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Supplementary Methods

Supplementary Method 1. gPCR analysis

Engineered strains were inoculated in YPAD medium and grown at 30 °C with constant shaking at 200 rpm
overnight. The cells were then subcultured into fresh YP medium with 20 g/L. glucose with the initial ODsgo
of 0.2 and grown until the ODgoo reached 1. Cells were collected from 1 mL of culture, and total RNA was
extracted using the RNeasy mini kit from Qiagen (Valencia, CA). cDNA synthesis was performed using
the iScript™ Reverse Transcription Supermix from Biorad, and iTaq Universal SYBR Green Supermix
from Biorad was used for qPCR following the manufacturer’s protocol. Primers for gPCR were designed
using the IDT online tool (Primer Quest). The endogenous gene alg9, encoding a mannosyltransferase, was
used as the internal control. Expression of the selected gene was normalized by the alg9 expression level.
Raw data was analyzed using QuantStudioTM Real-time PCR software from Applied Biosystems. gPCR
analysis was performed with technical triplicates.

Supplementary Method 2. Scenarios simulated for techno-economic analysis (TEA) and life cycle
assessment (LCA)

Dextrose-accepting biomanufacturing facilities were simulated under alternative fermentation scenarios
with assumptions for yield, titer, and productivity corresponding to the fermentation performance achieved
in this study in the 100 mL DASbox (DASbox dextrose scenario). A bioreactor working volume fraction of
33% was assumed in all scenarios based on the working volume fraction used in the DASbox experiments.
The mass transfer properties and effects of gas sparging can be tightly coupled with reactor design
parameters such as the reactor headspace volume.' Therefore, although this working volume fraction is
substantially lower than bioreactor working volume fractions assumed in previous TEAs (e.g., 80%),> we
wanted to use a working volume fraction consistent with that used in our experiments to conservatively
represent the current state-of-technology under nth plant assumptions. Changing the fermentation working
volume fraction to that assumed in previous TEAs (e.g., 80%—90%),* would moderately change TEA
results (MPSP, TCI, and AOC decreased by 4.8—5.3%, 16.8—18.2%, and 1.1-1.2%, respectively) and would
not substantially influence LCA results (CI and FEC decreased by 0.2—0.2% and 0.3—0.3%, respectively,
in the dextrose scenario; Supplementary Figure 23). Further, to assess the system sustainability
implications of potential alternative feedstocks, we designed end-to-end biomanufacturing facilities that
could accept corn, sugarcane, and corn stover as feedstocks, and simulated them under assumptions
corresponding to the fermentation performance achieved in this study using dextrose in the DASbox (corn,
sugarcane, and corn stover scenarios, respectively; assumed baseline values and distributions for all
uncertain parameters in each scenario are reported in Supplementary Data 1).

Supplementary Method 3. Plasmid construction

Plasmids for gene overexpression were generated by the in vivo DNA assembly method in S. cerevisiae or
Gibson assembly in E. coli. For DNA assembly, 50~100 ng of PCR-amplified fragments and restriction
enzyme digested backbone were co-transformed into S. cerevisiae via lithium acetate-mediated method.
All colonies formed on SC-URA plates were collected. Plasmids were extracted from S. cerevisiae and
retransformed into E. coli. Plasmids from several E. coli colonies were extracted and verified by restriction
digestion. Strong promoters and terminators identified previously were chosen for gene overexpression. To
construct plasmids for gene deletion, gBlocks containing homology donors and spacers were synthesized
by Integrated DNA Technologies. The homology donor contained two 50 bp homology arms flanking the
Cas9 cutting site, and a restriction enzyme, such as X#ol, was in the middle of the two homology arms. The
gBlocks were then cloned into the CRISPR/Cas9 plasmid by Golden Gate assembly. Detailed construction
of each plasmid is described as following:

pTM-PAND(1-9). The primer pairs of P(1-9)PGKI¢t-F and ura3PGKI¢-R were used to amplify for PGK ¢,
PGKItura3p-F and TDH3pPDCIt-R for the backbone, PDCI1tTDH3p-F and TDH3pP(1-9)-R for TDH3p,
and for the PAND genes, PAND(1-9)-F and PAND(1-9)-R. DNA assembler was used to assemble the PCR
products to generate the plasmids pTM_PAND(1-9).



pTM-BAPAT(I-7). The primer pairs of B(1-7)7rp3t-F and Trp3tura3-R were used to amplify Trp3t,
Trp3tura3-F and GPMI1PDCIt-R for the backbone, GPM1PDCI¢-F and GPMIB(1-7)-R for GPM1, and
for the BAPAT genes, BAPAT(1-7)-F and BAPATHIS-R. DNA assembler was used to assemble the PCR
products to make pTM_BAPAT(1-7).

