12D 1
Average number of fertile eggs |l aid per inseminated female {
Percentage of inseminated females ( %) 70.4 N 6.6

Data from all the observations were used (i.e., n = 9). The val ut

Equation S 5.1

o (06 OQTDOT WD
0 Q1 Q& FTWANONTIICD R Yo leoNel

60 Q1 HWOONIMQI QWHANG NQANE | Qa QVG® Q@ ¢ KOIWE | Q& VNGOG QI
00 Qi &WO WV QQAIORANQE WD d WOTRQG & Qi

50 Q1 &R OOMQI OWIAD NANE | Qa QGG OO . . o
5001 6®A G0N 0a6GRON0E Ga 0 D Ql WQESBDEANQ G QDD ONQ

MC b






Chapter 6 General discu

* My babies like soft food with
balanced nutrients, and they need to
be hugged before sleeping

* My partner and | like bright sunlight,
but artificial light is also fine if you
make its spectrum and intensity right

* Welike to live in a large community
with hundreds of thousands of

neighbors
Gaeé FTrLYAfe ySSRa | 3I22R 62N] SYyOBANRBYYSyil o¢
{KFEAftSNE HAamcT NBLINRPRAzZOSR 6AGK LISN¥YA&AAA2YOD



6. 1 l ntroducti on

Ending hunger and achieving environmentally soul
for sustainable devel opment (Figure 6.1; United
composting, bioconversion of organic waste upcyc
human food chain and reduces | eachate and greent

the achievement of the two sustat nab0E0;devel opme

Pard , aR020) .

ZERU GoaaZl En2 hungEn ahidve fnal eacurityancdhripeoveel f ood security

HUNGER nuwirttioniatd poomotasqdairplrlcoamotiere sust ai nabl e agricult
Trageidg e By 2230 Lnd hiByer 2200283501 aceemsdy shjuma,er and ensur e
innpartipuair thd courl e pedph e pioolr anidis, peopl e in vV u

g“ inmucihgurdainin @ sdfen fuatnits siy tffioientsfead @l , nutritious an
roonu nd

RESPUNS'B[E Goaall. Eds2re suEtnisaule @nssrupsidnandmabucteon consumpti on an

12 consuweron (SRR

ANDPRUDUG"ON Tragrigiet a1 2024 . By 2012100 ac hoirelv e t he envir
maingarg-el mecnt o:f chesmisclracligsoutamid ifea || wastes th
cyvlee In ec brne valcagroa dvarmn:=ciceal wintvhrkcazadt eed i nternat.
sidniacaritfridcca ner bevease te druvciter atdhe inprdertel ease to air,
mihimiiemiez eadvetsh evipr andivieda she iampact s on human

enivrinent ment

Figur eGoa.lls and targets announced by the United
of ending hunger and achieving environmentally

sustainable development (United Nations, 2015) .
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The bl ack soHedrineert ifa lyi. |(I(BicFgn € r a : Strati omyi
promising candi dates for organic waste bioc
hereafter) could be used to convert multipl
ani mal feed, precursors of bi oplastics, bi
bi oconversion of organic waste employing B
understand environment al factors that coul
di fferent l'ife stages, based on which opti
possible. My research project was designed

(1) di et on selected BSFL I|Iife history and
moi sture | evel on BSF pupation, and (3) il
hi story traits of BSF adul ts. Based on my
consi dered when optimizing BSF rearing

recommendations for future research and pr a
6. 2 Optimization of BSFL diet

I n bioconversion systems employing BSFL, t |
| arvae affects the performance of the biocc
di ets were found to be generally associat ec
daily dry weight i ncrease per l arva), shor
harvestable stage, and higher proportions o
Such trends were also foend ail®2dt eéradnhdceire
2019; ecalkRd20) . Al t hough not observed in
i ncrease | ar val g trwil2v0all9 ) r, a taen d( Ltahluasn dweaoul d
bi omass producti on. Mor eover, BSF that fee

MT O
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have higher f ecuncitt,ya I2(0BRalr)r.a ghenc Fwones esame of th

harvested from the bioconversion system may be u

generati on, increasing adult fecundity would re
producing the next generation neonates, thus i nc¢
optimizing BSFL diet is essential to i mprove the

COPH/IVSYAOFf O2YLRAAGAZY

A | arge body of research, including the work pr
select | ocally generated organic waste types the
the fact that BSFL can grow well on a particular
that the chemical composition e@ft 6 tadt21lwaste i s

Lal amtdeaRP019) . Feeding on an i mbal anced diet, BS
bet ween insufficient intake of nutrients that ar
that are abundant; the former case | eads to sub-
and adult fecundity, whereas in the | atter case,
carbohydrates) through catabolismebraéxcreted (.
2021; Cehta,partanl 3 ) . For i nstance, brewer 6s waste w
BSFL rearing among all the waste types tested i.
digestible carbohydrate ratio in brewerds waste

the | arvae fed on brewer's waste had a shorter

their body at pupation than those fed on broll (

Thus, the | arvae fed on brewerds waste would ha
ones (Barr a&g¢gam-IZZlbis;e t & wdk0e2r0 ) . Moreover, | arvae
brewerdéds waste converted a | ower proportion of

MT N
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those fed on broll, indicating a possible
waste. Therefore, to improve the performanc
to understand the effects of dietary chemic

stages (e.g.,etBaalkgaph- aAondseaaud ri ent met abo

findings, diets with balanced chemical comp
Thus far, sever al semi - and fully-synthet:.
nutritional requirements (e.g., Barrags8n- Fc
Chiea , alR018b;etQoanld &) . Similar met hods cou

hypothesis raised in Chapter 2 0 that a pro

1 : 2 benefits BSFL devel opment. When desig
noted that dietary ingredients with simil:é
physical characteristics owing to the diffe
treat ment , and that synthetic diets with si
textureet (&VBOdSY) . For instance, both sucr os
source of digestible carbohydrate, but thei
di fferent dietary textures; while albumin i
change its molecular structure and reduce i
consi der bot h chemical and physical char a
formul ating artificial diets for BSFL and i

(e. g. ,etWaddsl 9) .

