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Supplementary Figure 1. Functional CYP screening in strains iGLCPR-r. a UPLC analysis of extracts of
strain CYP512A4-r-iGLCPR-r (red line) and the control strain CYP5148B6-r-iGLCPR-r (black line); b MS spectra
of 15 and 16 as indicated in a. Y-axis represents the total ion current (TIC) intensity. UPLC-MS analyses were
conducted using an ultra-performance liquid chromatography (UPLC, LC-30A, Shimadzu) connected to a
TripleTOF MS spectrometer (TripleTOF 6600, Sciex) in atmospheric pressure chemical ionization (APCI) mode.
The mobile phase and the elution condition were the same as the method for HPLC analysis of the fermentation
extracts during the in vivo screening of CYPs in the lanosterol-producing strain.
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Supplementary Figure 2. 'H NMR spectrum of 1.
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Supplementary Figure 3. 33C NMR spectrum of 1.
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Supplementary Figure 4. DEPT-135 spectrum of 1.
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Supplementary Figure 5. COSY spectrum of 1.
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Supplementary Figure 7. HMBC spectrum of 1.
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Supplementary Figure 8. Production of GA-HLDOA, lanosterol, 2,3-oxidosqualene, and squalene after 120 h
fermentation of strain CYP5035C11-r-CYP5150L8-iGLCPR-r, under different concentrations of G418 and
hygromycin. All data represent the mean of two (columns 1-4) or three (all the other columns) biologically
independent samples (solid circles) and error bars show standard deviation. Student’s two-tailed t-test: *P =
0.03579. Source data are provided as a Source Data file.
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Supplementary Figure 9. 'H NMR spectrum of 2.

10



Nov25-2019-D-YP201975791-ZHONGJJ-FYB11.fid
13C CDCL3 298K A9 120
~110

-100

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0O -10
f1 (ppm)

Supplementary Figure 10. 1*C NMR spectrum of 2.
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Supplementary Figure 11. DEPT-135 spectrum of 2.
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Supplementary Figure 12. COSY spectrum of 2.
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Supplementary Figure 15. 'H NMR spectrum of 3.
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Supplementary Figure 16. 1*C NMR spectrum of 3.
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Supplementary Figure 17. DEPT-135 spectrum of 3.
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Supplementary Figure 21. 'H NMR spectrum of 4.
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Supplementary Figure 22. 3C NMR spectrum of 4.
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Supplementary Figure 23. DEPT-135 spectrum of 4.
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Supplementary Figure 25. HSQC spectrum of 4.
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Supplementary Figure 26. HMBC spectrum of 4.

20
40
60
-80
100 &
120
140
160
180
200
220

27



200326.1.ser NOESY
i A
| &
Y R L
1 )
- M
a ' ""
) N
J f '

i

2 11 10 9 8 7 6 5 4 3 2 1 0 1 -2
f2 (ppm)

Supplementary Figure 27. NOESY spectrum of 4.

f1 (ppm)

28



Dec24-
1H CD(

)

U

2020-WRB-YP202026492.10.fid
PL3 298K TEN2

N Ryl

Wl

i

|

L

-300000
280000
260000
240000
220000
200000
-180000
-160000
140000
120000
-100000
-80000
60000
40000
-20000
-0
—~20000

0 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 0.5 0.0 -05

f1 (ppm)

Supplementary Figure 28. 'H NMR spectrum of 5.
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Supplementary Figure 29. 1*C NMR spectrum of 5.
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Supplementary Figure 30. DEPT-135 spectrum of 5.
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Supplementary Figure 34. 'H NMR spectrum of compound 6.
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Supplementary Figure 35. 1*C NMR spectrum of 6.
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Supplementary Figure 36. DEPT-135 spectrum of 6.
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Supplementary Figure 37. COSY spectrum of 6.
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Supplementary Figure 38. HSQC spectrum of 6.
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Supplementary Figure 40. 'H NMR spectrum of 7.
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Supplementary Figure 41. 1*C NMR spectrum of 7.
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Supplementary Figure 42. DEPT-135 spectrum of 7.
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Supplementary Figure 43. COSY spectrum of 7.

44



e udl |

Nov10-2020-WJL-YP202016640.16.ser
HSQC JBO CDCL3

75 65 55 45 35 25 15
f2 (ppm)

Supplementary Figure 44. HSQC spectrum of 7.

