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Supplementary Figure 1. FACS gating strategy for sorting the TG display library. Yeast cells were 

gated based on morphology (FSC-A vs SSC-A), followed by selection of single cells to prevent sorting 

of doublets (FSC-W vs FSC-H and SSC-W vs SSC-H). The gate P3 was generated in plot SSC-W vs 

SSC-H, but the outline of the gate was based on all three plots: FSC-A vs SSC-A, FSC-W vs FSC-H, 

and SSC-W vs SSC-H. Finally, P3 gated events with the highest fluorescence intensity were sorted from 

the “High” gate (FITC-A vs FSC-A). Total events and the percentages of the gated populations are 

shown in the table at the bottom of the figure. 
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Supplementary Figure 2. Colony PCR of S. cerevisiae yAK003 transformed with S. mobaraensis 

TG.  Lane M = GeneRuler DNA Ladder Mix, Thermo Scientific. Lanes 1–8 = PCR products of expected 

size (1152 bp), indicated with white arrow. 
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Supplementary Figure 3. Photographs of stationary yeast cultivations. The engineered yeast was 

suspended in MM for a final cell density (OD600) of 1.0 and cultivated under stationary cultivation 

conditions for five days. Galactose was supplied daily for a final concentration of 2 wt.%. The 

photographs visualize the cell sedimentation. The white arrows indicate the sedimented cell mass. 
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Supplementary Figure 4. Cell density in the stationary yeast cultivations. The engineered yeast was 

suspended in MM for a final cell density (OD600) of 1.0 and cultivated under stationary cultivation 

conditions for five days. Galactose (2 wt.%) was supplied daily to the cells.  The cell density (OD600) 

values represent the average of three biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

 

Supplementary Figure 5. SDS-PAGE of the casein-containing control yeast cultivations. SDS-

PAGE analysis of the yeast culture broth containing a) 2 wt.% casein, and b) 2 wt.% casein and 0.3 

wt.% CNFs. In both images, lane M = Thermo Scientific PageRuler Pre-stained protein ladder (10 µL), 

and the other lanes contain the yeast culture supernatant, 2.5 µL (a), and 5 µL (b) from 1 to 5 days of 

cultivation, as indicated. 
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Supplementary Figure 6. Photographs of the casein-containing control yeast cultivations. The 

control yeast yAK003 was suspended in MM for a final cell density (OD600) of 1.0 and cultivated under 

stationary cultivation conditions for five days. The cultivations contained either a) 2 wt.% casein, or b) 

2 wt.% casein and 0.3 wt.% CNFs. The cells in both cultivations were supplied with galactose for a 

final concentration of 2 wt.%. 
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Supplementary Figure 7. Light microscopy images of the control yeast cultivations. The control 

yeast yAK003 was suspended in MM for a final cell density (OD600) of 1.0 and cultivated under 

stationary cultivation conditions for five days. The cultivations contained either a) 2 wt.% casein, or b) 

2 wt.% casein and 0.3 wt.% CNFs. Samples were collected daily from the top and bottom layers of the 

cultivation broth for imaging. The white arrows mark the presence of the yeast cells. 
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Supplementary Figure 8. Photographs of the prepared cellulose nanofibrils (CNFs). The CNFs 

were prepared from wood pulp fibres by mechanical disintegration and dispersed in water. At solid 

content of a) 2 wt.% the CNFs showed gel-like, self-standing behaviour, while b) a more diluted 

dispersion with solid content of 0.3 wt.% behaved as a water-like liquid. 
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Supplementary Figure 9. Sedimentation test of the CNF dispersions. The CNFs were dispersed in 

water for final solid contents of 0.1, 0.3 and 0.5 wt.% after which the vials containing the dispersions 

were left to stand undisturbed for five days. The photographs show the dispersions a) immediately after 

preparation, and b) after five days. The white arrow indicates CNF sedimentation in the unstable 

dispersion. 
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Supplementary Figure 10. Photographs of stationary CNF-containing yeast cultivations. The 

engineered yeast was suspended in MM for a final cell density (OD600) of 1.0 and cultivated under 

stationary cultivation conditions for five days. The cultivations contained 0.3 wt.% CNFs as dispersing 

agents for the cells. Galactose was supplied daily for a final concentration of 2 wt.%. The photographs 

visualize the lack of cell sedimentation. The white arrows indicate the bottom of the flask where no 

sedimented cell mass can be seen. 
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Supplementary Table 1. Dry weight and water content of the living hydrogels. 

