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N terminal region

Homo sapiens L MEQTEVLK ------=--==-=---- pRTEHADE I RILHALFAG DEVNVEEWQA IMEAYESDPTEWAMY AK 52
Rattus norvegicus 1-- --MERTELLK - --PRT],;ADUIRILHELFAG--- - DEVNVEEVQAVUEAYESNPAEWALVAK 52
Caenorhabditis elegans L T —VV—MISFVQL;’VVQIREIFQQ rrrrrr KLIDVDEVMKLMASVKSNANEWRRFAI =4
Ajeliomyces capsulatus 1--- MPYLENSESSPD -PTPLDAFHCLVQDINKVLGPSSGLDSDDVDPMDIQKLMEDYTSMESEWERYAF 65
Pseudomonas aeruginosa L i MSSILR —rV—LDR]_JRQFIGELATLLDSRPD—VVESTLLAQAHPQ_L‘AELVHQDD\M::PEDCA 53
Cupriavidus pinatubonensis 1 - - - - - -GXSESPTAGRAS —rV—LAP'L}REFITGLSALLDEQPG—VVEAR\LREGGALLARLVARDD\M_(PDAFA 59
Bacillus cereus Toemmmeeea MLTCNGSK == cnnmeemmaennnann. SFQKF IKGVTNLMENGLF - - -EEE I VCG IEKLLEELLEKKTWLPLDKQ 53
Streptomyces pini Vmrromres MAASLSSTAHPAHTAVGPAARAAGPRTTGRL;AAHVADIRAAVGRGLP—rVPDPTAYLRIGEKkAPHLGAPDLUIPEQC 74
Streptomyces radiopugnans 1 MLGGDAAGMAASLSSTAHP - - -AALPAARTAGPRTTGRLAALVADIREAVGRGLP - - -PDPTAYLMGEKLTPHLGAADLLTPEQC 79
Streptomyces spectabilis T omomonaenas MTTPTAHH- - - - - APAAR - - - - - TTERTDALVADIREAVGRGLP - - -PDLTAYLMGERLAPHLGAADLLTPEQC 61
Streptomyces sp. SCUT-3 1 - == ===« -« MTSPPES ------ PAVG - - -PRTTDREAALVDDIRKAVERGLP - - -PDATAHLMGE RLAPHLGAPDLLAPEQC 61

Cupin motif 1 Intermotif

* * ry =

Homo sapiens 53 FDQYR -MTRN VDQ-GNEKINLMI C| TNSHEF L KMLQJ NLKgﬂTLFAWPD!(KSN-- --EMVKKSERVLRENQ 129
Rattus norvegicus 53 FDQYR - vDQ-GNGKENLMIBc TDSHEFLKLLQ NLKEJLFDWPDKKSN** --EMIKKSERTLRENQ 129
Caenorhabiitis elegans 45 F DMNK - T RNBVDV - GN%KVNLMI C TDAHEF VK I L D] ELTQ‘TKFAWPRKRHV ------ PtDISENKTVGMNG 121
Ajeliomyces capsulatus 66 GDAGRAMT RNBVDE -GNGKCNLL | VMK VL KBS L RETLYGWPESDKVQKGEPSPLTVTRDKVYKEBQ 149
Pseudomonas aeruginosa 54 R P DPQRY¥QQYBLHV DS RQRES vVs F WaL 16 AEYSQPMAFDA------- GGRPHPSGARRRLEPGE 130
Cupriavidus pinatubonensis 60 QP HPE Y QQXBLHC DS AE RES 1 VSF AEYSQPFVLDG - - - - - - - SGRPVLHGEPTRLEPEH 136
Bacillus cereus 54 KANLTQMARHEL RIMVKNF IQTKQLGN - - - SLVYLTHTGNLVLGEEE 135
Streptomyces pini 75 EGDPERMRQH) EEHERRY RLLFSDSPv-DGRARLIATEDAVNFQG 155
Streptomyces radiopugnans 80 EGDPERBRQH] EEHE\RR' LLPADSP - - GGRARL{VATEDVVNFQG 160
Streptomyces spectabilis 62 EGDPDRYRQH] EEHERRYRLVPAAGP - -GTSARL I ATEDVVNPTG - 142
Stroptomyces sp. SCUT3 62 £GDAARMRQHEBLHAE ADGS EEHERRNRLVP -ASD- -GAPARLAATEDAVNP VG - 141
CDO Fingerprint (YWIX(RIQ) (wn)x,(sm)x,:srr)xl-(cnmwx (Gc) x, G Koo (GIN)
Cupin motif 2 C terminal region
* A

