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Supplementary Figure 1. Schematic representation of benzylisoquinoline alkaloid (BIA) 
metabolism leading to opiate production in opium poppy. Enzyme names are shown in blue 
except for thebaine synthase (THS), which is shown in green. Other abbreviations: 4'OMT, 3'-
hydroxy-N-methylcoclaurine 4'-O-methyltransferase; 6OMT, norcoclaurine 6-O-
methyltransferase; CNMT, coclaurine N-methyltransferase; CODM, codeine O-demethylase; 
COR, codeinone reductase; NCS, norcoclaurine synthase; NMCH, N-methylcoclaurine 3'-
hydroxylase; REPI, reticuline epimerase; SalAT, salutaridinol 7-O-acetyltransferase; SalR, 
salutaridine reductase; SalSyn, salutaridine synthase; T6ODM, thebaine 6-O-demethylase; 
TYDC, tyrosine decarboxylase; TyrAT, tyrosine aminotransferase.  



Supplementary Figure 2. Proposed mechanisms underlying THS activity and the 
spontaneous formation of hydroxylated byproduct. At pH <5 in vitro, (7S)-salutaridinol 
undergoes spontaneous, intramolecular allylic rearrangement and dehydration yielding 
thebaine. However, this process is not spontaneous in vivo. First, SalAT must O-acetylate (7S)-
salutaridinol to create a better leaving group. Second, THS is required to (i) promote thebaine 
formation beyond the small amount that forms spontaneously (e.g. <10% at pH 7.0) and (ii) 
outcompete, or shield against, spontaneous degradation of (7S)-salutaridinol 7-O-acetate 
yielding the m/z 330-byproduct. One possible mechanism for THS activity involves 
deprotonation of the C4 hydroxyl group of salutaridinol 7-O-acetate by a catalytic residue 
acting as a general base, yielding a phenolate anion nucleophile. This newly formed 
nucleophile would then attack at C5 to facilitate SN2' syn displacement of the O-acetyl leaving 
group. Alternatively, THS may not require a catalytic base, and could simply ‘shield’ the labile 
acetate from intermolecular nucleophilic attack under aqueous conditions. High-resolution MSn 
analysis supported the formation of a hydroxylated alkaloid with m/z 330 and structural 
similarity to (7S)-salutaridinol (Supplementary Table 1; Supplementary Figure 3). Three 
possible structures are proposed resulting from either SN2’ or SN2 elimination of the acetate.  



