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Abstract Composting converts organic waste into compost and effectively restores soil fertil-
ity via the action of microorganisms. As the global population increases, the demand for rapid
composting to manage substantial quantities of organic waste also increases. To achieve rapid
composting, optimal conditions for moisture content, temperature, oxygen supply, pH, and the
C/N ratio should be determined. In addition to controlling these conditions, methods have been
developed to accelerate the process by inoculating compost, which is believed to contain high
concentrations of effective microorganisms, or cultured microorganisms with high activity in
decomposing organic materials. However, the efficacy of microbial inoculation in composting
remains controversial. Therefore, this review analyzes and summarizes published studies on ap-
propriate composting systems to clarify the effects of microbial inoculation and the conditions
for effective microbial inoculation to improve the composting process.

An appropriate composting system must meet the following conditions: reproducible compost-
ing process (differences with and without microbial inoculation are clearly attributable to inoc-
ulation), correct assessment of experimental errors, and evaluation based on scientific rationale.
A small-scale composting apparatus, in which the composting conditions are strictly controlled,
and the same raw material is used, is suitable for obtaining reproducible data. A quantitative
method for monitoring the composting process, such as measuring the CO, emissions resulting
from microbial activity associated with organic matter decomposition, is advantageous for eval-
uating the effects of microbial inoculation. An example of false evaluation against scientific ra-
tionale is the conclusion that non-thermotolerant microorganisms survive the thermophilic phase
and significantly contribute to the temperature decline phase when inoculated into compost raw
material. Composting is operated with the intention of eliminating human and plant pathogens

using thermophilic temperature; hence, inoculated non-thermotolerant microorganisms cannot
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survive, rendering such inoculation ineffective.

Microbial inoculation has significant effects when raw compost materials contain inhibitory
substances, such as organic acids or furan compounds, which only specific microorganisms can
decompose. Organic acid degradation in the compost material and an increase in pH are crucial
for accelerated composting. Inoculation of organic acid-decomposing microorganisms into raw
materials rich in organic acids is effective for rapid organic acid decomposition and maintaining
favorable pH conditions for co-existing composting microorganisms. Consequently, microbial
inoculation enhances the succession of composting microorganisms, thereby promoting organic
matter decomposition. Effective microbial inoculation in composting was observed when furan
compounds were generated during the hydrothermal pretreatment of kitchen refuse to improve
the hydrolysis of solid organic material. Inoculation with furan-degrading microorganisms effec-
tively facilitates rapid furan decomposition and accelerates the composting process. In addition,
a significant inoculation effect occurs when composting tackles hardly degradable substances,
such as polysaccharides and biodegradable plastics, which require microorganisms that are not
typically present in high concentrations. The degradation of poly-e-caprolactone, a biodegrad-
able plastic, is accelerated by microbial inoculation. Furthermore, effective inoculation was ob-
served under special composting conditions; only specific microorganisms were active, and the
growth conditions of the inoculated microorganisms aligned with the composting conditions.

Under some composting conditions, if the growth conditions of the inoculated microorganisms
differ from the composting operating conditions, actively controlling the composting conditions
to favor inoculated microbial growth over native microorganisms enhances the microbial inocu-
lation effect. Using the example of producing value-added compost (functional compost) by in-
oculating suppressive microorganisms against plant pathogens, this review highlights the impor-
tance of combining temperature control and timing of microbial inoculation during composting.
Overall, integrating microbial inoculation with composting process control is necessary for the
stable growth and survival of inoculated microorganisms and the expected benefits during com-

posting.

Keywords: composting, microbial inoculation, organic matter degradation, process control
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Table 1 Summary of the effects of microbial inoculation on composting as seen

in previous literatures.

Raw material

Composting scale

Seed/Inoculum

Composting stage

Temperature

Effect of

References
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cultures

cent carbon

for inoculation profile inoculation
from laboratory to Garden soil, horse No measurable
field scale: 19 L . Laboratory
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glass jars (3 kg)/ studies: in a room
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aper square and 1.5 m preparation of cent ash, or
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. special bacterial decrease in per
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300 mm® x o effect on the rate .
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APABCTOM  119x27x17em  |having substantial |initial moewated, around | CoNCCMatons,  Igpin et al. 1999
cafeteria .. . 40°C for non- pH, and dry matter
(WxLxH) activity on various . d
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OFMSW 46 kg fresh refuse [ oo™ initial once increased  [UPHAKETANOANC 401 2008
originated from near 70°C cellulase activity,
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Household organic
waste

dry leaves (1.6 kg
total) were added
to each bin once a
day, for 60 days
Five-200 L bin

MC (mature
compost)

EM (lactic acid
bacteria,
photosynthetic
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LDD1 (fungi,
actinomycetes and
lipase-producing
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the initial/ EM and
LDD1 were mixed
with the organic
waste daily

Highest peak
ranged from 45 to
50°C
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CD7z0, B ELJE IR RAYD H 05 Z i~
BE BTl EBR G2 A TR A EBREHBE D
HKETHEPOLZENFH THE, TLT, HIEAIZ
R BHLELTD. ZNEFEHBEO T RAMEIZE
DINIBHTAPIIONWTIE, s, ZO720D%E
WHFETH D, DTS FEHBIR R 2T, 5
B Y RAME TR R EFF TELWIEIZVHET
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HEXIZ, VO — AR EOHEEY SO F 121,
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[HELREI DL ETHLIEETRL T D,

A= W AR DR R $ B FIRAEF R 25
DNZBDIZR>TVE0E, SHIZEETHL, Hin
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L. IV RAMLOEIREE COR R ILET 200H
WCODRESINTVEHS, ZDIH %A Y75 i
BOGHEW S RICERT LR CTHL, T2,
A TR CELVWIEY 2 FRHIHEREL . =
YRAMEDO %Y CIREAMR T L2 L SOREL B kA
BIfFL Qi Bbhaiistdbd 705, I RAMEO#
ECEHIIIEHINALEINSDAYIILE T 5o 2
YRAMDREAIUDRENGEIZIE, AL DOWERIZ
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WAL EERDLDTII VWb E 2 5MEbH 5
POV LL%hS, SO S EE%ES
BlrrilosZlid, arRAMEbo SRR T ARl
Wzt B E IR B 2 B CE SIS, TR D A &S
CELRETAHILETHY, KLk RAMUICA R
(ROBN TS A 72T IEANTETCHWRNIEIZ
ho B, EBEOIVRAMETILEIEIZYINEL %5
Zhv, RIE R EHEARR T OB B g S AZE T
HEFRDIEDEWINHESN L, 2D, Himge
T CIEAE TR CELWI A& FURHCHE A L 722 212, 72
ERBNR BTz L THEBEOBRIEIZBNTOH A
ZEEMTH 5,

720 IURAMERHI VO — A R A AL T,
I RAMEDO W BB Tl — 2D R L X
HEL7ZIZEb OEN DAY, ZORIRIIREREE 2T
Iy, KHISNTWAIAZ, o —RIE 555 %
HWOERMHIFTHEEL. BRI AERD O
fEDHET L, EOSRIFIRL R, 270,
TEL 7= E ) ASE Bl V0 — 2% 45 R L CR R HE
DRIRVPROENDEMFIERON TS, Zd, BEEE
DLV — A5 REELCFRAE KL i 21D 5
W Clostridium JEMIHE % FVIUE, v REAME o
D TR R 524, Wik 72 M %2 A ZIEONC,
TEE DMK T L CERED o7 b &I — 2D 55 ff 12
FETLOTIZEAFFTLIEDDHL,BLNE N, LA
L7235, Clostridium J&M T A3F 52 RAMED S
T CRELRRAE T T HI LN EEL % 2 HRETHS
Jo

CTTHRARZZBD LIS, AW HEETE IR R DD
UL NBNDS, TORIROA FVED M TR
DM ELDH D, BB HCEEOIRAMUIZE
WA DA R R 9 528 T IR AN,
HOLEERPE B LIS RSELHETIE, avK
AN RSN EREASF L — M B E L CERILE
SRDPRFFEND, HHVIE, WELEIHSIN TV
ANZALCTEEBHPAETLEHHL T 5, 72k
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ZWMAEMOBIE DI LR R HHEL T, Hik
ENTzTVRAM BARIZD 2o T A LR T 5L
L7256, HEPTOEEEE N OMBEITE T CGRLZ
LIETERWEEDONLOT, X TRLN AW
TEOR)FIT T ARAMELEE O TS, K& A) b
WD Z Wb DEE 2 HLs,

4 BREDFVWIRTLEZRAWTHREMEYEED
BRI LEVGE

NIRRT BY, A RO R R A IR T
72Olid, AV RAMUCBI B B 55 % TEH AR
DEELL. F—&oar BRAME RSO S
LEBFERDIMEONL VAT LD EN DL, &
DIV AT LD —F% Fig. 1 1277F o (Nakasaki et
al.2011) ZOTATATIX, B @S O/NREEY
FAWTEY, Ao EE SRS 572010, Mk
YN DR IR DR T e TR E T ML i
DFEEAELREL, HRY S HRE, FAOR
FEEIFLTBILRREL THERL I REERD
e LR BLELZFHEL b, F2 sk
AR DS O T RN, bbb, FERD. REE.
Ky R E DBRVEGABIFE —IL T T 52
EC, MAEMETEORN RO AREFHM TX4, Nakasaki
et al. (1985) I¥. Fig.1 L[A—TidZw2s, FLEZH
IZHEDOWTRREIEN 2TV RAMEY AT 2% FI T
RO EEBGEIL Th, 2B, kst
ELTUIT U RAME A VT, I R AMERH B2
EEILMETO, 10, 20%IZZZTHRMLTWAEDS, #%
A Wy F T D A IR AR Wi BE DAL O W BRAL S 1
P, BIRTESNE,. pHy SKEBLEEEDTHIE
TREF 72012, TRAMERZRINL 2V, HENIE
WOHL72a BAME T, H o~ B C i L 728
W ARANE BRIl TwA (Fig. 2 ). %8,
RO AL RAMUIZBT B AR O Fl 2B
T AL TIEI R AMEBERE TRA Y DL DL %%
BT BMIIOWTRIN TR o7 hs, O
Tl RAMUEBE R OB 2L HEL T b,