MT P
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A 7

Cc PH[GwWIY 20St tdAf 284S Ay . {C[ RASI

Lignocell ul ose i s t he maj or component of t he
hemi cel |l ul ose, cellul ose, and |lignin. I n Chapte

found to have an adverse effect on BSFL weight

cannot consume most of the | igrdcallIQul7gse compo
Zheatg, aR012), but the underlying mechanism has n
The function of BSFL mouthparts is to scrape sm
ingesti en , @®RrORNO) or to coll ect nutrients suspe:

(Popa & Green, 2012). Therefore, suitable BSFL
solids that are tender enough for BSFL to mechar
and fish offal), or liquid (e.g., | eachate and

waste) étLtabhBOBdeér Popa & GeeenP0R0)l2; Mt rEEskarché

used broll (a mixture of wheat bran and wheat f|
mai ntenance. BSFL were able to consume wheat f I c
component i n wheat bran unconsumed (Figure 6. 2)
component is hard for BSFL to break down with t}



Figur eBré6o.l2 (a mixture of wheat bran and wl

co

ns

(A)

co

ns

I mag

Al t h

he

2017

ce

o

o]
c

m

i 0X

umption by | arviderméettit heiThleaovhmnmds @l gpiaert i
are wheat flour, and the yellow fl akes
ists of | arval excreta and the wuninges

es by Z. Liu, 2019; CC BY-NC.

ough most of the |l ignocellul ose compon
cellulose and cellul ose can steitl,lalbe de
; edheang0 12) . Understanding whether or t

ul ose may be used by BSFL as nutrient
titutes digestible carbohydrate for t he
formul ati on. Exploration of the 1inges:

ul ose coul d be achieved by analyzing

idigested, and fully digested diets, in

ide). Ingested and semidigested diets ¢

BSFL, respectively, whereas fully digest

as excreta according tetaéBo626). mBehadse

an

c h

tity of the samples collected from | ar

nigues described in Chapter 2 are not |

MT T
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anal ytical met hods such as near-infrared and Fc

(AbetdjakR0®4; aRi022), which do not require | arge

Al t hough it i S di fficult for BSFL to consume
l ignocell ulose is not always detrimental to BSFI
BSFL diets can bind to |ipids, reducing diet st
( Wo oedts, akR019) . Lignocellulose also fAiconnectso di
are not inter-solubl e, such as water- and I|lipid

consistency of the diet (Cohen, 2015).

c OH5MOS G NB Y2Aalddz2NBE O2yaGSyl

Moi sture content is a critical factor in BSFL d
high. Diets with unsuitably | ow moisture content
( Be keékteralR021) , which are hard for BSFL to break
reducing nutrient accessibility for the | arvae.
t hat when dietary moisture content is reduced f

-

equired for BSFL development could double due t

erves as a substrate which BSFL inhabit. Thus

(2]

dehydrating environments to the | arvae, which in
on different di et types have revealed that di e
unf avorabl e fetr, BBBF2L1;( Békrkmack & TETomaer !l in, 201"

2019; eDzea@d 20 &t , R2I0MS ) .

On the ot her hand, i f dietary moisture content i

MT Y
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the solids; i f the liquid phase is too thioc
to the solids 1 t he pei mar2y0 2rgt rGdd2rdtl 99 our
Because water hol ding capacity is differen
moi sture content is not wuniversal and shou
di et . For i nstance, when fed to BSFL, t he

products is 66%, whereas dthaalk@ DbIetpPal manu
2018) . Accordtndl20@1Bekkwdio used chicken fe
opti mum moi sture content seems achieved whe
capacity (i.e., cannot absorb more water).

in Chapter 2 were al most reaching their W

di fferent moisture |l evels due to their vary
Dietary moisture content is affected by th
repleni shed. In Chapter 2, the ambient rel
environment, diets dried faster than woul d

|l eading to |l ower waste reducetonlROban Mgeps
et,akR008) . I n future studies and in practic

is suggested that water should be replenis

BeklkéraR021). Since diet dehydration nor mal
et ,ak021), mi sting water on diet surface m:
t han pouring liquid water into the diet. H ¢
would make it difficult to separadte, dlarvae
2017). Therefore, if sieving is used to sep
should be gradually reduced and eventually
humi dity is high, i ncreasing aeration of t

carry moi st ueate, abMaly7 )(.Cheng
MT ¢
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6. 3 Optimization of BSF pupation substr a

It is a common behavior among terrestrial brach
during metamorphosi sChaygsbtmga bmd graadbebplealua il i n

(Di ptera: Calclhil p baryii cha(ema,ceil ¢ aws pr ( Di pt er a: Cal |
( Godeoty, all.9®r59t,opi ophi(lBonHuti gasky) (Di pter a: Pi

(BondurianskDr,o0s109%h5)l ,6 Mastud wrkurn a) (Di ptera: Dr osc

(Bal emamR017), and BSF e$, aQ@Q0é9cefthmpmpa¢ Barr os
1994) . I nsects benefit from this behavior by re:
dehydratien, ai@d@8so®Okuyamaal@dD1pP, MWena well - mana
BSF rearing facility, although predation and pa
happen, providing suitable pupation substrates

rate and reduce pete,paubPp®a 0 Meutr haliGoh3)(.DzAespepupati on

rate increases, fewer resources are needed to p
and more can be used for | arval bi omass product.i
to |l ess stored energy wasted during the wander:i
fitness (e.g., | ongeveéett yal@ti3yepaonduthuenmagyHd Iu

reduce the number of prepupae required for col

suitable pupation substrates can i mprove the per
So far, several types of substrates have been t
pupati on, including sand, topsoil, potting soil
and wheat etraaRDepeHalbdds) . Accetdahg to Dzep