0.5

f1 (ppm)

45



Nov10-2020-WJL-YP202016640.15.ser + -10
HMBC JBQ CDCL3 ' . SN
—— 0 0 | ;fn ol i
— ] " i
— ; : ’ ?%@,wﬁj@i* ! 30
— 1 0' A 1 b
o B .'?. 50
= 4 e e
90 E
- a
110
° vo § | 1130
8 “@0 . ':' L
ol e 150
0 ‘ o g fo 9' 170
; 190
1) (] r
SN S A S S S A S S U, S Wt WO S W WA T YT}
75 65 55 45 35 25 15 05  -05

f2 (ppm)

Supplementary Figure 45. HMBC spectrum of 7.
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Supplementary Figure 46. P450 spectral analysis using yeast microsomes. a CK, the control strain CK-r-
iGLCPR-r; b CYP512W?2, strain CYP512W2-r-iGLCPR-r; c CYP512A2, strain CYP512A2-r-iGLCPR-r. For CK,
CYP512W2, and CYP512A2, they were cultured in fermentation medium supplemented with 0 mg/L, 800 mg/L,
and 300 mg/L of G418 for 60 h to prepare microsomes, respectively. Three mL of microsomes from 200 mL
fermentation broth were obtained for each strain. The P450 spectral analysis was performed by using UV-VIS
spectrophotometer (UV-2600, Shimadzu, Japan) and UVProbe (v 2.43)™. Significant CO-shift from 420 nm to 450
nm was detected for the CYP512W2 or CYP512A2 containing microsome (Supplementary Figure 46b and c).
While for the control strain CK-r-iGLCPR-r derived microsome, we did not observe the CO-shift from 420 nm to
450 nm (Supplementary Figure 46a). Source data are provided as a Source Data file.
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Supplementary Figure 47. Production of GA-Jb, GA-Y, and GA-HLDOA after 120 h fermentation of three
strains. a CK-r-(T)CYP512W2-CYP5150L8-iGLCPR-r, b CYP5139G1-r-CYP512W2-CYP5150L8-iGLCPR-r,
and ¢ CYP5037B21-r-CYP512W2-iGLCPR-r-CYP5150L8-iGLCPR-r, under different concentrations G418 and
hygromycin. All data represent the value of one sample. Source data are provided as a Source Data file.
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Supplementary Figure 48. Production of GA-Jb, GA-Y, and GA-HLDOA after 120 h fermentation of strain

SC62-CYP5037B21-r-CYP512W2-iGLCPR-r, under different concentrations of G418 and hygromycin. All

data represent the value of one sample. Source data are provided as a Source Data file.
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Supplementary Figure 49. Production of GA-Jb, GA-Y, GA-HLDOA, lanosterol, 2,3-oxidosqualene, and
squalene after 120 h fermentation of strains SC62-CYP5144A11-r-CYP512W?2-r, SC62-CYP512W2-r-
CYP512W2-r, and SC62-CYP512A2-r-CYP512W2-r. CYP5144A11, strain SC62-CYP5144A11-r-CYP512W2-
r; CYP512W?2, strain SC62-CYP512W2-r-CYP512W2-r; CYP512A2, strain SC62-CYP512A2-r-CYP512W2-r.
All data represent the mean of two biologically independent samples (solid circles). Source data are provided as a
Source Data file.
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Supplementary Figure 50. Gating strategy for identifying high eGFP-expressing yeast cells. Yeast cell gating
strategy followed: FSC (voltage 180 V), SSC (voltage 400 V), and the threshold was set as 3% (triggered on FSC
channel). All captured events were used for fluorescence analysis. GFP fluorescence was analyzed on FL1 channel
(voltage 400 V, excitation at 488 nm, emission fluorescence at 529 + 14 nm). Cells with the top 0.01%

fluorescence signal were collected.
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Supplementary Table 1. Delta ppm for the detected m/z values.

Characteristic

Compounds Formula molecular Caculated m/z Detected m/z Delta ppm
fragment ions
Lanosterol C30H500 [M-HO+H]* 409.382878 409.38356 1.67
GA-HLDOA  C30H4803 [M-HO+H]* 439.357057 439.35777 1.62
1 C30H5002 [M-HO+H]* 425.377793 425.37796 0.39
2 C30H4804 [M-2HO0+H]* 437.341407 437.34027 2.60
3 C30H4603 [M-HO+H]* 437.341407 437.34122 0.43
4 C30H4604 [M-HO+H]* 453.336322 453.33709 1.69
5 C30H4804 [M-2H,0+H]* 437.341407 437.34111 0.68
6 C30H4805 [M-2H.O+H]* 453.336322 453.33706 1.63
7 C30H4605 [M+H]* 487.341801 487.34079 2.07
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Supplementary Table 2. Production of GA-Y and GA-Jb in previous reports.