IVRANE R 2V RANDOEN G2 2 TV A HHAE
TOMAEW R EEY LSS THL, IV RAMEIZBITA
B IRICEE R I RO NZ e s, FERIZ
MW7 FRBIROIVRAMEIZBWTIE, D5
FRLZFF G- D REIT B A W | 3 AE R 2 B A L 7T
RS S N3 A QYA NV Rt S ob R ki b T BN - €.
Pert 3> RAMUED G BN 731 2 BHE R R 3 ek
FEam T Twa,

@ Flow meter @ CO:Trap © Bubbler
@ silicon plug © stainless screen @ Mini-reactor
@ Tedlar bag © Incubator

Fig. 1 Laboratory-scale composting system.

Similar
sterilized
! !

¢ . compost
@ compost
I

Raw materials and composting conditions are maintained
the same regardless of different seeding ratios used, ranging
from 0% to 20%

Fig. 2 Experimental design for confirming the
effects of microbial inoculation using a mix-
ture of compost and sterilized compost.

[ —DY AT AT E I TG FEE L7230 RA
ML S, AV OBRERE S RRLILIC
Ko TH &Y 53 ff L DZEAL /Y — I3 Ao
250D, TV RAMUED FEEERE T R O A HEW) o i 5
I UZEDR RSN W EEHED DTS (Nakasaki et al.
1992), 72, BEEO A YRR OR)RIZOW
THRFTL72AE R, ZBEOO A W 5 i D2l s
Y —NUNIED DD, F 7AW 55 R 2 L
HERFEDTZ VI EEPSPIIL TS (PIFIED 1993) 0
B, ZOWZETIZ, U RAMBIETHELT A4
DD NI DOWTHIRE L TWD05, T
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AE A SNA LRI O SE CHh B0, R oo
O=—H8ROT =7 TlEH 50D, TV RAMLBEFED
W DOWAE Y OFEEH DA W BAE RN Lo TR o T
WeZlaHE L Tb,

ZTOH%. BB A R o a s RAMEIZ
BWC, A w LB S LA Y TR
WERLIEXHODPIL 7245 K25, Loakasikarn et al.
(2021) IZEoTHEENTWD, TOFHLTIE, avR
AN e REAN IR AT Bl b1, BEFREIA T
DIFAEFEZOVTEE KL b, EBREHBOI R
AMBIZBWT, 3O R (IO
FlH) 1 FEE IR O RN, 2 fiE) L7
L2, BRI O R B L AR ERL, FERE A OFESE
IS TRIFLEE Th 7oAy, EW I KRR TR
TBY. WA OBFEI WY # O BRIKEGEE
FHIENIRENTZ, Ty BRA P RRLEFET D
WA OISR 25120 DET . SLOBERIR
FOHFAEFE XTI RAMEDHET I ON CRIBRE o720
IVRANFOMAEYE, 7282 IR RS TWTh,
R OBERE AT HRT Vv VER L QO s
LT\Wh,

Plb. EEORIRD 2, HEVIIHD T/ IS
YRAMEIZOWTEEDTEZA, R Eoh/zar
RAMUIZDOWTRIZIR T 5o

5. BIRMEDEWVWRTFLZAWTE-MEYER
DB HBIHE

AR O RS EONLEN, T2 RAMNGE
hOE R R, pH % A S EY O &)
o TORNEIL, EBOIEAMETHRHIE FZ%
bOThHbH, TV RAMUIZBIT A8 # pH DIEH T T
(2R ~7z3EY, RS T CitE SN A S AL, B
W e e OARRIGEEATEFEL . pH 254 ~ S ET
KTFLT, MUEDIREEZIRLTWAHA, K pH D5
Tid, IV RAMUBAEY OFEIFEREDZON, 155
R SR BT AETICR VM2 B4 5, i

B oA IR SR A7-0123, LTFLOA R
RS AWM RIS EREL 2 ThEV, ZAUL,
e AYE g U, I RANER &I LA B
R 53 R B SRR S TId D B0 Gl A AR, HEFHICE
Yo THBEOWmRI T HE pH ZH T EAL,
pH 2% 179 2L G B ER 501 TR OTE PRI D L sz
D, SHICHRRRO T RPELE BB T,
ROTC, ABBBIIATIE R HEN, pHL LT
57280 Thho LLEDH, I RAMNEEHIE IR 55
fERET) D S A R E IR B B T A2 8IE D%
{LENHET B LN TELIELMESINTETC D, H
PR R RE I OB A Y OB EL T, BERE Pichia
kudriavzevii RB1 735 (Nakasaki et al. 2013) o A%
BRI 72 B 7 )V & BEFEIZ RB1 bREHEREL 724
A, RB1 MRIZTRANEEH & ENHH IR % S8
2oL, pH 2 DL B E RS 72, $720 RB1
WAL 723 RANCIE, FRBRO S EIRE52E
Ty IRANG TN O 57 i 459 R A TR & D 2R
P O (Bacillus thermoamylovorans. Bacillus
foraminis, Bacillus coagulans) 7%, #HL T
I RAMDD R FHIAL 722 e 2 AT L T b,
RB1 BRI B 2570 0 Tay RANER S iR
EALEBITIEEL7AS, EIRE I A LRI O ARA
MED WA B B 120 8% KA. IV RAMEIZ D00 b
DLW ORI O 720 DI H{THI LT,
AV RAMET O AR A HT BT EDST] REIC 2072k
AL T 5,

WA O ERALNLDE, H RS I
XA, pH DRSO\, TV RAMBRIZBITS
G T T 2T 97 DI IRAREE R R A D HE IR
FEHIRESI TS (Ohtaki et al. 1998) . A3 fiEET
FAF IO ZNLHE T AE IR T BT AL THW
T BEZHREROE T 2L, TAEETEaVRAME
TLREDHBENEZONT D, B HRIETS AT
JEAg, AVRANORRLT, L8, WL T
EDHRBREE R THHINDITHFTENTHE0
T BRA BRI R A M AR T 2 LT R
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Lo TWD7)Y, WHE OB TIIZ ORI E RV,
F72. TURAMNER A TO RO B WEEDIL, €
DIRFEDZDDO TR, HDVITFIEL B\ EVIHTED
BINHD, BRI TIAF oL TR - ¢ - 70T
7bv (PCL) #HIWT, 50CTarRAMEL7:HED
PCL D53 B RT3 HEAE T O SR 0 5 B e i <72
LA, PCL OG- MR, L7z 2 FFEO 7350
AR A T RECERRY, — 7 O A Y ¥ 1 #) % 1
U725 S TR SN R I AR T OF) 2 5 T o
FeEHEL T,

M CEEAERY RS R HN /2 FE LT, Tang et al. (2011)
. WEETHDLTHAD I FEAMEIZB TR Y
O EEMERL T b THRAIEENDNAF R
X —TCHLTNF RO IR Halomonas sp. AW4 3
XU Gracilibacillus sp. A7 ZHefE 723 RAME T,
CNSDMAM L 2 WA RIXIZH AT, 7vF
YBRO R, SR EEOFDORE ot bW
LCWbo TIVFUERE S HEW I BRE A7
p\ns, TV RANERRTOWREIRL, ED720,
ZDa Y RAME TRUEEM B DR KA AL Tb DL
E2HNT20

7o, WAEWEEHI O ARIL, T RAMNEEE
MEE (HREEFY) K THMLEL 723 RAMETHESE
ENT5 (Nakasaki et al. 2015) o 22 RAMEOWIHA
BB Clt, EROH B AAE O 533 AR AR
BER ALl KAWL T %, 2L T,
ZOTEALDBIEE, §1&H<, KBEEH WAL
P AFNC M bR REK, BLOIATIVETHE
B RSNDE BRI TR S 02 5 28 DS T
Who ZO0IZ, BEEROMEILREET S AL
TEim e R KIS KBRS WO A2 EDH 5,
DL TIE, VANT Y, By AT, &
TG pBRNL 72 E SR B TERAL. 180T,
30 73 O & K TREEL T, a2 RAMNE % 5
L CTVDA, WHEOMEFE T 5-HMF (5- LREF IR
FNTINTT=)V) BINTNVTT=NViaE D75 5D
KT Do TTALEWNE. T RAMUBEY O

rELCHEL, T RAMEIZBIT 2 H W 75 kOB
W EOE DA REL DTz LLGRDD, ZOTEKRA
NEEHZ 7 3 1l e A3 HELR Paecilomyces sp.
FA13 239 528 C. 77 LB O3 EH 2 LR
HEIN, TOMRELT, T RAMUIZE 5§ 5
OIS LU, YOG F 7 R ORGEH R $5
CEDBEEIN TS, 7T7ALEMDIHNC., #EE D2
YIRAMBAE M S IR RSN LI E DR VI A &
GEATHIUL, BUEEM BRI IIRED R R B
SNBHTELA G TII R\,

PhERAR72392, A o % S5 24 Rk
RITALEM DI LW E DR PICE TN TS
B F7o SRR GETIAT I DIHNI, W
HZObDIEMAEMOTEEZHEL 2 (FERBE, A5
[T I AF o7 ENERIEERTHY, T b 5E
TIIAD OB LIPHIBIEEDLZ2\) A3, 4k
ML, ZO5 TE Y AS AR BRSPS i B L AP A
LW EICIE, A SME e 528 05H
WMTHLIEDREN TS (Fig. 3 B,

Pichia Commercial Halomonas sp.
Kudriavzevii Inoculum  Gracilibacilus sp.

e Y @

11

Paecilomyces sp.