(2020b)etHaRP®&E&8) and my results (Chapter 3), pot
shavings, and wood chips can be all considered &

pupation. While topsoil may become a suitabl e BS

MYy n
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moi sture content, sand and wheat bran are r
my hypothesis T that pupation substrates a
di sturbance (e.g., vVvibration) and providincg
Wet wheat bran is soft and can absorb vibre
thigmotactic stimuld.i due to its | ow densit)
give sufficient pressure to BSF prepupae, k
Nevertheless, this hypothesis stil]l needs v
Probably because of its origin and evolutio

et,ak021), BSF is suscepteb|lak0od2yrylenChap

BSF pupae provided with pupation substrate

mortality rates and higher pupation rates,
moi sture in BSF pupation substrate. On the
oxygen availability in pupation substrates

Ssubstrates would create an oxygen-depletin

although BSF prepupae started to avoid bu

exceeded 20% and 70% for vermiculite and w
content in these substrates did not show ¢
pupation rate. This may be because of the |
ml cup) wused in the experiment, where most

with sufficient oxygen. At higher pupation
to move to deeper | evel s, i n which case i nc
caused by excessive moisture content. I n th

of substrate moisture content on BSF pupat:i

MY M
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4 Optimization of visual environment f

udies have shown that BSF mating requires bri

ecial speet a1 &eotnTanltdxi %2; Tomberl in & Sheppar

4) .

nce strong sunlight is not always avail abl e, ¢
ting Ii's necessary to ensure a stable year-rou
ste management . Among al l the artificial Il i gh
uorescent, l ight-emitting diode), combining di
ems the easiest way to achi eve, atl2hCel 8gpt i mal S
niemtc,xa016). Moreover, since LED |Ilights can be
ssible detrimental effects of |ight flickerin
en though the BSFLED Ilight the best result in
urces tested in Chapter 4 had, there are stil
e of the | ight can be i mproved.

rst of al |, although the spectrum of BSFLED |

ot oreceptors ar eetmoask0 Isée)n,sitthevei r(rCodhiianncexe r at i

ree key wavebands (ultraviolet/ UV: 30071400, b

01T 650 nm) may not be optimal. The irradiance
nlight is 1 °: 9.3 : 16. 7, whereas that for BS
olved to adapt to sunlight, the blue irradianc

d thus may represent a waste of @B@2Qy in a BS

und that artificial l ights with warmer col or
ting, with 3000K (also known as warm white) I
mperatures tested. Therefore, having a high pi

MY H
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l ight for BSF mating may be unnecessary,; ef

and effective artificial l ight spectrum for

Secondl yetH&®RDSLIBdr reported that BSF can re
with a spectrum ranging from 4007V750 nm, wh
for the opti mal BSF mating environment. Tt
ranged between 35071400 nm and peaked at 357
UVA (31571400 nm) (Sinha & H2ader, 2002). UV/
oxygen species in cells, which can cause o0X
of antioxidant enzymes,; these effects can |
and reduced;: fgietnneersastti pobnR O( A8 ,ife2 Q BR;0 2Qqyti Kh an

al . 202 1et ,Mebn0go 9 ; Sinha &tH%dkdrl,5¢e2 ZadMPITar i g

Therefore, further research is needed to Ve
mating and i ts possi bl e har mf ul effects t
unnecessary, it should be avoided.

Third, l'ight intensity decreases in proport
source (Brownson, 2014) . Since BSF mating
artificial l ight should increase as BSF bre
to ensure sufficient irradiance received b

2020) . On the other hand, Schneider (2020)
BSF mating follows a |logarithm function, ar
radiation. According to Schneider (2020), w
mating, the irradiance receivéd by tihe dadeusl
need to exéeeNkevies5tT hWAmss, this range may n

to spectral di fferences. Hence, replicatior

MYy O
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after the opti mal l ight spectrum for BSF mating
Anot her factor t hat needs to be considered is t
encl osur e. For instance, i ncreasing the reflect s

would reduce the radiation needed from artific
reducing energy consumed by the facility. I n ad:
and insects al solLafsfppecWa ndaehrei (rDinpatteérnag:. Muwns ci dae)
prefer to display themselves against background
colors, which increases female attedantailon and | ec¢
2020Ast énocamphwdreds i(aLepi dopter a: Nymphalidae),
where they are more |ikely to detect their poten
of f from their perching sites when potenti al ma

t he backgr oartn,da f BleS)gmashi nce BSF al so use visual

mates ¢€6Gi wd2.018), i ncreasing the contrast bet we
backgrounds may i mprove mating success; this is
Finally, if artificial Ilight is the sole |ight s
determine both power consumption used for | ightdi
BSF mati ng coul d happen. A shorter artificial
consumpti on, but it al so means | ess chance for
density is low (e.qg., |l ess than 800 individuals

enough for BSF adul,tas202® ;emataad2m@lIOy| iGhhapt er 5) .
However, when BSF adult density is high (e.g.,
meter), prolonging photoperiod could increase BS
(Hee¢ , aRP019; Chapter 5). Since high adult densit)

| arvae within a given breeding space, photoperic
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practice, and the trade-off between neonat

need to be considered.