PTM_YDFG(I-10). The primers pairs of Y(1-10)F'BAIp-F and ura3FBA1p-R were used to amplify FBAIp,
FBAIpura3-F and ENO2tPDCIt-R were used to amplify the backbone, PDCItENO2t-F and Y(I-
10)ENO2t-R were used to amplify ENO2t, and for the YDFG genes, YDFG(1-10)-F and YDFG(1-10)-R
were used. DNA assembler was used to assemble the PCR products to generate the plasmids
pTM_YDFG(1-10).

pPBY. PANDS gene cassette was amplified from pTM-PANDS using primer pairs of LP10-TDH3p-F and
GPMp-pTM-common-R. BAPAT6 gene cassette was amplified from pTM-BAPAT6 using primer pairs of
pTM-GPMp-F and FBAp-Trp3t-R. YDFG3 gene cassette was amplified from pTM-YDFG3 using primer
pairs of Trp3t-FBAp-F and LP10-ENO2t-R. The backbone pHT was linearized by 3HPBG-pZF-F and
3HPBG-pZF-R. After obtaining four fragments, DNA assembly was used to assemble fragments

pHT-AAT2. IoAAT?2 was amplified from I. orientalis genomic DNA using primer pairs of GA-g963-F and
GA-g693-R. pHT backbone containing GPM promoter and Eno2 terminator was linearized by primer pairs
of GA-pZF-F and GA-pZF-R. After obtaining the two fragments, HIFI assembly was used to assemble
fragments.

Supplementary Method 4. Strain construction

For gene deletion, CRISPR/Cas9 plasmid was transformed to I. orientalis via a lithium acetate-mediated
method, and transformants were plated on an SC-URA plate and incubated at 30 °C. Several colonies were
randomly picked and cultivated in liquid SC-URA medium. Then, colony PCR was performed or then
restriction digestion was performed to verify the deletion. For gene overexpression, the cassette for gene
overexpression was PCR-amplified to contain 40 bp to 42 bp homology arms flanking the integration site.
The PCR product and CRISPR/Cas9 plasmid targeting the integration site were co-transformed to 1.
orientalis via the lithium acetate-mediated method. Transformants were plated on an SC-URA plate and
incubated at 30 °C. Several colonies were randomly picked and cultivated in liquid YPAD medium. Then,
colony PCR was performed for verifying gene overexpression. Plasmid removal was performed using FOA
selection. Detailed construction of each strain is described as following:

PBY1/ura3A. EG14-LHR-F and EG14-LHR-R were used to amplify the PBY expression cassette from
pPBY. Amplified product and pVT36b-EG14 plasmid were then transformed into SD108/ura3A.

PBY2/ura3A. EG15-LHR-F and EG15-LHR-R were used to amplify the PBY expression cassette from
pPBY. Amplified product and pVT36b-EG15 plasmid were then transformed into PBY 1/ura3A.

PBY3/ura3A. EG2-LHR-F and EG15-LHR-R were used to amplify the PBY expression cassette from
pPBY. Amplified product and pVT36b-EG2 plasmid were then transformed into PBY2/ura3A.

1P/ura3A. EG9-LHR-F and EG9-LHR-F were used amplified the PANDS expression cassette from pTM-
PANDS. Amplified product and pVT36b-EG9 plasmid were then transformed into LPB/ura3A.

1P/ura3A. EG8-LHR-F and EG8-LHR-F were used amplified the PANDS expression cassette from pTM-
PANDS. Amplified product and pVT36b-EGS8 plasmid were then transformed into LPB/ura3A.



2P/ura3A. EG4-LHR-F and EG4-LHR-F were used amplified the PANDS expression cassette from pTM-
PANDS. Amplified product and pVT36b-EG4 plasmid were then transformed into LPB/ura3A.

3P/ura3A. EG6-LHR-F and EG6-LHR-F were used amplified the PANDS expression cassette from pTM-
PANDS5. Amplified product and pVT36b-EG6 plasmid were then transformed into LPB/ura3A.

4P/ura3A. GD11-LHR-F and GD11-LHR-F were used amplified the PANDS expression cassette from
pTM-PANDS. Amplified product and pVT36b- GD11 plasmid were then transformed into LPB/ura3A.

SP/ura3A. GD27-LHR-F and GD27-LHR-F were used amplified the PANDS expression cassette from
pTM-PANDS. Amplified product and pVT36b- GD27 plasmid were then transformed into LPB/ura3A.

6P/ura3A. EG8-LHR-F and EG8-LHR-F were used amplified the PANDS expression cassette from pTM-
PANDS5. Amplified product and pVT36b-EG8 plasmid were then transformed into 5P/ura3A.

7P/ura3A. EG4-LHR-F and EG4-LHR-F were used amplified the PANDS expression cassette from pTM-
PANDS5. Amplified product and pVT36b-EG4 plasmid were then transformed into 5SP/ura3A.

8P/ura3A. EG6-LHR-F and EG6-LHR-F were used amplified the PANDS expression cassette from pTM-
PANDS5. Amplified product and pVT36b-EG6 plasmid were then transformed into 5P/ura3A.