VFA Furan PCL Alginate
(Volatile (Poly-¢-
fatty acid) caprolactone)

Microorganisms are

Toxic for the other
i low in concentration

mlcroorganisms

Fig. 3 Positive effect of microbial inoculation
on accelerating composting by rapidly de-
composing certain chemicals present in the
raw compost material.

6. AVERME7RERICHITBHEHOEENY

FCIZ R L7208, iR oA YA E iR S
T LR T A LI ER 25H 55, Bt
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TRIFIUT, BRI R TEL0b LR, 2D
ZhiE, BUAEMEEREORIRD, I RAMEDSHELY)
N Z LT TELWIEEERL T b, Flldwngpg:
UL, I RAMEO AT AL THAEL
7AW A RN R I CEB I REED B D T TR,
WA OBARL 2 RAME T T2 ADFE AR 72 ) 1%
HABDETZHREI DTN 5o

Nakasaki et al. (1998) (&, A4 5 & | 2R3 2 4]
Wa I RAMFEEHIIAEL €, B, EAEIEHIL
T MEXPBEL. BEORDYELTHEHTELEM
Il 2> RAN (Nakasaki H1%. BEAEPET S RARE
A TWD) OEIERRATND, FTRFEIL, L
DV I=TRRE (5—27%F) T, BINETH
% Rhizoctonia solani AG2-2 =¥l 2G5 E &L T
Bacillus subtilis N4 #H A ELTHWTWE, 2
DA R NIFEHE L CR iz A X B )5 T
ELHIRVEME ThHLHDS, S § 52 L3 TE
e\, Fz, HIETRELIRE ThHhoTh, Ar 3 o1t
DAY RAMGEAEIN AR TG EE DS E 720, 3k
A LA L CREiR I CE TS A 2 EATTER
Vo ED729, 9. IUVRAMEIIHIOBCHERICK
% 80CHOE A HRFFTHZET, WIHIZBW TGRS
B REEDSH B FE O PRI AR KR
LT 5, 20Kk, HMETERF TR TIETHRHE
AL, DISEmEA RN E OIS E L 72 40 ClIHERE
FHIET, TURANMUCZ OMA Y% 5 i B | Gl S
HT5, $%bb, MAWE FEHIE/ET 20T
. BHEOIAIL T2 TOT LI DD, T,
40C% 3 HRMIMEFR AL T, AN H A i i | 214 5l
L. RV EINICEEMEDO T, TDH, IR
AMUEDIREEE 60TCIZ 15 #EREd 5, ZOBEICIo
T AVRANP OB O % B HEFEL 2275,
AN TEEREDOIRAMEETTREIZL TW5, 2.
COIANLTHEESN 2OV RAME, EEIFEDOR B
ICEN THAZERMEDPOTND, TOREFIL, BEY
OFAEL 2 RAMET T & AD RS 17 % M A
b HEDOEENZEMIT TS (Fig. 4 ),

Temp.
80
Functional
60 compost

inoculate

— Time

growth &
sterilization sporulation

high-rate
compostin
Temp. P g

80 increase survive

Functional
60 compost
40 YES

4 (~)inoculate

— Time

Inoculation timing & Temperature control

Fig. 4 Combination of delayed inoculation of
suppressive microorganisms and temperature
control enabling the production of value-add-
ed (functional) compost.

E512 Bacillus subtilis N4 LD PLH ARZ MVDSIE
o ENZL DO IRF E A W § 5 2L A TELEE
Coprinellus curtus GM-21 % 2 > 8 A M 8 £ T H il
LC, SiREICHsE 2L T MWRELR R
oM RAN HE T A2 FERPIE SN T
% (Nakasaki & Suzuki, 2008) . ¥ RAMLAIIOE
I A D S TREAMR T 3551327 C GM-21 #k
P72, ZORERITIE, TCICay RAMEI R
T HHEBEIIEE DL NVAMEL > THY), M
NCE RIS T THHE CEHE W ORI A F &
o T\b, EHIZ, pH & A B OB G X # #3525,
B OMGEIIZ L7z 6 OISR T 528 TH
HOFEAR I A T I Cde HLIZ, TV RAMNE
BHIME A B 27200 20, BFE 3 20 otk
HIZEDET, IR RAME7 0 2% il § 52D H
FEVEAZZITHREN T,

AWMDY7 EE L2 RAMEIZIE
Zhou 5O5w 3L (Zhou et al. 2015) bbb, FHAIRIC
Habb& A L7c I RAMNERHI, I RAMEHEATIC
HhET 3 BT TN HREL TWh, 51
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BB o RAMNEEN i E R, MEFFT AHRYT
Thermoactinomyces sp. @ fim il 5# T L7z, )7
VDI R TE D 7-9DIZ Coprinus cinerea & Coprinus
comatus % SOOI ASEEB L 72& X2V — 2D
iR EHB &L T Trichoderma harzianum & Rhizopus
oryzae R Tnb, BINDELL 3 OMAY
%3 BRI TS A2 T, Y= vea— A
DG RHIMEE SN E L T 5,

F72. AVRAMET O ZAOHIEI O EEEEZ IR
I—DODBNZ, FITIRLEERE RBI MREHAEL, 20D
EHEDTE A0 CORER MR AREM A2 T, av
RAMUIZ BTGB 57 AT B2 S0
70 %E 05 % (Nakasaki & Hirai 2017) o A HEEA A
BENRT VIR & B EDOEHNET VS A2 fl
M3 5L, T RAMEINERS THi7- 122 =0 A TNk
AR ESNLDS, TV RAMEDTRER 40 CIHEFRFL 722
U EHEERE 5 R LD DETIC, RB1 ARIEERICE
DILIL CLEID T, pH K T IZ&oTIayRAMEIEH
W2, ZO7D, TYRAMEAHREIT 5L ST
F5I20E, 0COMELMEFRFTHIEAEET,
Tl Bl DB ] A o AR AM U D ) 53 Fff 3 FE L SR &
BT HEVIREREF TN 5,

1. BEMEBOMRICOVWTDERA

AEMTEEE HET2WE. &\ R
BOHFAELTO, ENE 5 D 5 Rsd CTHREsE
A TR, R AR IR AT
HOIVGF IR S, T AIUIHIEL T RS gk
EZoNDe LPLEDSH, ENLOMAESHRIZT
JEENDBELTH, W0 ERM2Ed54Th
L ENSEER I E DA TR 2SR DI
M3 5Zkid, 5 EBRGE CORER R 235720
WCHRRIET THD, LALRDS, BT LMEY
DR TE AR B A AL, B INEFRD A5 20 min
EL72EEITIE M) 1 cell % 10° cell T 100 J5 512
BIES 2O EREFIIE, DI AT EIEE %

Vo F7o. REINRERHIAT 6 h L3E5HHEE OB AEY T
HIUE, 100 F5. 1765, 100 ST REDOWREEIHE 2 572
BHIZ, FNZI, 40h, 80h. 120h FREDLEL D,
MAEWEBERTLIEICES, NSO OEHEATE
EPBEDTI L RAMEAEERIZ D2 R BIAKSE 5,

— T, MFET R R o mA oS, bedid
FARHZEEN TRV A1d. 3 RAMEO R %
WSO RRFBICL COZOMAEIIIE 2 TLAZED R
Vo BlZAE REYIE R 2 B TR ELB T A
ZEDOTELMEW ., EARFERRIZDEEFNTY
O TIE R\, ZOX)RIKR T MW 2
LIEIHEM B FELLDTHS)e LLEDS, C
CTHEBELZETLIOE, FEHIMAMZHE T 572
FCIE, BR800 RIEEONBNENHIZETH L,

EEOE R E N SEAE T 52 L2 Lo TR
B3O EARIE0AIETHHAIETRAME
2B\ LAY BT RSz BRI ifg
FERAE OER CTEHAL T 2\ A AL AT  Z—2ary
DFEMIZBNTH, T RAMEEFRRIZ, B -
AW ERS. WIHTET, BRI TSRV A
DHAHZEDRLIFLITBIZE SN TS (Harkness et al.
1993), TSI, WIS E SN A WS 2
DEFIHEIG TSRV G, B2, IREE, BRFEiR
EREDHEFHIANONANTND, HDVIE. HEW
B ORI ORI T BE R Kb E T
EDHEREIDR RS RON N LIIA B ClE %
Vo E512, BRI CICIEAE S BB Wy S R
YO OBEH, BAREMAEY OEAZEZGT 556
bdH A (Ghoul & Mitri 2016) o NAFL AT 4L —3
ATBWTE, BB, BIRITIREREZHIEHSS
DIIE S TIERVH, TV RAMETIEERBE S5
ARG ALHY, TORHIIE, R H Y B
T E TR DR R D RATNLIEDH S,