Mushroom

Content

Production

Structures Compounds Description species Sources or titer efficiency * Ref.
. 200 g of dried 300 3.33 mg/kg- .
G. lucidum mushroom mg/kg- DWI/d
fruiting bodies DW
. 0.9
. 10 kg of dried 0.01 mg/kg-
G. lucidum > . mg/kg- 3
fruiting bodies DW Dw/d
G 25 kg of 2.32 258 x 102 \
resinaceum purchased mg/kg- ma/ka-DW/d
fruiting bodies DW g/kg
G, 25kgofdry 29 311x102
(24E)-3-0l-  hainanense  fruiting bodies ]%Wg mg/kg-DW/d
Ganoderic 2 %1anosta- 23.53
. 7,9 (11),24-  G. concinna 170 g of dried ) 0.26 mg/kg-
acidY . . mg/kg- 6
trien-26-oic  Ryv. Nov.sp  fruiting bodies DW Dwi/d
acid
G. 3 kg of air- 16.7
leucocontext  dried fruiting mg/kg- 0.19D\TV%kg_ 7
um bodies DW
G.
resinaceum . 4.96 2
o tetsiel g s
(Ganodermat & DW 9’xq
aceae)
2 kg of air- 1.5 )
G. lucidum dried fruiting mg/kg- ml'/6k7 >—(Dl\?V/ q ?
bodies DW g
G.
resinaceum  goyo ofdried 004 9033x10°
Boud. 4 iing bodies  ™EXKE mg/kg-DWI
lanosta- (Ganodermat DW
7,9(11),24- aceae)
trien-3, Mycelia
. 15a- G. lucidum  harvested from 7.41x 103 10
Ganodermic 4y 4roxy-  (strain TP-1)  9Lliquid  *22™L mgid
acid Jb .
26-oic-acid, culture
Ganoderic G. 25kgofdry 02 991x102
acid Jb, . . . . mg/kg-
GAJb calidophilum  fruiting bodies DW mg/kg-DW/d
0.18
68 kg of 0.002 mg/kg- 1
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a Generally, it takes about 90 days for Ganoderma to complete a cycle of sexual generation under artificial cultivation
conditions®3. While fermentation of yeast needs about 6 days. The production efficiency is defined as the average
daily content of products (mg/kg-DW/d) for fruiting body and yeast, or the average daily titer of products (mg/L/d)

for fermentation-derived mycelia and yeast.

In our work, after 144 h fermentation, strain CYP512W2-r-CYP5150L8-iGLCPR-r produced 51.30 mg/L of (3) GA-
Y and 56.44 mg/L of (4) GA-Jb, with ODego at 30.35 + 0.3446. According to the conversion method as published
previously!4, strain CYP512W2-r-CYP5150L8-iGLCPR-r produced about 5.45 g/kg-DW of (3) GA-Y and 6.00 g/kg-
DW of (4) GA-Jb. The production efficiencies of strain CYP512W2-r-CYP5150L8-iGLCPR-r for (3) GA-Y and (4)
GA-Jb were 908.33 mg/kg-DW/d and 1000 mg/kg-DW/d, respectively.
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Supplementary Note 1. A series of efforts to engineer a 3 and 4 producing yeast for subsequent
screening.

We first constructed strain CK-r-(T)CYP512W2-CYP5150L8-iGLCPR-r, in which promoter Tdh3p and
terminator Teflt were adopted for CYP512W2 expression. After fermentation using different concentrations of
G418 and hygromycin, the strain was able to produce 5.35 mg/L of 4 in the presence of 100 mg/L of G418 and
50 mg/L of hygromycin, and 6.55 mg/L of 3 in the presence of 500 mg/L of G418 and 200 mg/L of hygromycin
after 120 h fermentation (Supplementary Figure 47a). However, current 4 and 3 production levels are not enough
to facilitate an easy HPLC analysis in downstream screening. Next, we utilized the former used HXT7p instead
of Tdh3p for driving the expression of CYP512W2. The resultant strain CYP5139G1-r-CYP512\W2-
CYP5150L8-iGLCPR-r, which harbored a randomly selected CYP expression plasmid pRS426-CYP5139G1-
G418r, was able to produce 5.08 mg/L of 3 in the presence of 300 mg/L of G418 and hygromycin, but almost
no 4 in all the tested fermentation conditions (Supplementary Figure 47b). Then, we considered to overexpress
CYP512W2 and CYP5150L8 on pRS425 and pRS424 derived plasmids, respectively. Plasmid pRS424-
HXT7p-CYP512W2-FBA1t-iGLCPR-Hygr was according constructed for CYP512W2 expression. The
resultant reconstructed strain CYP5037B21-r-CYP512W2-iGLCPR-r-CYP5150L8-iGLCPR-r, which harbored
a randomly picked CYP expression plasmid pRS426-CYP5037B21-G418r, was able to produce 7.75 mg/L of
4 and 2.66 mg/L of 3 in the presence of 100 mg/L of G418 and hygromycin (Supplementary Figure 47c).
However, when other randomly selected CYP expression plasmids were replaced with pRS426-CYP5037B21-
G418r, production of 4 and 3 from the corresponding strains were quite unstable, and sometimes even
undetectable. The same promoter and terminator used for different gene expression cassettes on plasmids may