Homa sapiens 130 CAY INDS [ - LHRVEN  sHTEPAVEILELMSPPFOTCH- - - AFDQRTGHKNKVTMT - - - - - - - - FHSKFGIRTPNATSGSLENN 200
Rattus norvegicus 130 CAY INDS |8 -LHRVENVSHTEPAVELHLMSPPFDTCH- - - AF DQRTGHKNKVTMT - - - --FHSKFGIRTPFTTSGSLENN 200
Caenorhabditis elegans 122 VS YMNDE LB - L HRME ML SHS NGAVEIL LM 1 PPYSTCN - - -AFDERTGKKTQCTVT - --FYSKYGKKVDYR--GSKNGN 190
Ajellomyces capsulatus 150 VTYMSDKLE-LEK I SNPDPTNFAISLHLMTPPNAAHYGFSLF DEKTGKSRHVKQSY - - - - - - - LFSRKGHKL == = === ===~ - 213
Pseudomonas aeruginose 131 VEALSPR | GBVHQUS NAF SORTS 181 BUMGANI GAVR - -RAVFSAEGEEKPF ISGYSNSRLPNIWDLSKENPASAWSHPQFEK 211
Cupriavidus pinatubonensis 137 VE AVSPT V@D RVH AYDDRVS | 81 HVMGANI GGVR - -RSVYTEAGERKPF I SGYSNPYLPNPWDRSKDSAAS 208
Bacillus cereus 136 —TDKVIPPAﬁ( ILEISKNES -VIT IRV {KRLEKFKVY IPTEEK == ==cnasmnccnnannn NVYMCETKY I SYNS 192
Streptomyces pini 156 SVCGFAPPEDI ADVSRLG - -SSVR - - -RVYDLPADR 204
Streptomyces radiopugnans 161 SVCGF APPGD I ADISRLG - -SSVR ---RVYDLPSDR - - 209
Streptomyces spectabilis 143 AVCGF APPEDI SADISRLG - -TSVR ---RVYDLPADR - - 191
Streptomyces sp. SCUT-3 142 AVCGF APPEDI GADVSRLG - -SSWR--------ccunnmnnn RVYDLPADH 190

CDO Fingerprint Ko

Supplementary Figure 1. Multiple sequence alignment of CDOs. The sequences are colored with percentage

uxn

identity. Active site residues in CDOs known to chelate iron are marked as “*”. The residues that are able to form
a cross-linked amino acid cofactor are marked as “ A”. Hydrophobic residues are indicated by “(D.” Conserved CDO
family fingerprint was listed under the corresponding base. From top to bottom, the sequences are from Homo
sapiens (UniProt entry: Q16878), Rattus norvegicus (UniProt entry: P21816), Caenorhabditis elegans (UniProt
entry: Q20893), Ajellomyces capsulatus (UniProt entry: Q5RLY7), Pseudomonas aeruginosa (UniProt entry:
AOA140UH61), Cupriavidus pinatubonensis (UniProt entry: Q46R41), Bacillus cereus (UniProt entry: Q81CX4),
Streptomyces pini (UniProt entry: AOA1I3XHBQ), Streptomyces radiopugnans (UniProt entry: AOA1H9DPU4),
Streptomyces spectabilis (UniProt entry: AOA516RDT4) and CDO1 from Streptomyces sp. SCUT-3 (UniProt entry:

AOA2NSXEW9) (bold).
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Supplementary Figure 2. Streptomyces sp. SCUT-3 quantitative real-time PCR standard curve using plasmids of

bla gene. Error bars are one standard deviation from the mean.