Fro, EEURIIRGLEREEZIAA T, fA72h
DIRWTEEZE S DLTUNAF TA7 ADE 2 H3FEH
ENTETVLY, BIZIET TICELOMEY A
AEBLTWAEZOIZEZ IR S Tldk\v, 7aNAt
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TAZ AL CELMEIEER A7) —
ZUTERIZLOTHY, EARMAEY TOUHEE )
DI TlE RV, —FH T AP AEN 72k
W LB TR SIES TERWVwold, Ko7zl
LIEYTIE R A HIE, TRIE RIS THe
FTLURAUII DR, Z0Zkid, EfoFoR
BEFEDOANZALIIMZ T, FERWEDOHE TH
JR 23 H 5 CE e \Wc O EFHENAZE D D b
EHEE ARBPWORERLIENZESFLTW
DAY OZET, TNSDO MY A E R & A
FTHIEIZL o TIRIE W O G2 J il 5 2 B R ITE
PR FEPLEIFIEN T 5 (Buffie & Pamer 2013) o

DL EOEEDSLTRAMUIZIRS T, Skt
Wd. EORHEE A LRV EETHLI LD DD,
IVRAMEIZB VTR, EDLIRIEROE D L7
eSOV RAMET, EDOFAIV T THETHLED
JORFEH TR RSB HEHZEDPHIREN T2, H5
AT AL, BEREEMBEOI L RAN)THL
BETED, AV RAMED B TRAEEELRWRE
ELFZERIE, FENICZLVES bEBEER L,

8. ¥t¥

IV RAMUC BN CTMA W EEO R E 0 c&5
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Abstract Five diatom strains were isolated from the coastal waters of Goto Islands and

their fatty acid content and composition were evaluated. Fatty acid composition of the isolates

showed a similar tendency, and fatty acids of 14:0, 16:0, and 16:1 (n-7) accounted for the major-
ity, comprising 7.4 to 27.2% of the total, 3.8 to 37.1% of the total, and 15.7 to 59.6% of the total,
respectively. In addition, most isolates contained polyunsaturated fatty acid of 20:5 (n-3) (eicos-

apentaenoic acid, EPA) and docosahexaenoic acid (DHA), which are essential fatty acids in

marine organisms. Among the isolates, a pennate diatom cf. Diploneis sp. contained the highest

EPA. The potential of the pennate diatom for aquaculture feed, and the ecological significance of

EPA and DHA content of diatoms in marine food webs in the vicinity of Goto Islands are briefly

discussed.

Keywords: diatom, Goto Islands, isolation, PUFA

1. Introduction

Microalgae are notable for their rich lipid content,
specifically polyunsaturated fatty acids (PUFAs) which
regulate cell membrane fluidity and act as precursors to
hormones, with n-3 PUFAs being particularly beneficial
for human health, and thus utilized in nutraceutical
applications (Li et al. 2014). PUFA is known as essential

fatty acid, which is transported through food webs from

microalgae to higher trophic organisms that cannot
produce PUFA (Brett & Miller-Navarra 1997). Since
among PUFAs, 20:5 (n-3) (eicosapentaenoic acid, EPA)
and 22:6 (n-3) (docosahexaenoic acid, DHA) are known
to be important for the growth of various marine larvae,
microalgae rich in EPA and DHA are being explored as
excellent feed for larvae in aquaculture (Koven et al.
1989, Wacker et al. 2002, Patil et al. 2005, Waldock &
Holland 1984).
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Thus, EPA and DHA stand out as the most sought-
after n-3 PUFAs, traditionally and currently sourced
from fish oil. However, this method encounters several
issues, including variable fish oil quality, concerns over
the sustainable supply of fish oil, and the undesirable
odor associated with fish products (Dulvy et al. 2003,
Gerber et al. 2012). Furthermore, the production of EPA
and DHA from fish oil is plagued by fluctuations in fish
catches and resultant variability of prices. Consequently,
there is a pressing need for cost-effective, alternative
sources of DHA and EPA, prompting a search for new
PUFA sources (Lenihan-Geels et al. 2013).

Microalgae emerge as a viable and sustainable
alternative for n-3 PUFA production, offering advantages
such as a higher growth rate and greater biomass density
compared to terrestrial crops. This has led to a growing
interest in harnessing microalgae industrially for n-3
PUFA production. In particular, diatoms are considered
to be a suitable source of n-3 PUFA (Dunstan et al.
1994). Yet, to date, only a limited number of diatom
strains have been commercially exploited for producing
high-value substances. Specifically, Phaeodactylum
tricornutum, Nitzschia laevis, Chaetoceros gracilis, and
some polar species are currently being explored on a
laboratory scale (Hamilton et al. 2015, Katayama et al.
2020, Mao et al. 2020, Steinricken et al. 2018)

Given the vast taxonomic diversity of diatoms, a broad
variability in EPA and DHA production can be anticipated.
This study aims to establish new strains with high EPA
and DHA productivity from the coastal waters of the Goto
Islands in west Japan, highlighting the potential of these

organisms as sources of valuable PUFAs.

2. Materials and methods

2.1. Collection of water samples

Sampling was made in the coastal waters of the Goto

Islands in Nagasaki prefecture, Japan in February and
August 2017. The islands formed complex topography
(Fig. 1) and were selected as an ecologically or
biologically significant marine area (Ministry of
the Environment, 2014). Seawater samples were
collected using a bucket and then introduced into
500 mL bottles through a 180- 4 m mesh to remove
larger particles in Arikawa, Koteno-ura, Oso, Sangen-
ya, Shirauo, and Taino-ura (Fig. 1). Diatoms were
condensed on 0.45-pym membrane filters, and then
cultivated in 12-well plates as enrichment cultures.
Enriched f/2 medium with silicate was used
throughout this study. To obtain various species,
the serial dilution method was adopted (Throndsen
1978). The plates were incubated at 20 £ 1°C under an

irradiation of 200 gmol m”s™ with a 12L:12D cycle.

. Senen&a
°NF O 5 10 15km
33°N Oso 90 @‘ .
)./ Arikawa
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Fig. 1. Sampling locations in the Goto Islands.

2.2. Isolation and culture conditions

Diatoms were isolated using a micropipette under an
inverted microscope. Each isolated cell was transferred
to a well in 96-well plates and irradiated at 200 pxmol
m” s with a 12L:12D cycle. Diatoms grown in 96-
well plates were then transferred successively to a 12-
well plate, 100-mL Erlenmeyer flask, and 500-mL
Erlenmeyer flask. Isolates were maintained at 25 = 1°C
because they showed higher specific growth rates at 25

+ 1°C than at 20°C. Isolated diatoms were identified to
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species morphologically.

2.3. Fatty acid analysis

Cultures of each strain at the late logarithmic growth
phase were harvested onto Whatman GF/F filters
which were burned beforehand at 550°C for 2 hours.
After drying in a dryer (Lab-ware drying oven, Yamato
Scientific) for 24 hours, dry weight (DW) was measured
using ultra-microbalance (UMX2, Mettler Toledo). Wet
biomass of each strain collected on a Whatman GF/F
filter in triplicate was freeze-dried and stored at -80°C
(SANYO, MDF-C8V1) until extraction of fatty acids.

Fatty acids were extracted according to the protocol
of Bligh & Dyer (1959) with some modifications. The
stored GF/F filter was immersed in chloroform/methanol
(1:2 v/v) mixture solution. Then, fatty acids were
extracted by sonication, and the extract was dried using a
dry thermo unit (DTU-1CN, TAITEC) in nitrogen gas as
a blower. Then, 1 mL of acetyl chloride/methanol (5:100
v/v) was added to the dry extract, and heated at 100°C for
1 hour. The reaction product was extracted three times
with hexane, and the extraction was dried with nitrogen.
Then, the dry matter was dissolved in 300-xL hexane.

Fatty acids were analyzed by gas chromatography-
mass spectrometry (6890N GC/5973MS, Agilent
Technologies) equipped with a DB-5 MS column (0.25
mm inner diameter, 30 m length, 0.25 gm film thickness,
J&W Agilent Technologies). Helium gas was carried at
1.0 mL min"'. The injector temperature was set at 310°C.
Individual fatty acids were identified by matching with
the mass spectrum of the standard substance and the
retention time. Fatty acids were quantified from the ratio
of the area of the mass fragment peak of the sample to

that of the standard substance.

2.4. Data analysis

Results of GC/MS were analyzed using the software

of Agilent MSD Productivity ChemStation for GC and
GC/MS Systems Date Analysis. Tukey test was applied

to evaluate significant differences (p<0.01).

3. Results

Five diatom species were isolated: a pennate diatom
cf. Diploneis sp. (referred to as Diploneis sp. hereafter),
Cylindrotheca closterium, Bacterosira fragilis from
Koteno-ura, Chaetoceros pseudocrinitus from Taino-ura,
and Talassiosira subtilis from Shirauo.