6.5 Evaluating the effects of envir
BSF |ife history

So far, optimization of BSF rearing envirol

separately. However, an environment al fact c

may not be opti mal for some other 1ife st arf

bet ween digestible carbohydrate and protein

is not the ratio optimal for adul etlahgevit
2021) . I n an6é& hiesr tehxea noppltei,ma3d5 t emper ature f
feeding on brewerds waste, but the same te

(Cheitg aR018a). Therefore, the effects of en

not only be examined for a specific |ife st
i nsect .
Life tables, which record important | ife hi

the number ofeprabeéby) (Par¢idlwaal uable tool

of the i mpact of an environment al factor ol
constructed, the intrinsic rate of i ncrea:
evaluates mul tiple i fe hi story par ameter
devel opment peri od, i mmature sur vi veotr shi p,
al . 2014) . With this tool, the opti mal cont

BSF | arval di et are estimated to ke  &0% and

My p
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2021) . Similarly, if only one temperature coul d
system, the BSF popul ati orC wtoa | alc mieeevde ttoh e eh intah €

intrinsic rated ,amafROilmBcar)ease (Chi a

6. 6 Mai ntaining a genetically healthy BS

The phenotypic performance of a BSF colony depe

genetic quality (e.g., genabt pR® 28atd,Zhlemet i ¢ di v
2013; Chapter 4). I n an artificially managed BSF
inevitabl e, which could result in obvious inbre
founded by a small number of i ndividuals or h a
outcrossing (Eri ksson & Picard, 2021) . I n my

i nbreeding depression may be acting to reduce n
where two thousand prepupae were used to breed
(Chapter 4), and in a bigger colony, where hundr
for breeding each generation yet with no outcro
study bgt R&OD@=20) , where the census popul ation s
used for breeding) of a BSF colony was below 40C
due to the failure of adult eclosion at the end

of their gene¢ti caR02aldysssggRhtoeléd t hat the colony

|l i kely due to inbreeding depression.

Generally, to avoid inbreeding, a captive BSF
number of founder s, preferably from multiple gel
should be maintained with a | arge effective popu

MYy C
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outcrossing (Eriksson & Picard, 2021) . Neve
with random wildtypes may resul't in outbre
del eterious alleles or genotypes which are
and/ or |l ess productive. Therefore, it may |
stabilized stock colony into several genet i
Picard, 2e0t2,13 12.PeM)g. Detailed methods of e
genetically healthy BSF colonies warrant fu
6. 7 Summary of recommendati ons

cOTWBMO2 YYSYRIGA2Y & F2NJ LINI OGAOIf | LI

Brewer6s waste is a suitable diet for BSF
carbohydrates (such as expired bread or coo
BSFL diet. Lignocellulolytic bacteria or en

the digestibility of the Ilignocellulosic co

BSFL diet should not be too dry or too wet.
/ di et wet wei ght) should not be bel ow 60 %,
when the diet reaches its water holding cap

help to maintain dietary moisture content

from the spent diet by sieving, it woul d Dbe
towards | arval harvest.

Potting soil, vermiculite, wood shavings,
substrate for BSF to i mprove prepupal sur vi

MYy T
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substrate depth

and

content (calcul ated

For higher pupation

To ensure a stabl

facilitate BSF mat.

e year-round

| amps with spectra si

are still needed
background reflecti
beneficial for BSF
determine the maxi

photoperiod of 8

individuals per

densities.

Life tables are

on which the i ntri

t o

h

cubi

v al

examine t he effects

(@]

To avoid inbreedi

originating from genetically

hanging artificial

ng

effective popul ati on

mai ntain genetic

di versity

My'y

pupation density

water substrate dry wei

densities, necess

supply neonat al

ndoor s suppl ement

ng
BSFLED Chapte
optimize artifi

on breedi osur e

mat i Replication
mu m breedi

meter), |l onger photop

record
nsic ncrease
optimizati on measures

spectrum)

depressi on captive

groups

outcrossing)
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Semi - and fully-synthetic diets are recomn

requirements and the effects of the chemica

di fferent | ife stages. I n order to i mprove
understand the ingestibility and digestibi
Mor eover, the physical characteristics of
when formul ating BSF | arval diets or interp
I n Chapter 3, we tried to analyze the wunder

with suitable substrates from three aspec:
surrounding disturbance, and (3) providing
been revealed by our study, whereas the oth

understanding of these (possible) mechani sn

BSF pupation, where pupation substrates mig
The visual environment for BSF mating shoul
roles that different wavebands play in BSF

400 nm) and blue (40071500 nm) wavebands. I

i nvestigate the effects of background refl e

Establishing and maintaining genetically he
and effective production of neonates that
Efforts are needed to develop detailed prot
depression and assist the management of BSF

mar ker s) .
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6. 8 Concl usi on

Bi oconversion of organic waste fulfils sustainab

security and reducing environment al I mpact s. T

systems employing BSFL relies on optimizing the

This thesis provides knowledge and insights tha

pupation substrate and its moisture content, al

Studying the effects of an environmental factor

to i mprove our understanding of the underlying n

the fitness of a mass-reared popul ati on, it i s

across the entire |ife history of BSF.

6.9 References

Abi di , N. , Cabral es, L., & Haigler, C. H. (2014
content of devel oping cotton fibers i nvest
CarbohydratelOP®liider shttps://doi.org/10.1016/
074

Adebayo, H. A. Kemabont a, K. A. Ogbogu, S. S.
Comparative assessment of devel opment al par a
mineral compositiélesmeti Bl petlpuelci erafrled (©OnN
organic wadtne eswmlagsti omtads Journagl4dB®f, Tropi cal
195311959. https://doi.org/10.12007/s42690- 0 2(

Ai , N. , Jiang, Y. , Omar , S. , Wang, J ., Xi a, L.,
cellul ose, hemicel ISalrgse,s uanb yh olrengeriinn toat edt
spectroscopy and characteMobecuod&=a,ri ables se
335. https://doi.org/10.3390/ mol ecul es270203:

Al i, A. Rashi d, M. A. Huang, Q. Y. , & Lei, C.
environment al stress on t he devel opment, | or
oriental avty m yhw arrnma, séhapatdapter a: Noctui da
Environmental Sciengcég3and PRololoRtiilo/md ORe s enda rt gts
org/10.1007/s11356-016-6865-0