8P/ura3A/pdcA. pVT36b-pcd which contained the homology arm targeting to pdc gene was transformed
into 8P/ura3A.

8P/ura3A/pdcA/gpdA. The upstream and downstream sequences of gpd were amplified from 1. orientalis
genomic DNA. Primer pairs of GPD-seq-F and GPD-KO-Up-R were used for upstream sequence. Primer
pairs of GPD-KO-Down-F and GPD-seq-R were used for downstream sequence. pVT36b-gpd, upstream
sequence and downstream sequence were transformed into 8P/ura3A/pdcA.

8P-AP/ura3A/pdcA/gpdA. Primer pairs of EG8-FBAIp-IoPYC-F and GPMp-TEFt-IoPYC-R were used to
amplify the IoPYC expression cassette from pRS416-SA-sitel. Primers pairs of TEF [t-GPMp-F and EG8-
ENO2t (pZF)-R were used to amplify the 4472 expression cassette from pHT-4472. pVT36b-EGS8 and
fragments of the loPYC expression cassette and the 4472 expression cassette were transformed into
8P/ura3A/pdcA/gpdA.

1AP/ura3A. Primer pairs of EG16-LHR-F and EG16-LHR-F were used to amplify the BAPAT and YDFG
expression cassette from pBY. Amplified product and pVT36b-EG16 plasmid were then transformed into
8P-AP/ura3A/pdcA/gpdA.

2AP/ura3A. Primer pairs of EG17-FBAIp-loPYC-F and GPMp-TEFt-IoPYC-R were used to amplify the
IoPYC expression cassette from pRS416-SA-sitel. Primers pairs of TEFI[t-GPMp-F and EG17-ENO2t
(pZF)-R were used to amplify the 4472 expression cassette from pHT-AAT2. pVT36b-EG17 and
fragments of the IoPYC expression cassette and the 4472 expression cassette were transformed into
1AP/ura3A

2AP. Primer pairs of ura3-F and ura3-R were used to amplify the ura3 expression cassette from pVT101a.
The ura3 expression cassette was further transformed to 2AP/ura3A.

Supplementary Method 5. Sequence Similarity Network (SSN) analysis
SSN analysis was performed for PAND, BAPAT and YDFG gene to get candidates of each gene
(https:/efi.igb.illinois.edu/efi-est/)*. For PAND gene, PAND gene from T. castaneum was input into the
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SSN analysis. For BAPAT gene, BAPAT from B. cereus. For YDFG gene, YDFG gene from E. coli was
input into the SSN analysis. All the candidate genes were randomly picked in different cluster after SSN
analysis.



Supplementary Tables

Supplementary Table 1. Thermodynamic analysis of the f-alanine pathway

RxnID Gene Reaction Name AG™, pHT - AG™, pH6
eQuilibrator
PC ¢ PYC  pyruvate carboxylase =590 + 1.40 -1.72 £ 1.40
ASPTA c AAT  aspartate transaminase 2.80 + 1.10 3.16 £ 1.10
ASPIDC c¢ PAND  aspartate 1-decarboxylase -17.30 £ 11.70 —28.06 = 11.70
3A20A ¢ BAPAT beta-alanine-pyruvate aminotransferase -390 + 5.80 —-3.27+ 5.80
MSAR ¢ YDFG malonic semialdehyde reductase -21.20 £ 5.70 —29.66 + 5.70

Reaction IDs (RxnID) and gene abbreviations are as in Table 1 of the text.

Data presents the estimated changes in Gibbs free energy, A:G'® (kJ/mole) + standard error (kJ/mole) with

both values calculated using the eQuilibrator computational tool.



Supplementary Table 2. Feeding profile in the fed-batch fermentation

300 mL
First feeding 8.5 mL at 24 hr
Second feeding 12.5 mL at 48 hr
Third feeding 10 mL at 96 hr
Fourth feeding N.A.
Final Titer (g/L) 92.0
Yield (g/g)* 0.70
Productivity 0.548

(g/L/hr)

P.S. Feeding solution for three scales is 590-600 g/L. glucose.
* Yield = Sum of 3HP produced in each feeding/ Total glucose consumed



Supplementary Table 3. Benchmark of 3HP production using different hosts and different pathways.