Cultivation time (days) Dry weight (wt.%)† Water content (wt.%) 

1 4.19 ± 0.01 95.81 

2 4.25 ± 0.01 95.75 

3 4.51 ± 0.02 95.49 

4 5.16 ± 0.02 94.84 

5 6.05 ± 0.01 93.95 

†The dry weights were obtained after oven drying at 105°C. The average values and their standard 

deviations represent three biological replicates. 
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Supplementary Figure 11. Frequency sweeps of the yeast cultures containing casein and CNFs 

showing all the collected data points up to 628 rad s-1. The frequency sweeps were performed daily 

for both the a) control yeast, and b) engineered yeast. The storage modulus (G’) and the loss modulus 

(G’’) were plotted as a function of frequency (rad s-1). The measurements were conducted with a 

constant strain rate of 0.1% at 23°C. 
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Supplementary Table 2. Compressive properties of the living hydrogel. 

Cultivation time (days) Compressive strength (Pa) Elastic modulus (Pa) 

1 nd.‡ nd. 

2 nd. nd. 

3 456 353 

4 818 553 

5 914 577 
†Reported at strain rate of 50%. 
‡Not determined. 
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Supplementary Table 3. Data used to generate the Ashby plot in Figure 4e. 

Crosslinker Storage modulus (Pa) Water content (%) Reference 

Engineered yeast 2840 94.0 This work* 

TG 1099 94.0 1 

TG 40 85.0 2 

TG 1000 84.2 3 

TG 60 86.0 4 

TG 500 87.0 5 

TG 80 96.0 6 

Glutaraldehyde 1000 99.8 7 

Glutaraldehyde 35 99.5 8 

Glutaraldehyde 30 90.0 9 

Glutaraldehyde 40 99.5 10 

Glutaraldehyde 400 91.5 11 

Genipin 80 95.0 12 

Genipin 1635 90.0 13 

Genipin 200 92.0 14 

Genipin 250 85.0 15 

Genipin 140 85.0 15 

EDC NHS 2000 89.0 16 

EDC NHS 1750 99.7 17 

EDC NHS 2200 99.0 18 

Click chemistry 200 95.0 19 

Click chemistry 600 88.0 20 

Click chemistry 1000 88.0 21 

Click chemistry 1000 95.0 21 
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Supplementary Figure 12. Ashby plot. Storage modulus plotted against water content of the living 

hydrogel, as compared with other hydrogel materials. The values used to generate the Ashby plot are 

presented in Supporting Table 11.  
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Supplementary Table 4. Amino acid sequences of the surface displayed TGs. 

Name and annotation Amino acid sequence† 

BaTG display 

 
SP w/ Kex2–BaTG–CBM3a-

Linker–AGA2–Linker–HA-tag 

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYLDLEGDFDVAVLPFSNSTNNGLLFI
NTTIASIAAKEEGVSLDKREAEASMIIISGQVLRPQDIANWQTEESLVPYLNELINSPVQFDYGSI

TELMFEARLRRHIVEAARELHGSGAKFATFAKTYGNTAYWRVTPEGALELKYRIPASKAIRDIIE
NGAFYAFECATAIVVIYYLAVLKTIGEERFDRRFRDITLYDWHYEHLPIYTETGRHFLRGDCLYF

KNPEFNPAKAQWRGENVIVMGNDQYFAHGLGILTAEQIIQRLNSLRRKNAVQSAYLLSQATRL

DAPALYQIMHGSANTPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTV
DGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVQ

IQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAYLNGVLVWGKEPGGSGSGSGSGSGSGS

GSQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYKSVTFVSNCGSHPSTTSKGSPIN
TQYVFGSGSGSYPYDVPDYA* 

BsTG display 

 
SP w/ Kex2–BsTG–CBM3a-

Linker–AGA2–Linker–HA-tag 

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYLDLEGDFDVAVLPFSNSTNNGLLFI
NTTIASIAAKEEGVSLDKREAEASMIIVSGQLLRPQDIENWQIDQDLNPLLKEMIETPVQFDYHS

IAELMFELKLRMNIVAAAKTLHKSGAKFATFLKTYGNTTYWRVSPEGALELKYRMPPSKAIRDI

AENGPFYAFECATAIVIIYYLALIDTIGEDKFNASFDRIILYDWHYEKLPIYTETGHHFFLGDCLYF
KNPEFDPQKAQWRGENVILLGEDKYFAHGLGILNGKQIIDKLNSFRKKGALQSAYLLSQATRL

DVPSLFRIVRGSANTPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVD

GQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVQI
QGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAYLNGVLVWGKEPGGSGSGSGSGSGSGS

GSQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYKSVTFVSNCGSHPSTTSKGSPIN

TQYVFGSGSGSYPYDVPDYA* 

PaTG display 

 
SP w/ Kex2–PaTG–CBM3a-

Linker–AGA2–Linker–HA-tag 

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYLDLEGDFDVAVLPFSNSTNNGLLFI
NTTIASIAAKEEGVSLDKREAEASRLGPLWSLPMPGNKGVTGLSESMAPGDIAELGRSAELAFR

VRFEGALPPREQLYWRALTMERFDGRRWAQAPQWSGEDALHWQKRGPELRYDVIMQPSSQP

WLFALDVAQTDQTDTRLMSDFHLQRRQPVEQRLFYRVSSWPQALRESSIDPRTRWRNLQLPM
HGNPRARALADELRQAHAQPQALVAALLQRFNHEPFAYTLKPPATGADGVDDFLFDTRSGFCA

HYAGAMAFVLRAAGIPARVVAGYQGGELNPAGNYLLVHQFDAHAWVEYWQPEQGWLSVDP

TYQVAPERIEQGLEQALAGDSEYLADAPLSPLRYRGLPWLNDMRLAWDSLNYGWQRWVLAY
QGEQQGAFLQRWFGGLDPGSANTPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSK

LTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGG

TLEPGAHVQIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAYLNGVLVWGKEPGGSGS
GSGSGSGSGSGSQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYKSVTFVSNCGSH

PSTTSKGSPINTQYVFGSGSGSYPYDVPDYA* 

SmTG display 

 
SP w/o Kex2–Pro-Kex2-SmTG–
CBM3a–Linker-AGA2–Linker–

HA-tag 

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYLDLEGDFDVAVLPFSNSTNNGLLFI

NTTIASIAAKEEGVGSDNGAGEETKSYAETYRLTADDVANINALQESAPAASSAGPSFRAPSLD
KREAEADSDDRVTPPAEPLDRMPDPYRPSYGRAETVVNNYIRKWQQVYSHRDGRKQQMTEE

QREWLSYGCVGVTWVNSGQYPTNRLAFASFDEDRFKNELKNGRPRSGETRAEFEGRVAKESF

DEEKGFQRAREVASVMNRALENAHDESAYLDNLKKELANGNDALRNEDARSPFYSALRNTPS
FKERNGGNHDPSRMKAVIYSKHFWSGQDRSSSADKRKYGDPDAFRPAPGTGLVDMSRDRNIP

RSPTSPGEGFVNFDYGWFGAQTEADADKTVWTHGNHYHAPNGSLGAMHVYESKFRQWSEG

YSDFDRGAYVITFIPKSWNTAPDKVKQGWPGSANTPVSGNLKVEFYNSNPSDTTNSINPQFKV
TNTGSSAIDLSKLTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNN

ADTYLEISFTGGTLEPGAHVQIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAYLNGVL

VWGKEPGGSGSGSGSGSGSGSGSQELTTICEQIPSPTLESTPYSLSTTTILANGKAMQGVFEYYK
SVTFVSNCGSHPSTTSKGSPINTQYVFGSGSGSYPYDVPDYA* 

†Minimal, flexible AS and GS linkers are indicated with light grey. The asterisk symbol (*) 

signifies the stop codon. 
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Supplementary Table 5. Nucleotide sequences of the synthetic genes and their flanking 