Fatty acid composition was not variable among the
isolates (Table 1). Fatty acids of 14:0, 16:0, and 16:1 (n-
7) accounted for the majority, comprising 7.4 to 27.2% of
the total, 3.8 to 37.1% of the total, and 15.7 to 59.6% of
the total, respectively. In addition, most isolates tended
to contain PUFA of 20:5 (n-3) except C. pseudocrinitus,
occupying 15.2 to 19.5% of the total. Biomass-specific
cellular content of 16:1 (n-7) and 20:5 (n-3) in Diploneis
sp. was 20.3 mg g-DW" and 6.7 mg g-DW, respectively,
significantly higher than those of other isolates (p<0.01)
(Fig. 2). This strain also contained 0.70 mg g-DW' of
18:3 (n-6), 0.08 mg g-DW" of 22:0, 1.02 mg g-DW ' of
22:6 (n-3), and 0.92 mg g-DW"' of 24:0 (Fig. 2).

=B fragilis OC. pseudocrinitus  8C. closterium S Diploneis sp.  &T. subtilis
25

20

Cellular content (mg g-DW-')

Fig. 2. Fatty acid content and its standard
deviation (n=3) of Bacterosira fragilis, Chaeto-
ceros pseudocrinitus, Cylindrotheca closteri-
um, Diploneis sp., and Thalassiosira subtfilis.
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Table 1. Relative proportion of individual fatty acids (wt%) of isolated diatoms.

Fatty acid Bacterosira Chaetoceros Cylindrotheca Doploneis sp. Thalassiosira
fragilis pseudocrinitus closterium subtilis
14:0 7.9 27.2 10.9 7.4 7.7
15:0 1.3 0.0 0.7 0.2 0.9
16:0 37.1 33.1 352 38 35.1
16:1 (n-7) 232 15.7 30.1 59.6 28.9
18:0 7.1 9.5 0.4 0.9 5.1
18:1 (n-9) 5.6 14.4 7.5 0.5 5.0
18:3 (n-6) 0.0 0.0 0.0 2.1 0.0
20:0 0.0 0.0 0.0 0.0 0.0
20:5 (n-3) 17.8 0.0 15.2 19.5 17.4
22:0 0.0 0.0 0.0 0.2 0.0
22:6 (n-3) 0.0 0.0 0.0 3.0 0.0
24:0 0.0 0.0 0.0 2.7 0.0
24:1 (n-9) 0.0 0.0 0.0 0.0 0.0

4. Discussion

4.1. PUFA content in isolated diatoms

The isolates exhibited high ratio of 14:0, 16:0, 16:1
(n-7) and 20:5 (n-3) to total fatty acids, supporting the
previous studies that diatoms contain high amounts of
14:0, 16:0, 16:1 (n-7) and 20:5 (n-3) (Servel et al. 1994,
Viso & Marty 1993, Zhukova & Aizdaicher 1995).

Among the isolates, Diploneis sp. contained a large
amount of PUFA, and its biomass-specific EPA and
DHA contents were 6.66 mg g-DW ' and 1.02 mg
g-DW', respectively (Fig. 2). DHA content of Diploneis
sp. exceeded a reported high DHA content of 0.6 mg
g-DW in Nitzschia frustulum (Renaud et al. 1994).
Thus, Diploneis sp. was the best producer of n-3 PUFAs
among the isolates in this study. However, the highest

EPA content in diatoms is reported to be 62.3 mg g-DW"

in Phaeodactylum tricornutum (Yongmanitchai & Ward
1991), which is almost one order of magnitude higher
than that of Diploneis sp. in this study. Furthermore,
higher n-3 PUFA contents are known for other microal-
gae than diatoms (Ma et al., 2022). Therefore, the next
step should be an examination of optimum culture con-
ditions for better productivity of n-3 PUFA, that is, both
its content and algal growth rate of the isolates obtained
in the present study (Ma et al., 2022).

Yongmanitchai and Ward (1991) investigated optimal
culture conditions to maximize the EPA production of P.
tricornutum and increase the EPA content by increasing
salinity in the medium. A similar observation was made
in Nitzchia laevis, which showed elevated EPA content
presumably as a result of decreasing cell membrane
fluidity to withstand high salinity (Chen et al. 2008). In

addition, light, temperature, and growth stage are known
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to be effective environmental factors that promote EPA
accumulation (Li et al. 2014). In the present study, while
an optimal culture condition for EPA accumulation of
Diploneis sp. was not examined, it is expected to in-
crease EPA content of Diploneis sp. by suitable combi-

nation of the above factors.

4.2. Application of Diploneis sp. to aquaculture
Benthic diatoms are known to be fed by a variety of
benthic marine organisms (Aratjo-Castro & Souza-San-
tos 2005, Gerdol & Hughes 1994, Kanaya et al. 2005,
Kawamura et al. 1998, Xing et al. 2007). In aquacul-
ture, benthic diatoms are used as feed for the larvae of
abalone, sea urchin, and harpacticoid copepod 7isbe
biminiensis, and EPA and DHA in diatoms promote their
growth, survival, settlement, reproduction and develop-
ment ( Ara@jo-Castro & Souza-Santos 2005, Gordon et
al. 2006, Liu et al. 2007, Pinto et al. 2001, Xing et al.
2007, 2008). In addition, since T. biminiensis has a rel-
atively low DHA content compared with other harpacti-
coid copepods, it is necessary to increase its DHA con-
tent before feeding it to fish larvae (De Lima et al. 2013,
Liu et al. 2007). For this purpose, Diploneis sp. isolated
in the present study containing relatively high EPA and
DHA content can be used as a food for T. biminiensis as

well as other benthic organisms.

4.3. Ecological significance of diatoms near the
Goto Islands

Diatom blooms are recurrent every spring in the wa-
ters around the Goto Islands, followed by the increase
of copepod abundance from spring to summer (Enom-
oto 1957, Enomoto & Hamada 1962). The dominance
of calanoid and oncaeidae copepods was reported from
August to September in the vicinity of the Goto Islands
(Tanaka et al. 2006). Copepods contain fatty acids in

wax esters that are mainly derived from phytoplankton

feeding (Sargent & Peterson 1988). Calanoid copepods
contain a large amount of C16 and 20:5 fatty acids,
which are known as characteristic fatty acids of diatoms
(Katter 1989). According to the feeding experiment of
Acartia, high levels of 16:1 (n-7) and EPA were found
in their bodies after feeding diatoms (Dalsggard et al.
2003). Moreover, when Calanus helgolandicus feeds
diatoms, fatty acid composition is quite similar to that
of the fed diatoms (Dalsgaard et al. 2003, Graeve et al.
1994). These observations indicate that calanoid cope-
pods obtain 16:1 (n-7), EPA and other fatty acids direct-
ly by feeding diatoms. EPA is strongly correlated with
the egg production rate of calanoid copepods (Brett &
Muller-Navarra 1997). Egg production of Acartia tonsa
fed by diatoms increases 10 times higher than that fed
by ciliates, and the diatom-eating copepods and their
eggs contain EPA predominantly (Brett & Muller-Na-
varra 1997). In general, marine animals uptake EPA
directly by feeding, and convert it to prostaglandins for
their growth and reproduction (Dunstan et al. 1994). The
isolated diatoms in the present study contained EPA with
variable contents ranging from 0.70 to 6.7 mg g-DW ',
indicating that these diatoms contribute to egg produc-
tion of calanoid copepods. In the waters around the Goto
Islands, Thalassiosira subtilis was dominant from Jan-
uary to March, followed by copepods (Enomoto 1957),
suggesting 7. subtilis containing EPA supports the popu-

lation growth of copepods (Fig. 2).

5. Conclusion

In this study, five diatom strains were isolated from
Goto Islands and their fatty acid composition was eval-
uated. Among the isolates, Diploneis sp. contained the
highest EPA and DHA, suggesting its potential for food
for larvae in aquaculture. In order to exploit this possi-

bility, an examination of optimum environmental factors
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for higher EPA and DHA content as well as for growth
rate is the next step. In addition, since it was indicated
that diatoms contribute to the egg production of zoo-
plankton around the Goto Islands, the ecological im-
plication of PUFA contents in diatoms is an interesting

subject to understand planktonic dynamics in this area.
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Abstract Perovskite-type oxynitrides often exhibit intense colors and have the potential for
applications such as visible light responsive photocatalysts. Wu et al. (2016) reported that ni-
trogen-doped Sr,Nb,O,, which is one of the Perovskite-type oxynitride, demonstrated high
oxygen generation efficiency for water splitting under visible light irradiation. However, these
oxynitrides have been synthesized by the direct nitridation method which require very severe
reaction conditions such as high temperature (900-1100 °C) under ammonia flow for long time
(e.g., 10 h). Thus, a safer and more convenient synthesis method is required. As an alternative,
the mechanochemical method has attracted attention recently. This method does not need to treat
sample at high temperature under ammonia flow for a long time to dope nitrogen, and instead,
solid materials such as CO(NH,), can be utilized as nitrogen sources. Therefore, in this study, we
attempted to develop a more safer and simple synthesis method of nitrogen-doped Sr,Nb,O, by
using the mechanochemical method. The experimental results showed that Sr,Nb,O, N prepared
by the mechanochemical method at a rotation speed of 600 rpm for 1 h showed the highest hy-
drogen production rate among the various mechanochemical conditions with different rotation
speeds and times. The result indicates that the mechanochemical methods is an effective method
to synthesize visible light responsive photocatalyst for hydrogen production with much safer and

simpler condition compared to the conventional methods.