. Titer Yield Productivity pH
Strain Pathway @L) (g2 (g/L/hr) Carbon control Refs
MM with
K. pneumoniae  Glycerol 102.6 0.43 1.07 glycerol and pH 7.0 >
yeast extract
MM with
E. coli Glycerol 76.2 0.46 1.89 glycerol and pH 7.0 6
yeast extract
.. Mitochondria MM with 7
S. cerevisiae Malonyl-CoA 71.1 0.23 0.71 alucose pH 5.0
.. Cytosol MM with 8
S. cerevisiae Malonyl-CoA 56.5 0.31 0.53 alucose pH 5.6
. With
S. cerevisiae Cytosol 11.3 0.56 N.A. MM with Calcium ?
Malonyl-CoA Glucose
carbonate
. Cytosol MM with 10
P. pastoris Malonyl-CoA 48.2 0.23 0.16 Methanol pH 5.6
MM with
. Cytosol Lignocellulosi 1
R. toruloides Malonyl-CoA 45.2 0.11 0.44 . No
hydrolysate
Cytosol MM with
12
O. polymorpha Malonyl-CoA 79.6 0.35 0.40 xylose and pH 5.6
glucose
. . Cytosol MM with 13
Y. lipolytica Malonyl-CoA 100 0.2 0.48 alucose pH 6.0
S. cerevisiae  P-alanine 137 0.14 017 MM with pH 5.0 14
glucose
Semi-MM (15
. T g/L yeast 15
E. coli B-alanine 72.2 0.6 1.64 extract) with pH 6.5
glycerol




Supplementary Table 4. Strains used in this study.

Strains Features Sources
E. coli DH5a Cloning host NEB
SD108/ura3A 1. orientalis SD108 with uracil autotrophy 6
LPB/ura3A SD108/ura3A with landing pad integration 17
pPBY/PBY 1/ura3A II:ISalgr?lﬁlif integrated to the £G4 site in SD108/ura3A with pPBY This study
pPBY/PBY 2/ura3A II:ISalgr?lﬁlif integrated to the £G15 site in PBY 1/ura3A with pPBY This study
pPBY/PBY3/ura3A II:ISalgr?lﬁlif integrated to the £G2 site in PBY2/ura3A with pPBY This study
pPBY/1P/ura3A PANDS integrated to LPB/ura3A at EGS with pPBY plasmid This study
pPBY/2P/ura3A PANDS integrated to LPB/ura3A at EG4 with pPBY plasmid This study
pPBY/3P/ura3A PANDS integrated to LPB/ura3A at EG6 with pPBY plasmid This study
pPBY/4P/ura3A PANDS integrated to LPB/ura3A at GD11 with pPBY plasmid  This study
pPBY/5P/ura3A PANDS integrated to LPB/ura3A at GD27 with pPBY plasmid  This study

PANDS integrated to pPBY/5P/ura3A at EG8 with pPBY This study
pPBY/6P/ura3A plasmid

PANDS integrated to pPBY/5P/ura3A at EG4 with pPBY This study
pPBY/7P/ura3A plasmid

PANDS5 integrated to pPBY/5P/ura3A at EG6 with pPBY This study
pPBY/8P/ura3A plasmid
pPBY/8P/ura3A/pdcA  pPBY/8P/ura3A with pdc knockout This study
};I;ZI/ 8P/ura3Alpded  bpy 18P jura3A/pdea with gpd knockout This study
pPBY/8P- PBY/8P/ura3A/pdcA/gpdA with PYC-AAT2 integrated to EG8  This stud
AP/ura3A/pdcA/gpdA p Urasa/paea/gpaa wi cerated to S study

8P-AP/ura3A/pdcA/gpdA with BAPAT6 and YDFG3 integrated This study
1AP/ura3A to EG16
pHT/1AP/ura3A 1AP/ura3A with pHT plasmid This study
pPBY/1AP/ura3A 1AP/ura3A with pPBY plasmid This study
2AP/ura3A 1AP/ura3A with PYC-4AAT?2 integrated to EG17 This study
2AP 2AP/ura3A with ura3 recovered This study




Supplementary Table 5. Plasmids used in this study.

Plasmids Features Sources
pVT36b I orientalis plasmid for gene deletion and insertion 18
pVT36b-EG2 pVT36b with insertion of spacer for integration at site EG2 17
pVT36b-EG4 pVT36b with insertion of spacer for integration at site EG4 Y
pVT36b-EG6 pVT36b with insertion of spacer for integration at site EG6 Y
pVT36b-EG8 pVT36b with insertion of spacer for integration at site EGS v
pVT36b-EG9 pVT36b with insertion of spacer for integration at site EG9 v
pVT36b-EG14 pVT36b with insertion of spacer for integration at site EG/4 v
pVT36b-EG15 pVT36b with insertion of spacer for integration at site EG15 v
pVT36b-EG16 pVT36b with insertion of spacer for integration at site EG16 v
pVT36b-EG17 pVT36b with insertion of spacer for integration at site EG/7 v
pVT36b-GD5 pVT36b with insertion of spacer for integration at site GD5 v
pVT36b-GD11 pVT36b with insertion of spacer for integration at site GD// v
pVT36b-GD21 pVT36b with insertion of spacer for integration at site GD21/ v
pVT36b-GD27 pVT36b with insertion of spacer for integration at site GD27 Y

pVT36b with insertion of spacer for deletion of pdc with 50 bp "
pVT36b-pdc .