regions.†  

Gene Codon-optimised nucleotide sequence‡ 

Signal peptide 

w/ Kex2  

GCATCGTCTCATCGGTCTCATATGAGATTCCCATCTATTTTTACAGCTGTTTTGTTTGCTGCATCTTCAGCATTAGCTG

CACCAGTTAATACTACAACTGAAGATGAAACTGCTCAAATTCCAGCTGAAGCAGTTATTGGTTATTTGGATTTGGAG

GGTGACTTTGATGTTGCAGTTTTGCCATTTTCTAACTCAACAAACAACGGTTTGTTGTTTATTAATACAACTATTGCT

TCTATTGCTGCAAAGGAAGAAGGTGTTTCATTGGATAAGAGAGAAGCAGAAGCTTCTTGAGACCTGAGACGGCAT 

Signal peptide 

w/o Kex2  

GCATCGTCTCATCGGTCTCATATGAGATTCCCATCTATTTTTACAGCTGTTTTGTTTGCTGCATCTTCAGCATTAGCTG

CACCAGTTAATACTACAACTGAAGATGAAACTGCTCAAATTCCAGCTGAAGCAGTTATTGGTTATTTGGATTTGGAG

GGTGACTTTGATGTTGCAGTTTTGCCATTTTCTAACTCAACAAACAACGGTTTGTTGTTTATTAATACAACTATTGCT

TCAATTGCTGCAAAAGAAGAAGGTGTTGGTTCTTGAGACCTGAGACGGCAT 

BaTG 

GCATCGTCTCATCGGTCTCATTCTATGATCATCATCTCTGGTCAAGTTTTAAGACCACAAGATATCGCAAACTGGCAA

ACAGAAGAATCATTGGTTCCATATTTGAACGAATTGATTAATTCTCCAGTTCAATTCGATTACGGTTCAATCACTGAA

TTGATGTTCGAAGCTAGATTAAGAAGACATATCGTTGAAGCTGCAAGAGAATTGCATGGTTCTGGTGCTAAGTTCGC

AACTTTCGCTAAGACATACGGTAACACTGCATACTGGAGAGTTACACCAGAAGGTGCTTTGGAATTGAAGTACAGA

ATCCCAGCATCAAAGGCTATCAGAGATATCATCGAAAACGGTGCATTCTACGCTTTTGAATGTGCTACAGCAATCGT

TGTTATATATTACTTGGCTGTTTTGAAGACTATCGGTGAAGAAAGATTCGATAGAAGATTCAGAGATATCACTTTGTA

TGATTGGCATTACGAACATTTGCCAATCTATACTGAAACAGGTAGACATTTCTTGAGAGGTGACTGTTTGTACTTCA

AGAACCCAGAATTCAATCCAGCTAAGGCACAATGGAGAGGTGAAAACGTTATCGTTATGGGTAACGATCAATACTT

CGCACATGGTTTGGGTATCTTGACAGCTGAACAAATCATCCAAAGATTGAACTCTTTGAGAAGAAAGAATGCAGTT

CAATCTGCTTATTTGTTATCACAAGCTACTAGATTGGATGCTCCAGCATTATACCAAATTATGCATGGATCCTGAGACC

TGAGACGGCAT 

BsTG 

GCATCGTCTCATCGGTCTCATTCTATGATCATTGTTTCTGGTCAATTGTTAAGACCACAAGATATCGAAAACTGGCAA

ATCGATCAAGATTTGAACCCATTGTTGAAGGAAATGATCGAAACTCCAGTTCAATTCGATTACCATTCTATTGCAGA

ATTGATGTTCGAATTGAAGTTGAGAATGAATATTGTTGCTGCAGCTAAGACATTGCATAAGTCAGGTGCAAAGTTCG

CTACATTTTTGAAGACATACGGTAACACTACATACTGGAGAGTTTCTCCAGAAGGTGCATTGGAATTGAAGTACAGA

ATGCCACCATCAAAGGCAATCAGAGATATCGCTGAAAATGGTCCATTTTACGCTTTCGAATGTGCAACTGCTATCGT

TATCATCTATTACTTGGCATTGATCGATACAATCGGTGAGGATAAGTTTAATGCTTCATTCGATAGAATCATTTTGTATG

ATTGGCATTACGAAAAGTTGCCAATCTATACTGAAACAGGTCATCATTTCTTTTTGGGTGACTGTTTGTACTTCAAGA

ACCCAGAATTCGATCCACAAAAAGCACAATGGAGAGGTGAAAACGTTATCTTGTTGGGTGAGGATAAGTACTTCGC

TCATGGTTTGGGTATCTTGAACGGTAAACAAATCATCGATAAATTGAACTCTTTTAGAAAGAAAGGTGCATTGCAAT

CTGCTTACTTGTTATCACAAGCTACTAGATTGGATGTTCCATCTTTGTTTAGAATTGTTAGAGGATCCTGAGACCTGA

GACGGCAT 

PaTG 

GCATCGTCTCATCGGTCTCATTCTAGATTGGGTCCATTATGGTCTTTGCCAATGCCAGGTAATAAGGGTGTTACTGGT

TTATCTGAATCAATGGCTCCAGGTGACATTGCAGAATTAGGTAGATCAGCTGAATTGGCTTTTAGAGTTAGATTTGA

AGGTGCTTTGCCACCAAGAGAACAATTATATTGGAGAGCATTGACAATGGAAAGATTTGATGGTAGAAGATGGGCT

CAAGCACCACAATGGTCTGGTGAAGATGCTTTACATTGGCAAAAGAGAGGTCCAGAATTGAGATACGATGTTATTAT