Al i, A., Rashi d, M. A., Huang, Q. Y., & Lei, C.
oxidative stress armMviytaomtmnax iékprptrddmpz gmas i n

M chn



-z
—~+ 0
~+ 0

w T ovco>sS T

Bal

> TT —
-—r—ﬂg
T cCc 0o

jl—|mq
~go o
o = O «© —~+ 0 —TQ

w ™= owuw

nw —c =

—
>
©oOo -~

o

h

o
0=
o>
=)

3
o
= c o -

ukda:ée

s: //
& Dr ummon

sophilidae)

) , E n2t 300n8oi| 203gly7

tox233

/
E. S., Collins, J. A
roons ogprh i | @Disptzeurka @i Dr o
ryoufrinelldsof Econobhla
[/ doi .org/ 10.1093/jeel

eElai, e K. arBe wiatl 8¢1)
métyi a Li.l)l ufcoernsl ar v a
t hesi s, Wageni nge
i.org/ 10.18174/ 44

ato
b e
S

hey weat: Tai |
I blomass pr
n University]
9739

ns
di &
cto
ps:

an- Fonseca, K. B. , Gort , G. , Di c ke,

sticity of Hehremebtliadc ki Islovledapesrndd yt d ar
ying in protein andooaamlbohyydr dinesecad s
JF@®r)Y, 517 61. https://doi.org/10.3920

er
/
n-Fo
er
r al
[/ doi

, L. M. , Ferreira-Keppler, R. L., M &
nomyrofeti a (iDlilpd ®ee as Stratiomyidae) o
cass in an ur banJoaurenaal o fo fCeMetdriaclal A nkEa
), 6811 689. https://doi.org/ 10. 1093/

N . S. , Hei del bach, S. , Vestergaard,
r E. J ., Bahrndor f f, S. , & Eri ks
u content on growth and metahb
/1

,re i c
Mand@dm8dnv9. https://doi.org
M.

ne
st 0

t e 0.10
n, , Lessi os, N. , Seymour e, B. M. ,
a territorial butterflyodothe effect '
aviorald®Bc,o0l8bglyi 860. https://doi.orgl

iansky, R. (1995)ProA opedpdehd Ot pt ersg
philidae), with notes B.Nn Il d{sVMgbieghearnv)i.o u
Canadi an HEH2&)omod ®Pii &6 3. https:// doi
- 6

on J. R. S. (2014) . Lawo!l af Enhghgy

verS|o(1pByst4ém§6) Academic Press.

D. , Bonacci, T. , Reguzzoni , M. , Cas
ndmayr, P. (2020) . An in-depth desc
thparts in | arvaeHeofmet he Abl hoéaposdo |l d
ucture & S3BeV@EIDPIMenhttps://doi.org/ 10
k, J. A., & Tomberlin, J. K. (2017).
select |ife-histoHgr mmeti aé6Lofu¢®rpbEba
at i ommysie@@®6és), . 56. https://doi.org/10. 37
n, R. F., Si mpson, S.Thlk. ,i n& ekdwg | aSst r;
fun(dttihored. ). Cambridge University Pr
J. ., Hou, D. , Pang, W. , Nowar , E. E. ,
ng, J ., Yu, Z . & Li, Q. (2019) . Ef f e

NH3 emi ssions from pig m8oauerceoalel

MM



/ K LI SNJ ¢
The Total ,E®¥TXDIHh&eNOt https://doi.org/10.101
133840

Cheng, J. Y. K., Chiwu, S. L. H., & Lo, I . M. C
waste on residue separation, l ar val growt h at
bi oconvWasstieon Man a7 melbti 32 3. https://doi org
wasman. 2017. 05. 046

Chia, S. Y., Tanga, C. M., Khamis, F. M., Mohame
K. K. M., Niassy, S., van Loon, J. J. A., Dic
temperatures and ther mal Heergmeitrieameinltlisu coefnsb |l a
| mplications fRPCrOMaGKEE D)y pde206097. https:/ /¢
10. 1371/ journal .pone. 0206097

Chi a, S. Y., Tanga, C. M. , Osuga, I . M. , Mo h a me
Sevgan, S. ., Fi aboe, K. K. M. , Ni assy, S., vV al
S. (2018b) . Ef fects of waste stream combi na
perfor mance obermeklasqIDUIpaneerrfasky Strati omyi d;
Peerl e5885 https://doi.org/ 10. 7717/ peerj .58

Christensen, T. H. , Schar ff, H. , & Hj el mar , 0.
chall enges. | n TSolH.d Gaarsitset & nescenm(opl Bodg.y) ,& man a ¢
68371 694) Bl ackwel | Publishing Ltd. https:/,
ch44

Cohen, A.l rCsedt20di5gt.s: Sc(i2nmndc ee da.n)d. t &R nporl eosgsy.

Cui , H. , Zeng, Y., Reddy, G. V. P., Gao, F., Li
increases mortality and decreadgeoodthe anti oxi
and Energyl®e,cueda®%. https://doi.org/10.1002/

Diener, S., Zurbr¢gg, C., & Tockner, K. (2009).
sol di er fly larvae: E s tWaalslties hMainga geepteinma | & f e
Reseaff®h, 603i1i610. https://doi.org/10.11277/0

Dzepe, D., Nana, P., Fotso, A., Tchuinkam, T., &
density, Substrate moisture content and feed
bl ack soldiJdeur hhy ObODArvasect@®)as 1BBdd4a8and Fec
https://doi org/10.3920/jiff2019.0034

Dzepe, D. , Nana, P., Kui et che, H. M. Kuat e, A
(2020b). Role of pupation substrate on post-f
fly IHemwaeea, a( Di pteeas JSoturrantailo noyfi cEeng)oomol ogy a
Zool ogy, &t)udi7e6s0i 76 4. https:// www. entomol jour
=2020&vol =8&iI ssue=2&Articleld=6520