Supplementary Figure 3. High-resolution mass spectral fragmentation analysis of 
alkaloid byproduct (m/z 330). (A) High-resolution MS2 collision-induced dissociation (CID) 
spectrum of the m/z 330-byproduct. Fragmentation at 35% normalized collision energy (NCE) 
was conducted in the linear ion trap portion of an LTQ-Orbitrap XL instrument followed by 
full-scan FTMS detection in the Orbitrap MS (m/z 90-340). The spectrum represents an 
average of 161 individual scans captured over 5 minutes of continuous sample infusion  
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(5 µL/min). Ionization was performed by ESI at room temperature. Mass error was < 2 ppm 
across all MSn datasets, allowing reliable prediction of elemental formula (Supplementary 
Table 1). The expanded region (m/z 300-340) highlights the occurrence of a fragment with m/z 
312, possibly a dehydration product of the parent ion. (B) MSn analysis reveals similarities and 
differences between (7S)-salutaridinol and the m/z 330-byproduct. MSn on the m/z 330-
byproduct yielded ions shown in black. Although some byproduct ions were common with 
those obtained from similar (7S)-salutaridinol analysis (a, f, g), others (c, d, e, h) were not. 
Conversely, ions shown in red were unique to (7S)-salutaridinol MSn (i, j, k, l, m, n) and were 
not observed in the m/z 330-byproduct spectra. An important fragmentation route for (7S)-
salutaridinol is amine loss through cleavage of the piperidine ring (-CH2CHNHCH3), which 
was not evidenced in the case of m/z 330-byproduct. Instead the byproduct decomposed to 
fragment a by loss of a methylamine (-CH3NH2), leading to the formation of other observed 
ions. The presence of fragment b in m/z 330-byproduct MS2 spectra could result from a loss of 
water, a fragmentation route common to 14C-hydroxylated opiates. Fragment b could not be 
isolated in MS3 spectra, thus, its degradation to fragment c is theoretical (dotted arrow) 
[Pennanen, K., Kotiaho, T., Huikko, K. & Kostiainen, R., J. Mass Spectrom. 36, 791–797 
(2001)]. The experiment was repeated independently three times with similar results. 
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Supplementary Figure 4. Partial purification of THS using multi-resin chromatography. 
Elution profiles of protein fractionated in sequential order using (A) hydrophobic interaction 
chromatography (HIC) with a butyl-S sepharose column, (B) ion-exchange chromatography 
(IEX) with a HiTrap Q column, and (C) size-exclusion chromatography (SEC) using two 75 
HR 10/30 column connected in series. Shaded portions of the elution profile indicating 
fractions that showed THS activity, were pooled, analyzed by LC-MS/MS, and subjected to the 
subsequent chromatography step. Assays were repeated twice with similar results. 
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Supplementary Figure 5. SDS-PAGE analysis of latex protein chromatography fractions 
displaying THS activity. Approximately 20 µg protein was loaded in each lane, and resolution 
was achieved using 10% (w/v) or 14% (w/v) acrylamide gels, as indicated. (A) Protein 
extracted directly from latex following a low-speed spin (5000 g) to remove insoluble material 
(i.e. crude latex) compared with THS-active protein enriched by ammonium precipitation (AS), 
hydrophobic interaction chromatography (HIC), and ion exchange chromatography (IEX). (B) 
Protein in fractions 10 through 13 obtained by size exclusion chromatography (SEC) showed 
THS activity. (C) THS-active fractions obtained by SEC were pooled and resolved by SDS-
PAGE on a 14% (w/v) gel. Arrows indicate three prominent bands at ~17 kDa, which were 
excised from the gel and submitted for LC-MS/MS analysis. SDS-PAGE was repeated twice 
with similar results. 



Supplementary Figure 6. Amino acid alignment of six THS candidates from opium poppy 
latex identified by LC-MS/MS. Highlighted residues are conserved in other candidates in 
comparison with Betv1-1. Abbreviations: MLP, major latex protein; PR, pathogenesis-related. 



Supplementary Figure 7. SDS-PAGE of candidate proteins. SDS-PAGE of candidate 
proteins. His6-tagged, codon-optimized THS genes were expressed in Escherichia coli and 
purified by affinity chromatography. Protein purification was repeated twice with similar 
results. 
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Supplementary Figure 8. Identification of the THS reaction product by LC-MS/MS. 
Extracted ion chromatogram at m/z 312 showing peaks for an authentic thebaine standard and 
the THS reaction product (A). The MS2 collision-induced dissociation (CID) spectra of the 
authentic thebaine standard and the THS reaction product (B). Arrowheads indicate the parent 
ion. Exact masses for only a representative selection of MS2 CID fragments are shown. A 
complete list of corresponding high-resolution MS2 CID fragments is provided in 
Supplementary Table 4. Experiments were repeated independently three times with similar 
results. 