upstream and downstream homology arm targeting to pdc gene
pVT36b-gpd pVT36b with insertion of spacer for deletion of gpd Y

. . . 19

PRS416-SA-sitel pRS416 harborlr.lg reduf:tlve TCA pathway flanked with homology

arms for integration to site 1
pVTl101a 1 orientalis plasmid for gene deletion and insertion v
pTM-PANDI pTM with insertion of TDH3p-PANDI-PGKIt This study
pTM-PAND2 pTM with insertion of TDH3p-PAND2-PGK It This study
pTM-PAND3 pTM with insertion of TDH3p-PAND3-PGK It This study
pTM-PAND4 pTM with insertion of TDH3p-PAND4-PGK It This study
pTM-PANDS pTM with insertion of TDH3p-PANDS5-PGK It This study
pTM-PANDG6 pTM with insertion of TDH3p-PANDG6-PGK It This study
pTM-PAND7 pTM with insertion of TDH3p-PAND7-PGK It This study
pTM-PANDS pTM with insertion of TDH3p-PANDS-PGK It This study
pTM-BAPATI pTM with insertion of GPMp-BAPATI-Trp3t This study
PTM-BAPAT?2 pTM with insertion of GPMp-BAPAT2-Trp3t This study
pTM-BAPAT3 pTM with insertion of GPMp-BAPAT3-Trp3t This study
PTM-BAPAT4 pTM with insertion of GPMp-BAPAT4-Trp3t This study
PTM-BAPATS pTM with insertion of GPMp-BAPATS5-Trp3t This study
pTM-BAPAT6 pTM with insertion of GPMp-BAPAT6-Trp3t This study
pTM-BAPAT7 pTM with insertion of GPMp-BAPAT7-Trp3t This study
pTM-YDFGI1 pTM with insertion of FBAIp-YDFGI-ENO2t This study
pTM-YDFG2 pTM with insertion of FBA1p-YDFG2-ENO2t This study
pTM-YDFG3 pTM with insertion of FBAlp-YDFG3-ENO2t This study
pTM-YDFG4 pTM with insertion of FBAlp-YDFG4-ENO2t This study
pTM-YDFGS5 pTM with insertion of FBAlp-YDFG5-ENO2t This study
pTM-YDFG6 pTM with insertion of FBA1p-YDFG6-ENO2t This study
pTM-YDFG7 pTM with insertion of FBAlp-YDFG7-ENO2t This study
pTM-YDFGS8 pTM with insertion of FBA1p-YDFGS8-ENO2t This study
pTM-YDFG9 pTM with insertion of FBAlp-YDFG9-ENO2t This study
pTM-YDFG10 pTM with insertion of FBAIp-YDFG10-ENO2t This study

pHT with insertion of TDH3p-PANDS5-PGKIt-GPMp-BAPAT6- .
pPBY Trp3t-FBAIp-YDFG3-ENO2t This study
pHT-AAT2 pHT with insertion of GPMp-IoAAT2-ENO2t¢ This study
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Supplementary Table 6. Details of the DasBox reactor

Parameter Lab Scale
Manufacturer Eppendorf DASbox
Nominal Volume (L) 0.3

Maximum Working Volume 0.25

According to the Manufacture (L) )

Actual Working Volume (L) 0.1

Tank Diameter (Dr, mm) 90

Tank Height (Hr, mm) 360

Impeller Type 6 blade Rushton
Impeller Diameter (D1, mm) 30

Number of impellers 2

H1/Dr 4

Dy/Dr 0.33

Aeration Rate (vvm) 2.4 sLPH

Stirrer Speed (RPM) 400-1200 (Cascaded on DO)
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Supplementary Table 7. Breakdown of the dextrose scenario baseline biomanufacturing facility’s total
capital cost. ISBL and OSBL denote inside and outside battery limits, respectively.

Cost category Notes Cost (MMS)
Direct costs
ISBL installed equipment cost - 134.12
OSBL installed equipment cost - 62.30
Warehouse 4.0% of ISBL 5.36
Site development 9.0% of ISBL 12.07
Additional piping 4.5% of ISBL 6.04
Total direct cost (TDC) - 219.88
Indirect costs
Pro-ratable costs 10.0% of TDC 21.99
Field expenses 10.0% of TDC 21.99
Construction 20.0% of TDC 43.98
Contingency 10.0% of TDC 21.99
Other 1nd1recF costs (start-up, 10.0% of TDC 21.99
permits, etc.)
Total indirect cost (TIDC) - 131.93
Total capital investment
Fixed capital investment (FCI) TDC + TIDC 351.82
Working capital (WC) 5.0% of FCI 17.59
Total capital investment (TCI) FCI+ wC 369.41
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Supplementary Table 8. Breakdown of the dextrose scenario baseline biomanufacturing facility’s fixed
operating cost. [SBL and OSBL denote inside and outside battery limits, respectively.