Eriksson, T., & Picard, C. J. (2021). Genetic an
f eeJdo.ur nal of |l nsect(d5)as 6Fdldd 8@nd hFee@d : // doi
3920/ jiff2020.0097

Giunti, G. , Campol o, o., Laudani , F., & Pal meri
and potenti al for femal e Hmatmetcladidce vicentshe I
(Di ptera: SEtnrta)tmiodm;gli,chil&;)e,nezgaﬂ4(‘5 https://doi
1127/ entomol ogi a/ 2018/ 0657

M b H



DSYSNIXf RA&Odzaa

God

Gol

Hod

Ho l

Ho l

Jul

D <

oo =-

val di sCoherryssioommy a i nm&€Cdha ysphmg/ laa amuwt or i a
hl i omyi a( nagtel | a@aolalrinpanl o roifd afkp,pl i ed E
115), 263i1i266. https://doi.org/10.111

M., Binggeli, M., Kurt, F., de Wouter
Kreuzer, M. (2020) . Novel experi ment 8
met i a (iDilpu ceamns Strhaduromgli dake),l haewvne
https://doi.org/ 10.1093/jisesaliea

t, J., Baudouin, G., Pol |l et , N., & F
i Bler meétyi,a illnlsiagehntss from compl ete mi
ebnicoeRx.2P021. 2010.2021.465311. https: /.
11

W. A . Cc. , Fowl er , H. G. , von Zuben,
a
I

NTQ P,rOMCO
- ko

w_‘

) -
e
d
u
3

A0 O —
OMd® O — ©OO0
oo — —

(%2}
D
-

C. D. , Wal t er , A. Oberkofl er, H.
& Steiner, F. M. (2018) . Il nfl uence
nd half-Hearfmetofa (iblielpubdeaassk
) | mprovi nRRLOSmaONES9 g al e [
ps://doi.org/10.1371/journa

Owmwo Owv
o~ < -
W = -

G., Carpentier, J., Francis,
meit e falrf U ecsRLOS e@PRB Y ucti or
tps://doi.org/10.1371/journa

, . J ., Sivinski, J ., Quinter o, G.
i val Aofast r eipthTed gshprpi(t i dae) pupae in a
Emvisrronment ald ®)n,t olnBoll Coigly3 1 4 . https: //
7 . 1310

®© o unwQ ® O -~
O D CW!W o~
~oT "~ O N

(7]
-

, . A., Vanl aerhoven, S. L., & Tombe
t he | iHeer nheitsitao(ripli lpife e ms BESntwiartd nomreyn tdaale
tomoKMgy 9717V1978. https://doi.org/10.

mo 3
5>

me s , L. A. Vanl aer hoven, S. L., & Tomb
pupation and aHal meteima r(PE Ipd eea mg Stratic
Environment al{26n,t o3nvo0lio3g7yd. https://doi .o

ker, C., Leonardi, M. G. , Ri gamont i, I .
waste streams as a valuamleermsambsatrldtleucfe
(Di ptera: Sltorua tniad myoifd aEen)t.o mo | ogi c,al and
5¢3). https://doi.org/10.4081/jear. 2019.
i ta, u. , Fitri, L., Putr a, R., & Per man
behavior of Bleamkt salLdi éublci éphtser a, Strati
tropioaws .nal of, IEB)X ,ombl digy27. https://doi
117. 127

n, M. M. , Fan, Z., O6 Nei || Rot henber g, [
Wu J. & Qi u, B (2021) . Phototoxicity
Bemi si a atnalbaictis compatibility with an e
whiteflyOpadasiwvei dMedi cine 222 C60DRBBar
https://doi.org/10.1155/2021/2060288

Mo



/ K LI SNJ ¢

KI ¢ber, P. , Bakonyi, D. , Zorn, H. , & R¢hl, M.
influence aspects of oviposition by the bl ack
Jour nal of Econada@mBx, E23 HMmo2 D93 . https://doi
jeel/l toaal8?2

Lal ander , c. , Diener, S. , Zurbr¢gg, c. , & Vinne
l ar val devel opment and process efficiency 1in
flHer(meti aJobutmaknagf Cl,e2a0n82rl 1Rr2d®ucthitamps: // do
org/10.12016/j.jclepro.2018.10.017

Meng, J. Zhang, c. ., Zhu, F., Wang, X., & Lei,
oxidative stress: Ef fHeltisc omwme ramad axthsdgpenrta r e s g
Jour nal of I,ns®¢t BB@sbHBORognttps://doi.orgl/l 1l
2009.03.003

My er s, H. M. , Tomberl i n, J. K., Lambert, B. D. ,
bl ack soldier fly (Diptera:Emf¢tirradn manytialae) | a
EntomoRdgy 11i15. https://doi.org/10.1093/ ¢ee

Okuyama, T. (2019) . Density-dependent di stri b
undergroubBbud!| lreadtns.of Ent,om@®@Wygi cha2l 81T B88ear ch
https://doi.org/10.1017/S0007485318000871

Ooni ncx, D. G. A. B. , van Broekhoven, S., van H
Feed conversion, survival and devel opment ,
species on diets conpLGSEdOHE 2 )f 0o0a0 b4y4 PO bduct
https:// doi org/10.1371/journal .pone. 0144601

Ooni ncx, D. G. A. B., Vol k, N. , Dieh!l , J. J. E.
Photoreceptor spectral sensitivity of t he c
Her meti g iinfwcenmsg the design of LED-based i
i ndoor r eJpawrdnult i @fn. I,n9 8 cAt33PHLBDi.olhdgys: // doi
/10.1016/j.jinsphys. 2016.10.006