+Keratinase +DTT Keratinase+DTT

Supplementary Figure 3. |dentification the role of keratinase and reducing power in feather degradation. (A, C)
Feather incubated with keratinase KerK (200U/mL) before and after 12 h, (B, D) Feather incubated with DTT (10
mM) before and after 12 h, (E, F) Feather incubated with KerK and DTT before and after 20 min.



Supplementary Table 1. Comparison of liquid fermentation and solid-state fermentation of SCUT-Ocdol-sep39

and wild type SCUT-3 processing 1g of feather waste

Type of fermentation

Liquid-state fermentation

5% CFM-day 2

Solid-state fermentation

40% CFM-day 6

Strains
Recovered peptide (g)
Recovered amino acid (g)

Recovery rate

SCUT-3
0.09
0.13

25.9%

SCUT-Ocdo1-sep39
0.13
0.19
37.6%

SCUT-3 SCUT-Ocdo1-sep39
0.12 0.20
0.26 0.29

44.7% 57.6%




Supplementary Table 2. Inventory of procedures in different recycling methods to process 6,500 tonnes feather waste yearly in Guangzhou.

Process

Agent

Feather Pretreatment

Feather treatment

Product preparation

Puffing method
(PM)

Procedure
Chemicals/enzymes
Reaction conditions

Clean

195,000 m3 Water;

Dry

60 °C/1 atm/48 h

Puffing

200-230°C/9.87-14.80 atm

25°C/1 atm
Energy exhausted - 48,000 kWh 2,437,500 kWh -
Waste water 195,000 tonnes - - -
CO; emissions - 7,180 kg 364,650 kg -
Valuable products - - 6,500 tonnes puffed feather meal -
(3,008,850 USD)
High-density Procedure Clean Dry HDSF Enzymatic Inactivating Dry
steam flash- hydrolysis enzyme
explosion-assisted Chemicals/enzymes - - - 1,300 tonnes - -
protease (HDSFP)! protease
(1,300,000 USD)
Reaction conditions 195,000 m3 Water; 25°C/1 atm 60 °C/1 atm/48 h 15.79 atm/1 min 650,000 m3 100°C/1 atm/10 100°C/1 atm
Water; 50°C/1 min
atm/140 min
Energy exhausted - 48,000 kWh 1,334,667 kWh 18,958,333 kWh 3,791,667 kWh 48,000 kWh
Waste water 195,000 tonnes - - - - -
CO, emissions - 7,180 kg 199,666 kg 2,836,167 kg 5,672,333 kg 7180 kg
Valuable products - - - - - 6,500 tonnes feather
meal (10,725,000 USD)
B. licheniformis Procedure Clean Dry Sterilization Fermentation Dry

with S. maltophilia
co-fermentation
(BSC)?

Chemicals/enzymes

Reaction conditions

195,000 m3 Water;
25°C/1 atm

65°C/1
atm/24
h

130,000 m3 Water;
121°C/1 atm/ 15
min

195 tonnes yeast extract (962,814 USD) 390 tonnes glucose
(108,316 USD) 91 tonnes KH,PO, (84,246 USD) 52 tonnes
K,HPO, (40,117 USD) 65 tonnes NaCl (5,015 USD) 13 tonnes
MgS0, (1,103 USD)
37°C /1latm/12 h, 30°C 1atm/36 h

100°C/1 atm



Energy exhausted

Waste water

CO, emissions

Valuable products

- 24,000 14,560,000 kwh
kWh
195,000 tonnes - -
- 3,590 2,178,176 kg
kg
Sterilization

2,881,667 kWh

431,097 kg

Fermentation

11,375,000 kWh

1,701,700 kg

6,500 tonnes feather meal (10,725,000 USD)
Dry

Reconstructed
SCUT-3 solid-state
fermentation
(rSCUT-3 SSF)

Procedure
Chemicals/enzymes

Reaction conditions
Energy exhausted
Waste water
CO, emissions
Valuable products

16,250 m3 Water; 121°C/1 atm/ 30min
1,820,000 kWh

272,272 kg

6.5 tonnes KH,PO, (6,017 USD) 4.9 tonnes K,HPQO, (3,760
USD) 8.1 tonnes NaCl (627 USD)
40°C/1 atm/6d
284,375 kWh

42,543 kg

100°C/1 atm
1,421,875 kWh

212,713 kg
6,500 tonnes feather meal (10,725,000 USD)




Supplementary Table 3. Strains and plasmids used in this study.