Keywords: photocatalyst, visible light, mechanochemical method
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1. #&

KRFEE, TAVF—FHEEC CO, ZHFHL 22
PO AR ALV - L TERSN TV A,
2022 FBITE. HRO— K ZAVF— 512817 51k
AEIOHERIT 83.4% THY, FHATFELANF—IX
HE01.5% THHILND (RRIFEELEFRLAL
F—IT 2022), FfE ] g SFEHO2DOIIE, 1L
AR HKREZIILOET AT REL AL F —~
DRATHLETH L, B, IRFEIIRIRIT AREDK
FREE (Dawood et al. 2020) (ZXBH4FESS—HKAY
ThHHH, YWREIZEoTRFEEF R R bk FbA
S B7280, KRB A RE X T RAL R 3% O [
VLD (TIV—IKFK)s D720, LHBRE S
BT, KT AN F =2 > ORI EAHK
FRNE I () —2IKFE) DROLNT W5, T4,
YN e o N By A A B & =
BOF LRI FEEL TR TV A,

TR C LK, AL HEIERR (Fujishima
& Honda 1972) O3 LI, ZDFFEE @ LIZ(A)
T TELDIFEAATONTEZ. TiO, 13 RDE VS
NTWBREN R CTHLHS, K7 il
MEVE RO T L DOWIFEE DSHT 7270 O B 5812 HL
DHLA TV % (Reddy et al. 2003, Sakata et al. 2014) .
Kudo 5id, & & IVERREAK R L CTRivii %
AT e L7 (Kudo & Kato 1997, Kudo et al.
1999) . F7z. FUFVERIED =4 T HRIFEIZOWThHIA
Bz, KRR OSEREEE L TS Twh, ¥
FVERIRE =4 T HIRIE & S8 O EIITEL
W EDSRITEHEE RO I LN, S DENC
LB IRVERED LB ASFFAM S C& 72 (Kudo et al.
2000, Kato et al. 2002, Tian et al. 2007) o

PEROETE AL, RN RE 7LD
W CED I B4R IEE TICBRE SN TV 550728
L\, Larl, SIMGIIRB EARZ MV EENS T
ANF—DILD 5% LAFTEL 20, KB F)
HAEBBELZAEEC BT, SERHRIER OIS

OIS A LROSNTEY, FAEF T H LG
BT OB ZE S IEF I 512> % (Ohno
et al. 1999, Yin et al. 2006) o JGiRL 728> & VG IZ,
T HLSEIE A RSl e L TR 3 R 2 o el e s
RIRTIEDHALNTVLH, CNBICESIEITLEON
L. ZOMAILETEMN (ZAVF—HAL) 2 fd
ML TR 2By 7hSE )M AL, Ta D
EVETC MR L 72 F SN R vy T2 g2 1]
RE7Z2728, KON O HOEE RIS 2 FEE LT
WMTHhDH, ZIUZIDART HERZE LY TaON D/NIF
Frv7lE, Ta D S5d#LEHNH N O 2p WLEE TE o
THEY. 0 D 2p WLEIN NI RF Xy 713> T A,
COINFEFRETFErEREFICERTLEE N
T ORENL, SO TGS E Lo TiERS
T (Hitoki et al. 2002) o & & VEEHE & [A 112,
S TBIEICAREN UM BRI ST
BY (Lietal. 2017), ZOHTH Wu bid, ZE~RHO
T AN A M 18 S fil i Sr,Nb,0y N D& Bl LT\
(Wu et al. 2016) s RO T7AAAME, —Hf%IZ ABX; D
HER2HEL, BAIFArEX T4 0D BX, N R
L. A BFF S NHAR OB B ICFEE SR
EEWoTVD, ZOREEICE), BT OBEH
MR GEIT T HIEAHONTEY, e o
FIZHFGTRIE RSN, M T ZEAROT A
HAMET—F =) 7 &7 BX & B'X D H.OJ/\H
AL FEINAE T HIEI2E), B—xT7 274
FOLEORIRAIIFFENS (Xu et al. 2019) o Wu S
ZOLH IR E RN -0 TR T, KOFE L
PUSIZ BT B ER DR FFEER R FEREL 720 — T
T, KEHEERICBOUILEBOKREL P RIESN
Rirotze PHIZZFDRR AR FRIEDEFR K ZIZL
BHDEEFEHREL T 2o Ivanova HITE &R O E R
FRAbWnx Etekk 4 2 B il A La F—7" NaTaO; (Z3HEE
B, AT T COKREROBRZOA K AT =X
2EFEHNCIAATL 72 (Ivanova et al. 2018) o #EFELT,
A5 )= VHEHE R T L L TRV SN E . SRR
{b¥y NiO ZHHEFL 72 RSl b v K s 1 UK,
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FRFZEDW O 7R ZEX LNz L7zd%
T B A & B A R )1 28R 2 5 A 2 e S TEIUL,
Sr,Nb,0, N 7K 3 i | 2 L 7= il & | CHERE 3%
W REEEAFRSN T 5,

LapL, AT 7 A7) A M & Gl Sr,Nb,0 N 13,
EREEICEAT VBT REA T CORR (900-
1000 °C) 2> 2EKEH (10 Bri) OIS LELRD
728, JZA HO e G ik O KL T
Whe —. Yin bl AB T 3ImViEE G E RN —
TRIRAL T 5 o & k2 L T b (Yin
et al. 2006) o AW/ 37V, BEEROHIZ LT
F2E W) B R O AR EEA LA R L 724 Bk T,
PERFN AR TR EHOMEL AR THIEE L
%o

ZZTARNIFETIE, AN 3InViERHWT, itk
DEFEELFELNL L O MEICE ZN—7 Rk
1 Sr,Nb,0, N ZFHHLL , ZDFRB LA A (K
FHERRE) ([CEDIN R B 52 D0 %1072,
CCTIEAN I VDR GEA TH LR — LI D
[ 45 5 & [T HER B ) %, 18- D7 Il D 7K 35 A B
AT B AR AL 72,

2. e AE

2.1. Xh/7r2hvikick 3 SrNb,0, N DFFE
HIBRIA Sr,Nb,O, (&, FEAHE B VTR 72,
A A B, B CRUG LR\ W B R0 iR T RS
WKW Z, 1000 °C 2°5 1500 °C O FE RS T T
BT HFETHL, HIFEWEIZIE, SrCO; (99.9%)
BEU N0, (99.9%) 2o T3, IMHEFLERH
TLY )= VENNZ DS 90 iR G L7z £Dk. TV
IFHERIIEL, v 7V (KDF S7, o7 y) %
T, 1000 °C DZESSFEHS T Ty 9 RERMIBERIL 720
A L 721 BEAK Sr,Nb,Oo 122K D 15 wt% &7 5
wmOJRFE CO (NHy), ZIREL. Honzilkt 20 ¢%
AN IHIVE BRAZ BT D Sr,Nb,0y N D HFS FEE L
72 DNAZTENATVESRCHERERE V=T

K= TP ALz B anNIIEE R TICL.
PEREIR =V (7)vF 2, PT) THWTEEOR
77K B B L O AR S B T A IV R R T o720
TN OE RIZLD /= DEIEORF N 5 47 &L
720 F2y ST TOREEEELIIR—VIVREDOT L —
MO RGE R ER TR L. AW TR L 7238 B AR —v
JVPT Tld. BHOBEEESATHEED 2 5L
BEVEEIENTVD, XD/ IVILEEE, Hisrd
BRI LT, Z2EB50H 400°C T 1 R I Z LB %
1Tor20 AR TIZ, A/ IV X5 [ldzE E 35
JOV Il R ] O B2 BT A 7260, Rl H EZ 100
~ 700 rpm. [AIEZEEHEZ 0.5 ~ 3 KM O TEHL .,
FEBREATo72,

&

o}

2.2. FrIEFFE

35 72 Bk IE. Xt a3 (XRD, Bruker, D8
ADVANCE) %M\ CTREEMRT 217720 K125k
WOMENZAI, TF AR CTHEHE DO 5E9
—IZFCHHL 720 FRIL 23R X R RT3 E L b
L. 20% 10° ~ 90°D#FHTHIEL 720 UL O#E bt
1% AT 121X, COD (Crystallography Open Database)
OY—27°—% (Card number:1525890) % i\ 7z,

Wiz RS 57250 R R L A AR 7 26 1
(ASAP2020, micromeritics, Adsorption Porosimeter,
Shimadzu) % fV>T BET HEMMEOW EE1To72,

BET ft#ifiid, X (1) @ BET RUZI->THRES
N2 5 T BN AP IOV TE RSN S L
HOZETH D,

P 1

x(C—-1)
vaA—x) V.c

v C (1)

VIIWE =, x 3T (WA S AEOERZARIT P,
VRS B AEEBE P O Vin (3 H 55 T A5 &
C I AT 2/ 8T A5 ThH b,

S 5l 5720012, B EkE V72 560%
RTINS R (V-650, TASCO) % FIVTHiL
HISCHE Ko TR, il B & AT o720
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2.3. FefbsR e ST