Pal ma, L., Ceball os, S. J. , Johnson, P. c. , Ni e
J. S. (2018). Cultivation of black soldier fI
of aeration and moistureJour halvat ghew$dbdi and
of Food anddAdnic bIBIOBN & 900. https://doi . or g

pPang, W., Hou, D., Chen, J., Nowar, E. E., Li, Z
& Wang, S (2020) . Reducing greenhouse gas e
and nitrogen conversion in flowd nwhstods by t
Environmenta,l 2Ma44a006Mmént https://doi.org/ 10. 1
2020.110066

Peng, L., Zou, M. , Ren, N. , X1 e, M. , Vasseur , L
M. , Hou, Y., You, S. , & You, M. (2015) . Gen ¢
reveals manifold effects of iPh lunt ed diang on t
Xyl osStcalelna i fibd) Rep@mvugsy. https://doi.org/10.1

Popa, R. , & Green, T. R. (2012) . Using black so
| eac hatua :n.a l of Econda@bd, E2T1T4mdT®gyhttps:// dc
10.1603/ecl1192

M pn



DSYSNIXf RA&Odzaa

Por

Rho

Sch

She

—
o
3

Uni

Wa n

till a, M. , Mor al es- Ramos, J. A., Roj as,
tools of evalwuation and quality control
Mor al es- Ramos, M. G. Roj Mass&PbDoduct iShma
Beneficial(®Wp.gahd sims75). Academic Press.

de, Cc. , Badenhorst, R. , Hul | K. L., Gr e
Ander e, A. A, Picard, C. J ., & Ri charc
consequences of early dormegtmedatdi.an liurce
Ani mal ,Ggbeéti d$2i1762. https://doi.org/ 1lC

la, A., Cammack, J. A., Salvia, R., Scie
K., & Fal abell a, P. (2020) . Rearing sub:
composiHeirometdfa (iLL)udenopter a: Strati omyi
at an indS8stental fisicdla)Repb?448. https:// de¢
$s41598-020-76571-328

nei der, J. C. (2020) . Effects of l i ght

Her meti a DIipoueeas JSturrantailo nyfi d anes)e,ct s as
6(2), 1117V119. https://doi.org/10.3920/ ]

Newt on,
ment syst
https://

der , D. P. (2002) . UV-in
Photto#p,i ok8gi 28b. Sbhit epse

L. G., Thompson, $
eBm our sei snogu rtchee Thbel cahcnka
doi .org/10.1016/ 0

WS o
\_/C_‘
= O
o -
oo -
— =
N g
~NQ -
o oD -

Ha
&

oO-S9Y ©OT
wo -

oY o T O
OQ_)QO

(9]

P 3-
n N
w o
T

N N
oo gy N3 0O

\O;U
w o -

: Cranfill, K., Mc Guire, M. A
: wW. Sheppard, Cc. ., & |l rving, S. [
r fly produces a fdodsthaflf olii ghei N
't yr3e)S,o0c3 @2iy313. https://doi.orgl
. X

o>V NI PTUS VIO
cCo< =

,C =0 =

, Noor , M. , Saeed, S. , & Zhang, H.
re on t he reproducti ve ability,

r odeHldo moiptt reir a : Al ey r oEdhivd aeo)n mE bt agle
Kby 1614711618. https://doi.org/ 1

, : c. ., Mi tchel |, E. R., H&r @etpied and
udemnspoul try houses Jiomrnalbtthfcedrmter aGe
omol ogi cd®) ,S o0lc7i %itly8 3.

in, J. K., & Sheppard, D. C. (2002) .
bl ack sol di er flies (Di poermaal Sof a:
omol ogi,cdad) Sc3 ehiceb5 2. https://doi.org
45

ted NatiTomsansf 6LBY. our worl d: The 203(
devel opment (A/ Res/ 70/ 1) - Resolution ac
September UBDLBAd Nati ons. https:// www. u
popul ation/ migration/ general assembly/ doc

g, H. , Re hman, K. u. , Liu, X. , Yang, Q. ,
J., & Yu, Z. (2017) . I nsect biorefinery:

M dp

- X Q oo O o —

~ T "

o —O
3OO0 X PO T O

>S—*® S5 —— S
- — — O
nmn occ-

hmoo m—Q mgo —
wr—l'



/ KI LJGSNJ ¢
resi dues i nto bBodtesbéholaomgy {pfr ot eBddf uel s
https://doi.org/10.1186/s13068-017-0986-17

We n , Y., Qi n, W. , Chen, X. We n , X. Ma , T. , Do
Wang, C. (2017) . Soi l moi sture effects on ptL
mor phol gy r toif a vitLtepsadiogpge ®r dourCralmbiofiae) .
Entomol ogi,cg§B) Sci2e®é¢e 38, 210 https://doi . or
12PT. 1

Whi t e, T. E. , Vogel - Ghi bel vy, N. , & Butterworth,
perspectives and backgrounds to enhance irid
succleltses. Ameri canlOMat urra8I3ii t4 2 . https://doi or
75814

Woods, M. J ., Hof f man, L. c. , & Pieterse, E. (2
sol dikeaer mdtyi ¥ i lararvvaremesl| of |l nsec®%) as Food an
991105 https://doi.org/10.3920/jiff2018.002¢

Zhang, Cc. , Meng, J ., Wang, X. , Zhu, F. , & Lei, C
l ongevity andeld épgpronovcu ptaia@ae mMomet he devel opmen
its Fl1 densercdat $&Hendé&®7i1 702. https://doi.orgl
7917.2010.01393. x

Zhang, J ., Huang, L., He , J. , Tomberl i n, J . K.,
(2010) . An artificial Il i ght sour ce i nfl uenc
sol di Hrer fmleit @ @J d U rl uale nsf , 1XMs)e,c t2 0SXx.i emtcteps: / / do
org/10.1673/031.010.20201