Supplementary Figure 9. In vivo assay of yeast expressing six candidate genes identifies 
Bet v1-1 as THS. (A) Schematic representation of the metabolic pathway used for assays in 
yeast. Saccharomyces cerevisiae strain CEN.PK102-5B with chromosomally integrated copies 
of genes encoding salutaridine reductase (SalR) and salutaridine 7-O-acetyltransferase (SalAT) 
(Sc-1; Supplementary Table 7) was transformed with either the pEV-1 empty vector or a 
construct harboring one of six THS candidate genes. Yeast fermentation was performed with 
the addition of 100 µM salutaridine, which was converted in vivo to salutaridinol 7-O-acetate 
by SalR and SalAT. THS activity (green) was identified by an increase in thebaine 
concentration in the culture medium. Panels (B) and (C) show immunoblot detection of HA-
tagged protein, and thebaine content in the culture medium, respectively, for yeast 24 h after 
the addition of salutaridine. Only the Bet v1-1 candidate increased thebaine accumulation. The 
immunoblot (B) was repeated twice with similar results. Bars (C) represent the mean ± 
standard deviation obtained using four independently transformed yeast strains (black dots). 
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Supplementary Figure 10. Schematic representation showing the clustering of five genes 
involved in the biosynthesis of thebaine from (S)-reticuline. A draft opium poppy genome 
sequence revealed a scaffold of ~1 megabase pairs (Mb; contiguous black line) that included 
duplicate gene copies of reticuline epimerase (REPI), salutaridine synthase (SalSyn), 
salutaridine reductase (SalR), salutaridinol 7-O-acetyltransferase (SalAT), and thebaine 
synthase (THS). Open grey boxes and black lines represent the exons and introns, respectively, 
found in these five genes. Arrowheads indicate the location of other putative genes. Predicted 
translation products are as follows: 1, O-methyltransferase; 2, purine permease; 3, 
methylstylopine 14-hydroxylase; 4, B2 protein; 5, starch synthase; 6, IQ domain 1; 7, F-box 
protein; 8, transposon; 9, disease resistance protein; 10, E3 ubiquitin-protein ligase; 11, V-type 
proton ATPase; 12, SalAT-like enzyme. 
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                                    or 
    transmembrane domain 
  
THS1 MDSINSSIYFCAYFRELIIKLLMAPLGVSGLVGKLSTELEVDCDAEKYYN 50 
THS2                       MAPLGVSGLVGKLSTELEVDCDAEKYYN 28 
 
 • 
THS1 MYKHGEDVQKAVPHLCVDVKVISGDPTRSGCIKEWNVNIDGKTIRSVEET 100 
THS1-t MYKHGEDVQKAVPHLCVDVKVISGDPTRSGCIKEWNVNIDGKTIRSVEET 50 
THS2 MYKHGEDVKKAVPHLCVDVKIISGDPTSSGCIKEWNVNIDGKTIRSVEET 78 
THS2-t MYKHGEDVKKAVPHLCVDVKIISGDPTSSGCIKEWNVNIDGKTIRSVEET 50 
 
 
THS1 THNDETKTLRHRVFEGDMMKDFKKFDTIMVVNPKPDGNGCVVTRSIEYEK 150 
THS1-t THNDETKTLRHRVFEGDMMKDFKKFDTIMVVNPKPDGNGCVVTRSIEYEK 100 
THS2 THDDETKTLRHRVFEGDVMKDFKKFDTIMVVNPKPDGNGCVVTRSIEYEK 128 
THS2-t THDDETKTLRHRVFEGDVMKDFKKFDTIMVVNPKPDGNGCVVTRSIEYEK 100 
 