Cost category Notes Cost (MM$/y)
Labor salary - 1.82
Labor burden 90% of labor salary 1.64
Maintenance 3.0% of ISBL 4.02

Property insurance 0.7% of ISBL 2.46
- 1.82

Total fixed operating cost (FOC)

13



Supplementary Figures
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Supplementary Figure 1. Our engineered stain can survive readily at low pH and simultaneously produce
3HP, avoiding the need to neutralize the medium for cell growth and to re-acidulate 3HP downstream,
facilitating low-cost and environmentally beneficial 3HP production. Created in BioRender. Zhao, H. (2025)
https://BioRender.com/vkz7wO01.
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Supplementary Figure 2. 3HP tolerance tests. (A) a starting OD of 0.1 and (B) a starting OD of 1. Data
present mean + S.D. of three biologically independent samples (n = 3). Source data for this figure is
available in the Source Data file. The initial pH was set at 5.6. Each curve was normalized by the highest
OD obtained from individual replicate. As shown in Supplementary Figure 1A, the cells began to grow
slowly as the 3HP concentration increased to 50 g/L, and a concentration of 150 g/L delayed exponential
growth by one day. However, higher levels of 3HP typically occurred only at high ODs during the
fermentation process. Therefore, we tested an initial OD of 1 (Supplementary Figure 1B), which showed
no significant growth retardation when cells were grown in medium with up to 125 g/L of 3HP. Although
there was a 12-hour delay in reaching the exponential growth phase using a medium supplemented with
150 g/L 3HP, starting with a higher OD effectively mitigated the toxicity from high levels of 3HP (i.e., up
to 125 g/L).
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PAND screening strain

Supplementary Figure 3. In vivo test for PAND gene screening. BcBAPAT (purple color) and EcYDFG
(blue color) were integrated to SD108 first to create the PAND screening strain and PAND gene candidate
plasmids were transformed into PAND screening strain. Each strain with different PAND candidate plasmid
was cultured in SC-URA with 50 g/L glucose for 5 days and 3HP was measured. Data present mean + S.D.
of three biologically independent samples (n = 3). Source data for this figure is available in the Source Data
file. Created in BioRender. Zhao, H. (2025) https://BioRender.com/vkz7wO1.
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Supplementary Figure 4. In vivo test for BAPAT gene screening. TcPAND (yellow color) and EcYDFG
(blue color) were integrated to SD108 first to create the BAPAT screening strain and BAPAT gene candidate
plasmids were transformed into BAPAT screening strain. Each strain with different PAND candidate
plasmid was cultured in SC-URA with 50 g/L glucose for 5 days and 3HP was measured. Data present
mean + S.D. of six biologically independent samples (n = 6). Source data for this figure is available in the
Source Data file. Created in BioRender. Zhao, H. (2025) https://BioRender.com/vkz7wO01.
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Supplementary Figure 5. In vivo test for YDFG gene screening. TcPAND (yellow color) and BsBAPAT
(purple color) were integrated to SD108 first to create the YDF'G screening strain and YDFG gene candidate
plasmids were transformed into YDF'G screening strain. Each strain with different YDFG candidate plasmid
was cultured in SC-URA with 50 g/L glucose for 5 days and 3HP was measured. Data present mean + S.D.
of five biologically independent samples (n = 5). Source data for this figure is available in the Source Data
file. Created in BioRender. Zhao, H. (2025) https://BioRender.com/vkz7wOl.
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Supplementary Figure 6. Measurement of aldehyde product using Purpald as a purple-color-forming
agent. Formaldehyde was used as positive control and for the negative control, cell lysate without
expression of BAPAT was used. There was no significant purple product formed in the negative control.
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Supplementary Figure 7. qPCR analysis of PAND and PYC gene expression. Experiment was done
with one biological replicate (n =1). Source data for this figure is available in the Source Data file.
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Supplementary Figure 8. Ethanol and glycerol accumulation of three strains, including
pPBY/8P/ura3A, pPBY/8P/ura3AlpdcA, pPBY/8P/ura3A/pdcA/gpdA. Data present mean + S.D. of three
biologically independent samples (n = 3). Source data for this figure is available in the Source Data file.
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Supplementary Figure 9. 3HP production using pPBY/8P-AP/ura3A/pdcA/gpdA, pHT/1AP/Aura3
and pPBY/1AP/ura3A. Data present mean + S.D. of three biologically independent samples (n = 3). Source
data for this figure is available in the Source Data file.
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Supplementary Figure 10. Fermentation Profiles of 1AP/ura3A and 2AP/ura3A Strains in CSM
Medium. (A) Glucose consumption, (B) pyruvate accumulation and (C) 3HP production profile of
1AP/ura3A and 2AP/ura3A in CSM medium. Data present mean + S.D. of three biologically independent
samples (n = 3). Source data for this figure is available in the Source Data file.
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Supplementary Figure 11. 3HP production profile of 2AP/ura3A in CSL with or without uracil. Data