GCAACCATCTTCACAACCATGGTTATTTGCTTTGGATGTTGCACAAACTGATCAAACTGATACAAGATTAATGTCAG

ATTTCCATTTGCAAAGAAGACAACCAGTTGAACAAAGATTATTTTATAGAGTTTCTTCATGGCCACAAGCTTTGAGA

GAATCTTCAATTGATCCAAGAACAAGATGGAGAAATTTGCAATTACCAATGCATGGTAATCCAAGAGCTAGAGCATT

AGCTGATGAATTGAGACAAGCACATGCTCAACCACAAGCTTTAGTTGCTGCATTGTTGCAAAGATTCAATCATGAA

CCATTCGCATACACTTTGAAGCCACCAGCTACAGGTGCAGATGGTGTTGATGATTTCTTGTTCGATACTAGATCTGGT

TTCTGTGCTCATTACGCAGGTGCTATGGCATTTGTTTTAAGAGCTGCAGGTATTCCAGCTAGAGTTGTTGCAGGTTAT

CAAGGTGGTGAATTGAATCCAGCTGGTAACTACTTGTTGGTTCATCAATTCGATGCTCATGCATGGGTTGAATATTGG

CAACCAGAACAAGGTTGGTTATCTGTTGATCCAACATACCAAGTTGCTCCAGAAAGAATTGAACAAGGTTTAGAAC

AAGCTTTGGCTGGTGACTCTGAATATTTGGCTGATGCACCATTATCACCATTGAGATACAGAGGTTTACCATGGTTG

AATGATATGAGATTAGCTTGGGATTCATTGAATTATGGTTGGCAAAGATGGGTTTTGGCTTACCAAGGTGAACAACA

AGGTGCATTTTTACAAAGATGGTTTGGTGGTTTGGATCCAGGATCCTGAGACCTGAGACGGCAT 

SmTG 

GCATCGTCTCATCGGTCTCATTCTGATAATGGTGCTGGTGAAGAAACTAAGTCATACGCAGAAACTTACAGATTGAC

AGCTGATGATGTTGCAAACATCAACGCTTTGCAAGAATCTGCACCAGCTGCATCTTCAGCTGGTCCATCTTTTAGAG

CACCATCTTTGGATAAAAGAGAAGCTGAAGCAGATTCAGATGATAGAGTTACTCCACCAGCTGAACCATTAGATAG

AATGCCAGATCCATATAGACCATCATACGGTAGAGCAGAAACAGTTGTTAACAACTACATCAGAAAGTGGCAACAA

GTTTACTCTCATAGAGATGGTAGAAAACAACAAATGACTGAAGAACAAAGAGAATGGTTGTCATATGGTTGTGTTG

GTGTTACTTGGGTTAATTCTGGTCAATACCCAACAAATAGATTGGCTTTTGCATCTTTCGATGAAGATAGATTCAAAA

ACGAATTGAAAAATGGTAGACCAAGATCAGGTGAAACAAGAGCTGAATTTGAAGGTAGAGTTGCAAAGGAATCTT

TCGATGAAGAAAAGGGTTTTCAAAGAGCAAGAGAAGTTGCTTCAGTTATGAATAGAGCATTGGAAAATGCTCATGA

TGAATCTGCTTATTTGGATAATTTGAAGAAAGAATTGGCAAACGGTAACGATGCTTTGAGAAACGAAGATGCTAGAT

CACCATTTTACTCTGCATTGAGAAACACTCCATCTTTTAAAGAAAGAAACGGTGGTAACCATGATCCATCTAGAATG

AAGGCTGTTATATATTCAAAGCATTTTTGGTCTGGTCAAGATAGATCTTCATCTGCTGATAAGAGAAAGTACGGTGA

CCCAGATGCTTTTAGACCAGCTCCAGGTACTGGTTTGGTTGATATGTCTAGAGATAGAAACATCCCAAGATCACCAA

CATCTCCAGGTGAAGGTTTCGTTAACTTCGATTACGGTTGGTTTGGTGCTCAAACAGAAGCTGATGCAGATAAAAC

TGTTTGGACACATGGTAATCATTATCATGCTCCAAATGGTTCATTAGGTGCAATGCATGTTTACGAATCTAAGTTTAG

ACAATGGTCAGAAGGTTATTCTGATTTTGATAGAGGTGCTTACGTTATCACTTTTATTCCAAAGTCTTGGAACACAGC

ACCAGATAAAGTTAAACAAGGTTGGCCAGGATCCTGAGACCTGAGACGGCAT 

(His)6tag CGTAGATCGTCTCATCGGTCTCAATCCCATCATCATCATCATCACTAATGGCTGAGACCTGAGACGGCATCACG 

†The flanking regions are marked with the following colours: Red = BsaI binding site, Turquoise = 

BsmBI binding site, Yellow = part-type specific overhang, Green = nucleotides added for integration 

into the YTK entry vector, Grey = variable nucleotides, Orange = nucleotides added to retain the native 

reading frame. Once the construct is assembled, they will encode part of a flexible GS or AS linker. 