cause plasmid instability due to the inherent high efficiency of homologous recombination in S. cerevisiae.

Thus, we considered to integrate the expression cassettes of CYP5150L8 and iGLCPR into yeast chromosome
to obtain a strain capable of producing GA-HLDOA, and then use the tunable plasmid expression strategy for
expressing CYP512W2 to produce 3 and 4. To achieve multi-copy integration of CYP5150L8 and iGLCPR,
retrotransposon Ty long terminal repeat (delta) sites were first selected for CRISPR-Cas9 assisted multi-copy

integration®. However, we failed to obtain positive clone. Since gene expression cassettes Ppgki-tHMG1-Tapt1-
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Prer1-LYS2-Teyer has already been integrated into the delta site of S. cerevisiae YL-T3%, it may hinder the
integration of CYP5150L8 and iGLCPR to similar delta sites with high sequence homology. Then, we switched
to select the multi-copy rDNA loci for CRISPR-Cas9 assisted integration. However, we only obtain less than

30 colonies, which significantly reduced the possibility to obtain the desired phenotype.
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Supplementary Note 2. Efforts to verify whether additional expression of iGLCPR was

required for production of 3 and 4 in strain SC62.

To achieve stable production of 3 and 4, we set to express CYP512W?2 in strain SC62. Although iGLCPR
expression cassette had been integrated into the chromosome of SC62, we wondered whether additional
expression of iIGLCPR was required for supporting the enzymatic activity of CYPs. Thus, we constructed six
yeast strains, including SC62-CYP512W2-iGLCPR-r, SC62-CYP512W2-r, SC62-CYP5037B21-r-
CYP512W2-iGLCPR-r, SC62-CK-r-CYP512W2-iGLCPR-r, SC62-CYP5037B21-r-CYP512W2-r, and SC62-
CK-r-CYP512W2-r (Supplementary Data 4). We first conducted fermentation of strain SC62-CYP5037B21-r-
CYP512W2-iGLCPR-r with different concentrations of G418 and hygromycin ranging from 0 to 800 mg/L.
But the production of 4 and 3 were no more than 4.5 mg/L (Supplementary Figure 48). Then, fermentation of
these six engineered strains were performed in 24-well plate containing different concentrations of G418 and
hygromycin. As a result, strain SC62-CYP512W2-iGLCPR-r and SC62-CYP512W?2-r produced no more than
1 mg/L 4 and 3-8 mg/L 3, without the presence of hygromycin in the fermentation media. When hygromycin
was added, for unknown reasons, 4, 3 and GA-HLDOA were almost undetectable from these strains. In contrast,
strains SC62-CK-r-CYP512W2-iGLCPR-r, SC62-CK-r-CYP512W2-r, SC62-CYP5037B21-r-CYP512W2-
iGLCPR-r and SC62-CYP5037B21-r-CYP512W?2-r had higher 4 and 3 production, and lower production of
GA-HLDOA in the presence of 100-200 mg/L of G418 and hygromycin than those without antibiotics. In
another aspect, strain SC62-CK-r-CYP512W2-iGLCPR-r produced only slightly higher average amount of 4
and 3 than those from strain SC62-CK-r-CYP512W2-r at their optimal fermentation conditions (Fig. 5d).
Moreover, strain SC62-CYP5037B21-r-CYP512W?2-r could generate even more 4 and 3 than those from strain
SC62-CYP5037B21-r-CYP512W2-iGLCPR-r at their optimal fermentation conditions (Fig. 5d). Taken

together, these results suggested that additional expression of iGLCPR in SC62 was not necessary.
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