JCfl I RE R L, THDERS T ToT VI )L -
BB W D53 8 OB Lo TH SN A K R & #R I
BNZHIEL. 2O A SR FEICE)EFGiL 720 FEBRAT
2 BREIZED B TH D NIO % 0.5 wt% 75 &
9 Sr,Nb,O, N I[ZHHFF & 872, 0.03 M ASEE = )Lk
WS StyNb,Oy N &2 E L. Ry b7 L —F (Magnetic
Stirrer with Heater RCH-3L, EYELA) [ CHZ 9 %
FTHEL 720 2D, <y 7 VIR THILEE 10 °C
min" T 367°CETHL, 1 RERHIBERRL 72,

el RE SEBE. Ny F ARG #E W T T o7
(Fig. Do $3. 120 mL D754 Ly AHRIZ, BEdEH#
ELT 40 vol% A%/ —)VIKIEHE 100 mL & NiO Z4HE;
L7z SuNb,OyN % 0.1 g fillZ. HE W5 H% 10 47 [
110720 TOHK, BT THIETHIETRAE FEL
720 30 BRI R NI %AITV, WL, EBi%
a7 ¥+t /77 (USHIO, UXR-300DU) |2
84V roh 7405 — (ASAHI SPECTRA, I—)VR 7)1
Z—1200) LEOMIFAZETHHYE (A= 410 nm) %
WEL 720 TV TEHTAIAN) V% FIWT, 20
mL DHANYFANR—=APHEERATIZATV, GC-TCD
(Shimadzu, GC-2014) THHTL72e TOFE, KUt #
WOH A% —EIZT A0, )7Lk
[FEAE 5 DEERA A% A Ly ZHEIHFTEL 720

ﬁ ISampling

40 vol%
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SryNb,Og-N

Stirrer

Fig, 1. Reactor diagram for photocatalytic
performance.
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VLT OV IO ED Sr,Nb,0, FiF DE—2
ZRLTWAIEDNS, Sr,Nb,0O, DE AT L 722
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Fig, 2. XRD pattern of synthesized Sr,Nb,O,
and Sr,Nb,Og4 N.

Fig. 3 [ZRT BRI R SrND,0, BLDY, EBHERN—T
R fik 5 508 S1,Nb,0g N D UV-vis BB A7 ML
BIRLT20 AN A IFVALER £ DU A 7 M VIZH]
BRARIZI AL P AR BRI~ 7R T
HIEDBIEINTZ, TORRED, AH /7 IV AL
HERWZRBHER—-712E), 3RO ILH T
TS BANKELS TR 72 2L DR EITo

ZZT. Dok Reo ik oo, 220
lEEFR L. —2ld. XRD ORLEHWE—2Dif
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Fig. 3. UV-vis spectra of Sr,Nb,O, and Sr,N-
b,0y.N.

3.2. EERREICLIHE
A9 3 i CORLBRIZ 35\ T [l g IR [ & 1 g [
V2R SEL . [BI#E % 100~700 rpm TZEALSE72B0,
L BLOSEI = OBIFR% Fig. 4 (a) 1ZRL720
fhE LRI, MR OB AN E b, BRI L
—F. RN EI T ML 720 L72hs> T, A akfbEE
IR DI — R 7 DR HEHEE 25
5o
WIS, [lEE M EICL% BET LR H AN B
Fig. 4 (b) |Z/RL7z0 [Hlm B ORI, 3k
[ & 13 600 rpm T THIANL 72745, 700 rpm CTIEEBELZ
WA AMEIMHPBESNT 2 DI, 5 A HE
B Ll B CHEREAE DSBS AT A E R O —
DLLT, LRI EZONL, WL, A
/’fiiy)bi%f“ui‘ujf&%ﬂéfﬁ%fx A= IV T
K Wen RN AT LN AR T L 7Bk 1 [R) - S P e 4R

R 28
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L TR P SR S B AR T Bl S 3 5720011 B
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720 HIBEME St,Nb,O, 1&y — IRLF-#E25 400 nm FEFE
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{Tpotze LAL. 600 rpm T— Uk TR 13 HR/INEZRD,
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RLENTz0 ZORERIL, L TIFED 600 rpm THEANL
ZOBRWMA LA RE—B LTz, Ll O R%
FL72ET A A 37V F: 00 Al i B R A 1R R R
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Fig. 4. (a) Crystallinity and light absorption
area of Sr,Nb,O4.N synthesized at each ro-
tation speed. The “ Il ” symbol shows data
for the intensity and the “ () ” symbol shows
data for absorbent area. (b) BET surface area
of Sr,Nb,O4.N synthesized at each rotation
speed.
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Fig. 5. SEM image of precursor and Sr,Nb,O, N
synthesized at each rotation speed.
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Fig, 6. (a) Crystallinity and light absorption
increase of Sr,Nb,O4-N synthesized at each
rotation time. The “ Il ” symbol shows data
for the intensity and the “ () ” symbol shows
data for absorbent area. (b) BET surface area
of Sr,Nb,O4-N synthesized at each rotation
time.
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Fig. 7. SEM image of precursor and Sr,Nb,O, N
synthesized at each rotation time.
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Abstract Biological nitrification-denitrification processes are widely used to remove ammo-
nium (NH,") from wastewater. The nitrification process requires mechanical aeration using a
diffuser, which consumes an enormous amount of electricity, making it hardly a sustainable
treatment method, and there is a need to develop a more energy-efficient treatment technology.
Recently, a consortium of microalgae and nitrifying bacteria in a single reactor has attracted
attention as an energy-saving treatment method for NH,"-containing wastewater. In this consor-
tium, nitrifying bacteria can proceed with nitrification reaction using oxygen (O,) produced by
photosynthesis of microalgae instead of mechanical aeration, and power consumption can be
significantly reduced compared to the conventional nitrification process. Previous studies on the
treatment of NH, -containing wastewater by the consortium have mainly involved experiments
using synthetic wastewaters, and there are few reports on anaerobic digestate from methane
fermentation, which are generally known to have high NH," concentrations, especially those
conducted without dilution. In this study, batch treatments of anaerobic digestate at different
dilution ratios of 1-fold (without dilution), 2.5-fold, and 5-fold were conducted to evaluate the
usefulness of a consortium of microalgae and nitrifying bacteria for nitrogen removal from the
digestate. Under all dilution conditions, dissolved oxygen concentrations suitable for nitrification
reactions (>2.0 mg L) were maintained throughout the experimental period due to O, supply
by microalgae photosynthesis, except for a part of the dark period (i.e., from 10 pm to 2 am). On
the other hand, the increase in pH due to photosynthesis resulted in a high pH environment (10.2

%+ 0.3) unsuitable for nitrification, especially under the 5-fold dilution condition, and less NO;’
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was produced. In the 1-fold and 2.5-fold dilution conditions, nitrification proceeded from day 20
of the experiment, with NH," to NO;™ conversion efficiencies of 70.4% and 56%, respectively.
The NH," removal efficiencies under 1-fold, 2.5-fold, and 5-fold dilution conditions were 65.9%,
71.9%, and 52.4%, respectively. The results of reported studies on anaerobic digestate treatment
using a consortium of microalgae and nitrifying bacteria, including this study, were summarized,
and the relationship between the ratio of NH," concentration to inoculum SS concentration (Food/
microorganism ratio: F/M ratio) and NH," removal efficiency was investigated. The summarized
result from different studies indicated that treatment performance can be reduced not only at
high F/M ratios (0.5 to 1.0 mg-N mg-SS™ or higher) but also at low F/M ratios (0.07 mg-N mg-
SS™, the 5-fold dilution condition in this study). The inhibition of the consortium at high and low
F/M ratios could both be improved by controlling pH to near neutral. pH control can be done
without the addition of chemicals by adjusting light intensity or the addition ratio of inoculums
to mitigate the action of microalgae. However, excessive suppression leads to a decrease in O,
supply, so it is essential to set appropriate conditions. There are few examples of studies that aim
to stabilize and improve the performance of treatment by intentionally controlling the functions
of microalgae and nitrifying bacteria by adjusting light intensity and the addition ratio of inocu-

lums. These studies are the subject of future work.

Keywords: Chlorella; F/M ratio; high-strength ammonia wastewater; nitrification; photo-oxy-

genation
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Figure 1. Variations of pH (a) and DO concentration (b) for all conditions.
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all conditions.
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Figure 3. Variations of Chl. a concentration for
all conditions.
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and NH," removal efficiency (b) at the end of
the experiment for all conditions.

o1-fold A2.5-fold o5-fold

)
-—
N
o

J

120 - Ve Tk
100

[©2 3¢ ]
o O

N B
o O

NH; concentration (mg-N L~

1 T T T |"l=_ll|ﬂ
0 5 10 15 20 25 30 35

Experimental period (day)

o

Figure 6. Variations of NH; concentration for all
conditions.

3.3, HILRPERLEAOHMEE HLHERE
FROF AR

R T &7z, P A LA A R %
WAL R 0 22 SR ALER B 9 A SR R A Table 1
(ZFeD7, FE AP FHARREC ISR AL — 2
WM OB RE A 53 A0 K BRE . BB LG L
WLERIK 5 | &R &% H A AL AT 8 5 FEER O M e a B
MBS A2 LI L VW2, [ FEEROIFFED A
WL CW%, Wang et al. (2020) (X, Desmodesmus
sp. CHX1 & R O WAL Mo A &2 Ff Al iRt e L, 28K
B BEoK A& SRR L L7225 VS BEM AL (R0 NH," R
374 mg-N L") ALEEZATV>, NH," B2 41.8% %R
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Table 1. Studies on the NH," treatment in anaerobic digestate using a consortium of microalgae and nitri-

fying bacteria.