‡The nucleotide sequences were codon-optimised for S. cerevisiae. 
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Supplementary Figure 13. The nucleotide sequence for the part plasmid pATK002. The part 

plasmid was generated by cloning the synthetised yeast α-mating factor secretion signal with the Kex2 

site into the YTK entry vector pYTK001. The insert is highlighted with orange colour. 
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Supplementary Figure 14. The nucleotide sequence for the part plasmid pATK003. The part 

plasmid was generated by cloning the synthetised yeast α-mating factor secretion signal without the 

Kex2 site encoding gene into the YTK entry vector pYTK001. The insert is highlighted with purple 

colour. 
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Supplementary Figure 15. The nucleotide sequence for part the plasmid pATK004. The part 

plasmid was generated by cloning the synthetised BaTG encoding gene into the YTK entry vector 

pYTK001. The insert is highlighted with green colour. 
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Supplementary Figure 16. The nucleotide sequence for the part plasmid pATK005. The part 

plasmid was generated by cloning the synthetised BsTG encoding gene into the YTK entry vector 

pYTK001. The insert is highlighted with blue colour. 
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Supplementary Figure 17. The nucleotide sequence for the part plasmid pATK006. The part 

plasmid was generated by cloning the synthetised PaTG encoding gene into the YTK entry vector 

pYTK001. The insert is highlighted with light blue colour. 
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Supplementary Figure 18. The nucleotide sequence for the part plasmid pATK007. The part 

plasmid was generated by cloning the synthetised SmTG encoding gene into the YTK entry vector 

pYTK001. The insert is highlighted with turquoise colour. 
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Supplementary Figure 19. Vector map for the surface-display vector pAK009. The identifiers of 

the YTK parts used to assemble the vector are also indicated. The parts without the YTK identifiers 

were synthetised and inserted into the vector backbone by Gibson assembly. In pAK009, the inverted 

BsaI sites flanking the GFP dropout cassette enable cloning of the insert as a fusion to the Aga2 and a 

HA-tag. NotI digestion yields homology arms for integration into the yeast genome to the LEU2 locus. 
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Supplementary Figure 20. The nucleotide sequence for pAK009. The vector parts are marked with 

the following colours: Turquoise = Linker, Blue = Aga2, Light blue = Ha-tag, Purple = TDH1 

terminator, Light grey = ConRE (partial), Lilac = LEU2, Pink = LEU2 3’ homology, Yellow = KanR-

ColE1, Orange = LEU2 5’ homology, Dark grey = ConLS, Green = GFP dropout cassette. 
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Supplementary Table 6. Parts used to assemble the yeast display constructs and their access 

information. 

Plasmid YTK part no. Encodes E. coli marker Accessible 

pYTK009 2 TDH3 promoter CamR YTK toolkit† 

pAK009 – 

Backbone with 

AGA2, HA-tag, 

tTDH1 

KanR 
Ellis group collection, 

AK Toolkit‡ 

pATK002 3a SP w/ Kex2 CamR 
Linder group collection, 

ATK Toolkit§ 

pATK003 3a SP w/o Kex2 CamR 
Linder group collection, 

ATK Toolkit 

pATK004 3b BaTG CamR 
Linder group collection, 

ATK Toolkit 

pATK005 3b BsTG CamR 
Linder group collection, 

ATK Toolkit 

pATK006 3b PaTG CamR 
Linder group collection, 

ATK Toolkit 

pATK007 3b 
Pro-Kex2-

SmTG 
CamR 

Linder group collection, 

ATK Toolkit 

pAK003 3c CBM3a CamR 
Ellis group collection 

AK Toolkit 

†The original YTK toolkit is available at Addgene. ‡AK Toolkit that extends the YTK toolkit 

with yeast display and secretion parts is also available at Addgene. §ATK Toolkit that extends 

the YTK toolkit with enzyme and protein parts is currently only available upon request from 

Linder group, Aalto University. 
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Supplementary Figure 21. The nucleotide sequence of BaTG surface display construct. The 

surface display parts are marked with the following colours: Blue = TDH3 promoter, Orange = SP w/ 

Kex2, Turquoise = BaTG, Green = CBM3a, Grey = Linkers, Yellow = AGA2, Pink = HA-tag, Red = 

tTDH1. 
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Supplementary Figure 22. The nucleotide sequence of BsTG surface display construct. The 

surface display parts are marked with the following colours: Blue = TDH3 promoter, Orange = SP w/ 