Strain or plasmid

Description

Source or reference

Streptomyces sp.

SCUT-3

SCUT-3-pSET152
SCUT-3-Ocdo1
SCUT-3-Osep39
SCUT-3-Ocdol-sep39
SCUT-3- pSET-dCas9
SCUT-3-Dcdo1
Escherichia coli
DH5a
ET12567(pUZ8002)

Plasmids

pSET152

pSET152-cdol

pSET152-sep39

pSET152-Ocdo1-sep39

pSET-dCas9-actll4

pSET-dCas9-cdo1

Parent strain; isolated feather piles up soil in Shaoguan
(Guangdong, China)

SCUT-3 integrated with pSET152

SCUT-3 integrated with pSET152-cdo1

SCUT-3 integrated with pSET152-sep39

SCUT-3 integrated with pSET152-sep39

SCUT-3 integrated with pSET-dCas9

SCUT-3 integrated with pSET-dCas9-cdo1

Cloning host
Methylation defective; cloning host for conjugal transfer of

DNA from E. coli to Streptomyces

Streptomyces integration vector, containing ¢C31 int,
attP, oriT of RK2, aac (3) IV and constitutive promoter
PermE*

cdo1 inserted into EcoRI/Ndel sites of pSET152, under the
control of the constitutive promoter PermE*, Apr"

sep39 inserted into EcoRI/Ndel sites of pSET152, under
the control of the constitutive promoter PermE*, Apr”
The DNA fragment PermE*-sep39 inserted into the Ndel
sites of pSET152-cdo1

pSET152 containing dCas9, under the control of the
constitutive promoter; actll4 sgRNA, under the control of
the promoter j223119 PermE*, Apr”

pSET-dCas9 containing cdol sgRNA, under the control of
the promoter j223119, Apr'

This laboratory?
This study

This study

This study

This study

This study

This study
Takara, China
MacNeil, et al.#

Bierman®

This study

This laboratory?

This study

Zhao, et al.®

This study




Gene Primers used for gene amplification (5’-3’)

cdo1-Gibson-F TAGGTATAATACTAGTGGACGACATACGCAAGGCCGGTTTTAGAGCTAGAAATA (Specific N

20 target sequence of cdo1 is underlined)

gRNA-R GCTATGACATGATTACG

cdol-F TTTACACATATGACTTCCCCGCCCGAATCACC (Ndel restriction site is underlined)
cdol-R GAGCGAGAATTCTCAGTGGTCGGCGGGCAG (EcoRl restriction site is underlined)
sep39-F-2 CCGCCGACCACTGAGCTAGTATGCATGCGAG

sep39-R-2 ACAGCTATGACATGATTACGTCAGAGGCCGGACTTGAAC

16S rRNA-F ACGGGCAGGCTAGAGTTCGGT

16S rRNA-R GCTCCTCAGCGTCAGTATCGG

bla-qpcr-F ACGCACGGATGAAGGAGT

bla-qpcr-R TCAGCACGTTGGTGATG

cdol-gpcr-F GCACCTGGTCGGCGAGAGA

cdol-gpcr-R CGAGGGAGACGAGGGAGAA

sep39-qpcr-F GGCAACGACAACCAGG

sep39-gpcr-R TTGCTGAACGACGCCT

Supplementary Table 4. Primers used in this study.



Supplementary Table 5. The unit price of materials (Guangzhou local market) used in four feather treatment
processes.

Materials Unit price (USD/t)
Protease 1,000
Yeast extract 4,937.5
Glucose 277.7
KH,PO, 925.8
K;HPO, 771.5
NaCl 77.1
MgSO, 84.9
PM feather meal 462.9
HDSFP feather meal 1,650
BSC feather meal 1,650

rSCUT-3 SSF feather meal 1,650
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