present mean + S.D. of three biologically independent samples (n = 3). Source data for this figure is
available in the Source Data file.
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Supplementary Figure 12. Cell growth of 2AP strain in fed-batch fermentation at 300 mL scales using
CSL medium. Two independent biological replicates were performed (n = 2) and mean value from two
replicate is presented. Source data for this figure is available in the Source Data file. Created in BioRender.
Zhao, H. (2025) https://BioRender.com/vkz7wO01.
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Supplementary Figure 13. Fermentation profile of 2AP in CSL in 3L bioreactor. Experiment was done
with one biological replicate (n =1). Source data for this figure is available in the Source Data file.
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Supplementary Figure 14. Simplified block flow diagrams of the designed biomanufacturing facilities.

(A) fermentation, (B) separation, and (C) catalytic upgrading processes for all scenarios. Acronyms denote
wastewater treatment (WWT) and solid-liquid separation (S/L separation). While a limited amount of lime
is needed under low-pH regimes to maintain a pH of 4.0 (Supplementary Data 1), no sulfuric acid is required
and no gypsum is formed (as re-acidulation is not performed) under low-pH regimes. A full process

flowsheet is available online®.
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Supplementary Figure 15. Sensitivity analysis results for the biomanufacturing facility in the dextrose
scenario. Spearman’s rank order correlation coefficients (Spearman’s p; x-axis, left; from -1.00 to 1.00)
and corresponding p-values (x-axis, right; from 0.00 to 1.00) for minimum product selling price (MPSP),
carbon intensity (CI) and fossil energy consumption (FEC) of acrylic acid (produced via catalytic upgrading
of 3HP) with respect to each of 33 parameters included in the uncertainty analysis (y-axes). The vertical
dashed gray line represents a p-value of 0.05. Source data for this figure is available in the Source Data file.
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Supplementary Figure 16. Yield—titer landscape of economic and environmental metrics for corn-
accepting biomanufacturing. (A) Minimum product selling price (MPSP), (B) carbon intensity (CI, as
100-year global warming potential), and (C) fossil energy consumption (FEC) for corn-accepting
biomanufacturing facilities across 3,600 fermentation yield-titer combinations at the baseline productivity
(0.548 g/L/h) for low-pH fermentation. Yield is shown as % of the theoretical maximum (%theoretical)
scaled to the theoretical maximum yield of 1.00 g/g-glucose-equivalent (based on carbon balance). The
hatched region shows the market price range for acrylic acid ($1.40-1.65/kg)*'. For a given point on the
figure, the x-axis value represents the yield, the y-axis value represents the titer, and the color and contour
lines represent the value of MPSP, CI, or FEC. Tabulated data breaking down capital and material costs,
heating and cooling duties, electricity consumption, CI, and FEC for each scenario are available online®.
Source data for this figure is available in the Source Data file.
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Supplementary Figure 17. Yield—titer landscape of economic and environmental metrics for
sugarcane-accepting biomanufacturing. (A) Minimum product selling price (MPSP), (B) carbon
intensity (CI, as 100-year global warming potential), and (C) fossil energy consumption (FEC) for
sugarcane-accepting biomanufacturing facilities across 3,600 fermentation yield-titer combinations at the
baseline productivity (0.548 g/L/h) for low-pH fermentation. Yield is shown as % of the theoretical
maximum (%theoretical) scaled to the theoretical maximum yield of 1.00 g/g-glucose-equivalent (based on
carbon balance). The hatched region shows the market price range for acrylic acid ($1.40-1.65/kg)*'. For a
given point on the figure, the x-axis value represents the yield, the y-axis value represents the titer, and the
color and contour lines represent the value of MPSP, CI, or FEC. Tabulated data breaking down capital and
material costs, heating and cooling duties, electricity consumption, CI, and FEC for each scenario are
available online®®. Source data for this figure is available in the Source Data file.
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Supplementary Figure 18. Yield—titer landscape of economic and environmental metrics for corn
stover-accepting biomanufacturing. (A) Minimum product selling price (MPSP), (B) carbon intensity
(CI, as 100-year global warming potential), and (C) fossil energy consumption (FEC) for corn stover-
accepting biomanufacturing facilities across 3,600 fermentation yield-titer combinations at the baseline
productivity (0.548 g/L/h) for low-pH fermentation. Yield is shown as % of the theoretical maximum
(%theoretical) scaled to the theoretical maximum yield of 1.00 g/g-glucose-equivalent (based on carbon
balance). The hatched region shows the market price range for acrylic acid ($1.40-1.65/kg)*'. For a given
point on the figure, the x-axis value represents the yield, the y-axis value represents the titer, and the color
and contour lines represent the value of MPSP, CI, or FEC. Tabulated data breaking down capital and
material costs, heating and cooling duties, electricity consumption, CI, and FEC for each scenario are
available online®. Source data for this figure is available in the Source Data file.
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Supplementary Figure 19. Effect of 3HP productivity on economic and environmental metrics in the
dextrose scenario. Minimum product selling price (MPSP), total capital investment (TCI), annual
operating cost (AOC), carbon intensity (CI; y-axes), and fossil energy consumption (FEC) for biorefineries
producing acrylic acid (produced via catalytic upgrading of 3HP) in the dextrose scenario at alternative
values for fermentation 3HP productivity (x-axis). Vertical dashed lines indicate productivity equivalent to