Kex2, Purple = BsTG, Green = CBM3a, Grey = Linkers, Yellow = AGA2, Pink = HA-tag, Red = 

tTDH1. 
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Supplementary Figure 23. The nucleotide sequence of PaTG surface display construct. The 

surface display parts are marked with the following colours: Blue = TDH3 promoter, Orange = SP w/ 

Kex2, Pale blue = PaTG, Green = CBM3a, Grey = Linkers, Yellow = AGA2, Pink = HA-tag, Red = 

tTDH1. 
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Supplementary Figure 24. The nucleotide sequence of SmTG surface display construct. The 

surface display parts are marked with the following colours: Blue = TDH3 promoter, Purple = SP w/o 

Kex2, Turquoise = Pro-Kex2-SmTG, Green = CBM3a, Grey = Linkers, Yellow = AGA2, Pink = HA-

tag, Red = tTDH1. 
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Supplementary Table 7. The primers used in yeast colony PCR. 

Primer  Oligonucleotide sequence (5’à3’) Tm (C°) 

BaTG Forward GATCATCATCTCTGGTCAAG 50 

BaTG Reverse CCATGCATAATTTGGTATAATG 47 

BsTG Forward GGTCAATTGTTAAGACCAC 47 

BsTG Reverse CTCTAACAATTCTAAACAAAGATGG 51 

PaTG Forward CATTATGGTCTTTGCCAATG 48 

PaTG Reverse CCAAACCACCAAACCATC 48 

SmTG Forward GATAATGGTGCTGGTGAAGAAAC 53 

SmTG Reverse CCAACCTTGTTTAACTTTATCTG 50 
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Supplementary Figure 25. Vector map for the genome-integration vector pATK001. The 

identifiers of the YTK parts used to assemble the vector are also indicated. In pATK001, the inverted 

BsaI sites flanking the GFP dropout cassette enable cloning of the insert by BsaI reaction. NotI digestion 

yields homology arms for integration into the yeast genome to the LEU2 locus. 
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Supplementary Table 8. The YTK part plasmids† used to assemble the genome-integration vector 

pATK001. 

Plasmid YTK part no. Encodes E. coli marker 

pYTK004 1 ConL2 CamR 

pYTK047 234r GFP dropout CamR 

pYTK072 5 ConRE CamR 

pYTK075 6 LEU2 CamR 

pYTK087 7 LEU2 3’ homology CamR 

pYTK090 8a KanR-ColE1 KanR 

pYTK093 8b LEU2 5’ homology CamR 

†The part plasmids originated from the MoClo-YTK kit. 
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Supplementary Figure 26. Nucleotide sequence of the genome-integration vector pATK001. The 

vector parts are marked with the following colours: Green = GFP dropout cassette, Light grey = ConRE, 

Purple = LEU2, Pink = LEU2 3’ homology, Yellow = KanR-ColE1, Orange = LEU2 5’ homology, Dark 

grey = ConL2. 
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Supplementary Figure 27. The nucleotide sequence for the part plasmid pATK008. The part 

plasmid was generated by cloning the synthetised (His)6-tag encoding gene into the YTK entry vector 

pYTK001. The insert is highlighted with pink colour. 
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Supplementary Table 9. Parts used to assemble the SmTG secretion construct and their access 

information. 

Plasmid 
YTK part 

no. 
Encodes E. coli marker Source 

pATK001 – 
Genome integration 

vector 
KanR 

Linder group 

collection, YTK 

toolkit† 

pYTK030 2 pGAL1 CamR YTK toolkit 

pATK002 3a SP w/ Kex2 CamR 

Linder group 

collection, ATK 

toolkit‡ 

pATK003 3a SP w/o Kex2 CamR 

Linder group 

collection, ATK 

toolkit 

pATK007 3b Pro-Kex2-SmTG CamR 

Linder group 

collection, ATK 

toolkit 

pATK008 4a (His)6-tag CamR 

Linder group 

collection, ATK 

toolkit 

pYTK066 4b tTDH1 CamR YTK toolkit 

†The original YTK toolkit is available at Addgene. ‡ ATK Toolkit that extends the YTK toolkit 

with enzyme and protein parts is currently only available upon request from Linder group, 

Aalto University. 
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Supplementary Figure 28. Nucleotide sequence of the SmTG secretion construct. The parts for 

SmTG secretion are marked with the following colours: Blue = pGal1, Purple = SP w/o Kex2, Turquoise 

= Pro-Kex2-SmTG, Pink = (His)6-tag, Red = tTDH1. 
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Supplementary Figure 29. NotI linearized SmTG secretion construct. The two bands released 

upon NotI cleavage corresponded to the genome-integration cassette encoding the SmTG (5537 bp), 

and the kanamycin resistance and ColE1 parts (1763 bp). 
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Supplementary Figure 30. Standard curve of ELISA. The standard curve presents the logit 

transformation of absorbance values measured for a His-protein standard at 412 nm against their log 

concentration. The logit transformation was used to linearise the absorbance values before performing 

the linear regression fitting. 
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Supplementary Figure 31. Amplitude sweeps of the yeast cultures containing casein and CNFs. 