Zheng, L., Hou, Y., Li, W. , Yang, S. , Li, Q. , &
rice straw and restaurant waste employing bl ¢
Enerdgyl), 22571 229. https://doi.org/10. 10161/ j

Zhou, F. . Tomberl i n, J. K., Zheng, L., Yu, Z . ,
waste reduction plasticity of three black sol
rai sed on differgdoarndadlvest oMEkdifd@bm)iur Est omol og
12247V1230. https://doi.org/10.1603/ mel3021



Appendi ces

Appendi ki 4t of conference talks given durin

x Li u, Z. , Mi nor , M. , Mor el , P. C. H. , N a |

sol di eHdrer métyi a (iDil putceernas: Stratiomyi dae)

converThieodie6Bnt omol ogi c al Society , of New
Wel |l i ngton, New Zeal and.
x Li u, Z. , Mi nor , M. , Mor el , P. C. H. , |

conversion of three orgdriranewvasatle.d)! g eh
|l arvae in Nee Zrédl Bntdernati onal Confere

Wor.l dWu han, Chi na.



/

KI LG SNJI ¢

Appendi €o@gyright agreements and |

Chapter 2

Journal: Environmental Entomology
DOI:  10.1093/ee/nvy141
Title: Bioconversion of Three Organic Wastes by Black Soldier Fly (Diptera: Stratiomyidae) Larvae

Standard Licence

You hereby grant to Oxford University Press an exclusive licence for the full period of copyright throughout the world:

* to publish the final version of the Article in the above Journal, and to distribute it and/or to communicate it to the public, either
within the Journal, on its own, or with other related material throughout the world, in printed, electronic or any other format or
medium whether now known or hereafter devised;

* to make translations and abstracts of the Article and to distribute them to the public;

 to authorize or grant licences to third parties to do any of the above;

* to deposit copies of the Article in online archives maintained by OUP or by third parties authorized by OUP.

You authorize us to act on your behalf to defend the copyright in the Article if anyone should infringe it and to register the copyright of
the Article in the US and other countries, if necessary.

In the case of a multi authored article, you confirm that you are authorized by your co-authors to enter the licence on their behalf.
You confirm to OUP that the Article

= is your original work;

* has not previously been published (in print or electronic format), is not currently under consideration by another journal, or if it
has already been submitted to other journal, it will be immediately withdrawn;

* will not be submitted for publication to any other journal following acceptance in the above Journal; and

* OUP will be the first publisher of the Article.

You warrant to OUP that

* no part of the Article is copied from any other work,

* you have obtained ALL the permissions required (for print and electronic use) for any material you have used from other
copyrighted publications in the Article; and

* you have exercised reasonable care to ensure that the Article is accurate and does not contain anything which is libellous, or
obscene, or infringes on anyone's copyright, right of privacy, or other rights.

Further Information

(Full details of OUP's publication rights policies, including author rights can be found at
https:/academic.oup.com/journals/j s/access purchase/rights an rmissions/j

Author Self-Archiving Policy

On publication of your Article in the Journal you are not required to remove any previously posted ORIGINAL VERSIONS from your
own personal website or that of your employer or free public servers of articles in your subject area, provided (1) you include a link (url)
to the VERSION OF RECORD on the Journald s website; AND (2) the Journal is attributed as the original place of publication with
the correct citation details given.

You may post the ACCEPTED MANUSCRIPT of the Article (but not the published version itself) onto your own website, your
institutiond s website and in institutional or subject-based repositories, PROVIDED THAT it is not made publicly available until 12

MONTHS after the online date of publication, and that: (1) you include a link (url) to the VERSION OF RECORD on the Journala s
website; (2) the Journal is attributed as the original place of publication with the correct citation details given.

Notes
Author’s Original Version (AOV): an unrefereed manuscript version of the article, as submitted for review by a journal

Accepted Manuscript (AM): the final draft author manuscript, as accepted for publication by a journal, including modifications based on
referees’ suggestions but before it has undergone copyediting and proof correction

Version of Record (VOR): the final published version of the article.

censes

of

t

he



Free Link to Published Article

On publication, authors will be sent an online offprint link allowing access to their article on the OUP website without subscription. For
authors of non- Open Access articles, this link may be shared directly with interested colleagues, but is not intended for mass
distribution on websites, repositories, or through social media. If you wish to share links or draw attention to your article we would ask
that you instead distribute a link to the abstract of the article. Authors of Open Access articles are free to post and distribute their links
anywhere immediately upon publication.

Educational Use
‘You may use the Article within your employer's institution or company for educational or research purposes only, including use in

course-packs, as long as: (1) you do not use it for commercial purposes or re-distribution outside of the institution/company; (2) you
acknowledge the Journal as the original place of publication with the correct citation details given.

zhy liu@hotmail.com signed this licence on 2018-09-02 06:11:43 GMT.

QX

O

QX

QX



/ KI LIGSNJI ¢

Chapter 3

Wageningen Academic

[ Publishers

Copyright Transfer Agreement — Journal of Insects as Food and Feed

The copyright to:

Manuscript title:  ubstrate and moisture content effects on pupation of the black soldier
Manuscript ID:  JIFF2022.0057
Authors: Zhongyi Liu, Patrick C.H. Morel, and Maria A. Minor

is hereby transferred to Wageningen Academic Publishers, publisher of Journal of Insects as Food and
Feed, (respective to owner if other than Wageningen Academic Publishers and for U.S. government
employees: to the extent transferable) effective if and when the article is accepted for publication. If the
submitted manuscript is not accepted by Journal of Insects as Food and Feed, all rights will be returned to
the author(s) of the work.



Chapter

4

P

QX

O

QX

QX



/

Kl

LJG SNJ ¢




P

QX

O

QX

QX



/

Kl

LJG SNJ ¢

Chapter 5



P

QX

O

QX

QX



	Title page
	Acknowledgements
	Abstract