20%, 100%, and 500% of the baseline productivity (0.548 g/L/h). Source data for this figure is available in
the Source Data file.
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Supplementary Figure 20. Yield—titer landscape of fossil energy consumption (FEC) for neutral and
low-pH dextrose fermentation. Fossil energy consumption (FEC) for dextrose-accepting
biomanufacturing facilities across 3,600 fermentation yield-titer combinations at the baseline productivity
of dextrose scenario (i.e., at a productivity of 0.548 g/L/h) for (A) neutral and (B) low-pH fermentation.
Yield is shown as % of the theoretical maximum (%theoretical) scaled to the theoretical maximum yield of
1.00 g/g-glucose-equivalent (based on carbon balance). The hatched region shows a range bounded by FEC
values reported for fossil-based acrylic acid***. For a given point on the figure, the x-axis value represents
the yield, the y-axis value represents the titer, and the color and contour lines represent the value of FEC.
Tabulated data breaking down capital and material costs, heating and cooling duties, electricity
consumption, CI, and FEC for each scenario are available online®. Source data for this figure is available
in the Source Data file.
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Supplementary Figure 21. Uncertainty analysis of fossil energy consumption for 3HP-derived acrylic
acid across four feedstock scenarios. Uncertainties (box-and-whisker plots) for fossil energy consumption
(FEC) per kg of acrylic acid produced by catalytic upgrading of 3HP produced via microbial conversion of
glucose and sucrose by /. orientalis. Box and whisker plots show results for four scenarios (markers report
results for baseline values): (i) fermentation performance achieved in the DASbox using dextrose (dextrose,
diamond markers); (ii) corn-based 3HP biomanufacturing under the same assumptions for fermentation
performance as that achieved in the DASbox (corn, square markers); (v) sugarcane based 3HP
biomanufacturing under the same assumptions for fermentation performance as that achieved in the
DASbox (sugarcane, triangle markers); and (vi) corn stover based 3HP biomanufacturing under the same
assumptions for fermentation performance as that achieved in the DASbox (corn stover, pentagon markers;
baseline values and distributions for all parameters included in the uncertainty analysis for each scenario
are detailed in Supplementary Data 1). On box-and-whisker plots, whiskers, boxes, and the middle line
represent 5%/95™ 25%/75™ and 50™ percentiles, respectively, from 6000 Monte Carlo simulations for each
scenario. respectively, from 5000 Monte Carlo simulations for each scenario. The shaded gray region shows
a range bounded by FEC values reported for fossil-based acrylic acid****. Tabulated data breaking down
capital and material costs, heating and cooling duties, electricity consumption, CI, and FEC for each
scenario are available online®. Source data for this figure is available in the Source Data file.
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Supplementary Figure 22. Economic and environmental breakdowns for acrylic acid production via
dextrose-to-3HP fermentation. Breakdowns for (A) system costs and utility demands, (B) carbon intensity
(CD) quantified as 100-year global warming potential (GWPq), and (C) fossil energy consumption (FEC)
of acrylic acid produced via fermentation of dextrose to 3HP by engineered I. orientalis in the dextrose
scenario. For the biomanufacturing facility’s operating cost (MM$-y™), contributions from fixed operating
costs, sales revenue from excess electricity, purchase of natural gas for product drying, and material costs
by process area are shown. Values above stacked bars are totals including offsets. For heating duty, cooling
duty, and electricity consumption, values indicate totals during operation. The biomanufacturing facility is
assumed to operate 330 days annually at the baseline condition (baseline values and distributions with
literature references for all parameters are detailed in Supplementary Data 1). Tabulated data breaking down
capital and material costs, heating and cooling duties, electricity consumption, CI, and FEC are available
online®. Source data for this figure is available in the Source Data file.
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Supplementary Figure 23. Effect of fermentation working volume fraction on economic and
environmental metrics in the dextrose scenario. Minimum product selling price (MPSP), total capital
investment (TCI), annual operating cost (AOC), carbon intensity (CI; y-axes), and fossil energy
consumption (FEC) for biorefineries producing acrylic acid (produced via catalytic upgrading of 3HP) in
the dextrose scenario at alternative values for assumed fermentation working volume fraction (x-axis).
Vertical dashed lines indicate the fermentation working volume fraction assumed by this study,® and 2.
Source data for this figure is available in the Source Data file.
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