The amplitude sweeps were performed for both the a) control yeast, and b) TG secreting yeast 

cultivations. The storage modulus (G’) and the loss modulus (G’’) were plotted as a function of shear 

strain (%). The measurements were conducted with a constant frequency of 6.28 rad s-1 at 23°C. 
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Supplementary Table 10. Amino acid sequences of the enzymes secreted from yeast. 

Name and annotation  Amino acid sequence† 

SmTG  

 
SP w/o Kex2–Pro-Kex2-SmTG–6×HIS 

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYLDLEGDFDVAVLPFSNST
NNGLLFINTTIASIAAKEEGVGSDNGAGEETKSYAETYRLTADDVANINALQESAPA

ASSAGPSFRAPSLDKREAEADSDDRVTPPAEPLDRMPDPYRPSYGRAETVVNNYIR

KWQQVYSHRDGRKQQMTEEQREWLSYGCVGVTWVNSGQYPTNRLAFASFDEDR
FKNELKNGRPRSGETRAEFEGRVAKESFDEEKGFQRAREVASVMNRALENAHDES

AYLDNLKKELANGNDALRNEDARSPFYSALRNTPSFKERNGGNHDPSRMKAVIYS

KHFWSGQDRSSSADKRKYGDPDAFRPAPGTGLVDMSRDRNIPRSPTSPGEGFVNFD
YGWFGAQTEADADKTVWTHGNHYHAPNGSLGAMHVYESKFRQWSEGYSDFDR

GAYVITFIPKSWNTAPDKVKQGWPGSHHHHHH* 

β-lactamase 

 
SP–β lactamase–CBDcex 

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYLDLEGDFDVAVLPFSNST
NNGLLFINTTIASIAAKEEGVSLDKRGSHPETLVKVKDAEDQLGARVGYIELDLNSG

KILESFRPEERFPMMSTFKVLLCGAVLSRIDAGQEQLGRRIHYSQNDLVEYSPVTEK

HLTDGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEP
ELNEAIPNDERDTTMPVAMATTLRKLLTGELLTLASRQQLIDWMEADKVAGPLLRS

ALPAGWFIADKSGAGERGSRGIIAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEI

GASLIKHWGSGGPAGCQVLWGVNQWNTGFTANVTVKNTSSAPVDGWTLTFSFPS
GQQVTQAWSSTVTQSGSAVTVRNAPWNGSIPAGGTAQFGFNGSHTGTNAAPTAFS

LNGTPCTVGGSTG* 

†Minimal, flexible AS and GS linkers are indicated with light grey. The asterisk symbol (*) 

signifies the stop codon. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 
 

Supplementary Table 11. The data used to generate the Ashby plot shown in Supporting 

Figure 12. 

Application  
Storage modulus 

(Pa)  

Water content  

(wt.%) 
Reference  

Living hydrogel  2840  94.0  This work  

Cheese  40  95.8  22  

Cheese  267  94.8  23  

Cheese  509  93.0  23  

Cheese  766  92.7  23  

Cheese  1803  91.0  23  

Cheese  1777  90.2  23  

Yoghurt  534  96.0  23  

Yoghurt  425  95.7  23  

Yoghurt  389  95.4  23  

Yoghurt  314  95.2  23  

Yoghurt  240  93.0  23  

Seafood paste  200  52.0  24  

Seafood paste  300  47.0  24  

Seafood paste  400  41.0  24  

Seafood paste  500  38.0  24  

Seafood paste  600  33.0  24  

Seafood paste  2000  72.0  25  

Meat alternative  1200  88.0  26  

Meat alternative  85  87.0  27  

Meat alternative  500  86.0  27  
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Supplementary Table 11. Continues. 

Application  
Storage modulus 

(Pa)  

Water content  

(wt.%) 
Reference  

Meat alternative 300 95.0 28 

Meat alternative 125 97.3 29
 

3D printing paste 600 88.0 20
 

3D printing paste 1500 49.0 30
 

3D printing paste 550 90.0 31
 

3D printing paste 1000 80.0 32
 

Biomedical gel 1500 97.5 33
 

Biomedical gel 400 96.0 34
 

Biomedical gel 700 95.0 35
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