Substrate Inoculum In|t|a+l ‘Inltlal F/Mratio  Light intensity Light/dark NHq*
for . NHq biomass  (mg-N cycle emP- removal References
anaerobic (mg-N  (mg-SS mg- hih (°C) o
digester Nitivin L)y Ly ss)y  (umol (h/h) (%)
Microalgae bactirig photons  (lux)
-2 o1
m-s™)
: Commercial
Piggery Desmodesmus sp. b . Wang et al.
acterial 374 n.d. n.d. 8000 24/0 25 41.8
wastewater  ORX1  veagems e
Slaughter-  Chlorella sp Aerobicsludge 4, 1000 0.102 140 12112 25 80.4
house Scenedesmus ;p from a full- : ' Akizuki et al.
wastewater diatoms tf:::ri:ﬁy;gﬁt (2019)
102 1000 0.102 140 24/0 25 73.3
Slaughter Aerobic sludge 950 1000 0.95 3500  12/12 25 -2.9
house Chlorella vulgaris ség?r:s?ax;ée
wastewater treatment plant 520 1000 0.52 3500 12/12 25 65.4
Akizuki et al.
270 1000 0.27 3500 12/12 25 61.7 (2021)*
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wastewater  sp., Chlorella sp scale sewage
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. augmer """"""""""""" Aerobic sludge 405 1000 0a1 LT 10000 12112 25 659 7
house Chiorella sp. sé'acl’g‘sae wée 187 1000 0.19 10000  12/12 25 719 This study
wastewater treatment plant ~ 74.8 1000 0.07 10000  12/12 25 524

*: Total ammonia nitrogen concentration instead of NH4* concentration; n.d.: not described.
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Hbo — T A O B E % BB ZHIHI 52 L1,
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BBl WYLRFMNREDPNT R Thb, il
R SR ORI S L, B R L A AL
M D % 4 DIk Re % 3 P9 52 & T O%
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OThis study e Previous studies
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N
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Figure 7. Effect of F/M ratio on NH," removal

efficiency in a consortium of microalgae and
nitrifying bacteria.
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Abstract In aquaculture and ornamental industries, copepods are recognized as preferred live
feeds for marine fish larvae over commonly used organisms. Marine fish larvae fed with cope-
pods show better survival and growth. Despite obvious advantages of copepods as the live feed,
their use is still limited owing to low productivity and cost-efficiency when mass cultivated. Diet
affects copepod egg production, survival and growth rates, hatching success, and population
growth. One difficulty with the mass cultivation of copepods is, however, the varied dietary re-
quirements of individual species. Species of the genus Pseudodiaptomus, egg-carrying copepods
that occur widely, can dominate marine coastal waters, and are preyed upon by commercially
significant marine fish. Consequently, some Pseudodiaptomus species are used as experimental
live feed in marine aquaculture. Pseudodiaptomus nihonkaiensis Hirakawa is a dominant spe-
cies during warm water seasons in Sagami Bay, Japan. Because of the potential suitability of P.
nihonkaiensis as a prey source for larval fishes, the nauplii individuals were fed with three mo-
no-microalgal diets and one mixed-microalgal diet as the control condition to determine which
of them was the most favorable for the survival and reproduction of this copepod in culture.

The nauplii were incubated in 500 mL glass bottles under four diet conditions (mono-diet of
Chaetoceros gracilis, Rhodomonas salina, and Isochrysis galbana, and a mixed diet of C. grac-
ilis + R. salina + I. galbana at 1:1:1 carbon ratio) for 15 days. Survival rate and development
stages of the copepods were measured during the incubation duration. At day 12 and 15, oviger-

ous rate and sac size were also measured.
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There was no significant difference in ovigerous rate and egg sac size among four diet condi-
tions. Survival rate from nauplii to adult stage was 10.0 = 11.1%, 35.3 = 20.4%, 46.7 + 6.1%,
29.3 = 4.2% when fed with C. gracilis, R. salina, I. galbana and mixed diet, respectively. The

malformation was observed in the copepodid individuals fed with R. salina and the mixed diet.

These results might suggest that R. salina has a nutritional problem for the growth in P. ni-

honkaiensis. The ratio of individuals developed until the adult stages was maximized under the

mono-diet of 1. galbana, so this mono-diet can be considered a favorable diet for P. nihonkaien-

sis cultivation in the present study.

Keywords: aquaculture; calanoid copepod; malformation; ovigerous rate; survival rate
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% (Rayner et al. 2017). Pseudodiaptomus & 1% 7K
IEIZ BT SEN AL T, Fry oy
IN% Epinephelus coioides (Lee et al. 2010), 71737
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Figure 1. Reported localities for Pseudodiapto-
mus nihonkaiensis. (1) Hirakawa 1983, (2) Hira-
hara 2018, (3) Natori 2018, (4) Soh et al. 2001,
(5) Kimoto et al. 1988, (6) Shimode & Shiraya-
ma 2004, (7) Omori et al. 2015
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Table 1. Cell size of microalgae used in the
present study. Cell size was referred from
Takayama et al. (2022).

Microalgae Cell size
(um)
Chaetoceros gracilis 59 *£0.6
Rhodomonas salina 10.3 £2.7
Isocrysis galbana 45 *1.1

Mixed diet
(C. gracilis + R. salina + I. galbana)
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Figure 2. Temporal variations in the ratio of developmental stage of Pseudodiaptomus
nihonkaiensis fed with (a) Chaetoceros gracilis, (b) Rhodomonas salina, (c) Isocrysis gal-
bana, and (d) mixed diet (C. gracilis + R. salina + |. galbana). Colors of bar graphs show
development stage of the copepods. Error bars show the standard deviations (2=3).
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=T A O T E C. gracilis B £ X
T26.6 £ 19.0%. R. salina f#}X T 50.0 = 15.6%. 1.
galbana £ KX C 58.0 + 7.2%. {4 85 KX T 56.0
*27.4% %/RL72H (Fig. 3a). BHRHX [ CHETHI 7%
BREAIROON o7z, IR AMPOEFE 1L
C. gracilis 5 ¥} X T 26.1 * 24.2%. R. salina #§ ¥} [X
T 43.4 +40.1%. I galbana EEFIX T 81.6 * 7.6%- i
A EERHX T 58.9 + 21.0% #/RL72A° (Fig. 3b). EH
X CHET 2 B EITROOLN L h 57 (One-way

ANOVA, p > 0.05)c /=7 )7 AN DSAEE TOL:
=% C. gracilis fEFHX T 10.0 = 11.1%. R. salina £
FHX T 35.3 £ 20.4%. 1. galbana BFFHX T 46.7 + 6.1%-
IRAFIEHX T 293 +4.2% THY (Fig. 3¢). I galbana
FPEHXAZ C. gracilis fEEHXIZ A, B REIZEV AR
%#7RL7- (One-way ANOVA, Tukey-Kramer, p < 0.05)o
R. salina #5688 X ERABIRHXIZBWT, BEERO K
{8 (Fig. 4b). H—fEOEMLYTIL (Fig. 4c). PRz
RO AELNSTTERERE LN (Fig. 4d)o
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Figure 3. The comparison of survival rate until nauplius to copepodite, copepodite to
adult and nauplius to adult of Pseudodiaptomus nihonkaiensis reared different condi-
tions of algal diets. Error bars indicate standard deviations (» = 3). An asterisk on the
top of bars indicates significantly difference (One-way ANOVA, Tukey-Kramer, p < 0.05).

300 ym

300 pm

Figure 4. Images of observed malformation in
Pseudodiaptomus nihonkaiensis fed by mo-
no-diet condition of Rhodomonas salina and
Mixed diet. (a) adult male without deformity, (b)
adult without caudal ramus, (c) copepodite with
shrunken first antennas, and (d) copepodite
with shells attached due to failure to molt.
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12 HH® C. gracilis #3851XC 10.7 + 18.6%+ R. salina
KT IX T 83 *+ 14.4%. I galbana 5 [X T 189 *
19.8%. RAFEIX T 250 +43.3% THY) (Fig. 5a).
B 78 15 HH Tl C. gracilis #5 81 X T 29.2  29.8%
R. salina 388X T 22.5 + 27.2%. 1. galbana #5EH X
T 43.3 +322%. R EEHEHX T 50.3 £ 45.0% THo7z
(Fig. 5b)o MIHEDISKAET X CTHREAHI 0B B 21
DL/ o72 (One-way ANOVA, p >0.05) o
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(a) Day 12 (b) Day 15
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Figure 5. The comparison of ovigerous rate of Pseudodiaptomus nihonkaiensis
adult female reared under different conditions of algal diets (a) on day 12 and (b)
day 15. Error bars indicate standard deviations (n = 3). A significantly difference
was not detected among diet conditions (One-way ANOVA, p > 0.05).

PNEEY A XX C. gracilis ¥5FF X T 13.0 = 3.8 eggs
sac'\ R. salina % £ [X T 10.3 * 6.3 eggs sac’'\ I
galbana #3FEIX T 11.0 = 3.3 eggs sac’. A FHEHX
Tl 15.9 + 3.9 eggs sac' THo7z7% FAEH X [ T
A% BEETRDOON 572 (Fig 6) (One-way
ANOVA, p >0.05)
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Figure 6. The comparison of average of the
sac size of Pseudodiaptomus nihonkaiensis
reared under different conditions of algal diets.
Error bars indicate standard deviations. Hori-
zontal lines and cross marks in the box plots
show average value and median, respectively.
A significantly difference was not detected
among diet conditions (One-way ANOVA, p >
0.05).
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