 
THS1 TNENSPTPFDYLQFGHQAIEDMNKYLRDSE 180 
THS1-t TNENSPTPFDYLQFGHQAIEDMNKYLRDSE  130 
THS2 TNENSPTPFDYLQFGHQAIEDMNKYLRDSESN 160 
THS2-t TNENSPTPFDYLQFGHQAIEDMNKYLRDSESN 130 
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Supplementary Figure 11. Amino acid alignment and proteomics analysis of different 
THS isoforms. (A) Amino acid alignment of four THS isoforms, showing peptides detected by 
proteomics (numbered in blue). Residues strictly conserved across all candidates are 
highlighted in black. The unique 22 N-terminal amino acids of THS1 were predicted to 
comprise either a signal peptide or transmembrane region using two different programs 
(Phobius, http://phobius.sbc.su.se; SignalP 4.1, http://www.cbs.dtu.dk/services/SignalP/). The 
black dot marks the first Met residue common to all isoforms, and the presumed beginning of 
‘short’ isoforms THS1-t and THS2-t. (B) Spectral counts obtained by LC-MS/MS analysis of 
opium poppy stem and/or latex tissues of detected peptides corresponding to THS1 and THS2 
full-length or truncated isoforms. Three proteome databases for (i) latex, (ii) stem minus latex, 
and (iii) stem plus latex were screened for THS-specific peptides. The number of each peptide 
was recorded and expressed as a percentage of total peptides in each database. Bracketed 
letters designate isoform-specific residues. For example, peptide number 5 contained either 
aspartate (D) or asparagine (N), with 12 and 7 spectral counts respectively in stem, suggesting 
predominance of THS2/THS2-t over THS1/THS1-t isoforms in this tissue. 
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Supplementary Figure 12. Schematic representation of cDNA encoding four THS 
isoforms, showing regions targeted for isoform-specific amplification by RT-qPCR, and 
gene suppression by VIGS. Forward and reverse qPCR primers (black arrows) were designed 
to distinguish THS1 and THS2 full-length transcripts, and corresponding transcripts (THS1-t 
and THS2-t) with an internal deletion. Regions used to construct the pTHS-V vector for VIGS 
analysis (grey boxes) were conserved in all isoforms to ensure co-suppression of all THS 
transcripts. ATG designates potential start codons for each THS isoform. Note that in THS2, 
the first ATG is followed by four-nucleotide deletion resulting in a frame-shift mutation; thus, 
the subsequent ATG is the more likely start codon. 
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Supplementary Figure 13. Phylogenetic tree showing the relationships among THS variants 
from opium poppy and members of the Bet v1, PR10 and major latex protein (MLP) 
superfamily. Characterized THS paralogs are in red. Uncharacterized orthologs of THS were 
selected from Papaver bracteratum (Pbr), P. rhoeas (Prh), and P. setigerum (Pse) by blasting the 
1000 Plant (1KP) transcriptome database (https://db.cngb.org/blast4onekp/) with the P. somniferum 
(Pso) THS2 sequence (Supplementary Note 3). Characterized PR10 proteins in blue are from 
Papaver somniferum (PsoNCS2, AY860500), Thalictrum flavum (TflNCS, Q67A25), Arabidopsis 
thaliana (AthRCAR1, OAP12964), Populus trichocarpa (PtrRCAR1, XP_002324762), Saccharum 
hybrid (ShyPR10, AMQ67074), Spinacia oleraceae (SolPR10, AGE12484), Fragaria x ananassa 
FanA1E, CAJ85646), Vitis pseudoreticulata (VpsPR1-1, ABC86747), Capsicum annum (CanPR10, 
AAF63519), Glycine max (GmaPR10, ADC31789), Lupinus luteus (LluPR10-1A, P52778), Pisium 
sativum (PsaABR17, Q06931) and Thalictrum flavum (TflNCS, Q67A25). An alignment was 
constructed using the CLUSTALW feature of Geneious (http://www.geneious.com) with a cost 
matrix of BLOSUM. The alignment formed the basis for phylogenetic tree construction using 
PHYMYL, employing the ‘LG’ substitution model [Le, S. & Gascuel, O., Mol. Biol. Evol. 25, 
1307–1320 (2008)] and 100 iterations to yield bootstrap values. The scale bar refers to the number 
of substitutions per site. 



Supplementary Figure 14. Relative transcript abundance of four THS isoforms in 
different organs of two opium poppy chemotypes. The T chemotype accumulates high levels 
of thebaine and the related alkaloid oripavine [Desgagné-Penix, I., Farrow, S.C., Cram, D., 
Nowak, J. & Facchini, P.J., Plant Mol. Biol. 79, 295–313 (2012)], at the expense of morphine 
and codeine, and was used as the source of latex for THS purification. The Roxanne 
chemotype accumulates moderate to high levels of morphine and codeine and was the source 
of DNA used to the draft genome assembly. qRT-PCR was performed using primers listed in 
Supplementary Table 5, targeting regions unique to each THS isoform as shown in 
Supplementary Figure 12. Bars represent the mean ± standard deviation obtained using 
samples collected from three independent plant samples (open dots). 
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Supplementary Figure 15. SalAT-coupled assay conducted in the presence of different 
THS isoforms shows activity of THS1 and THS2, but not N-terminally truncated THS1-t 
and THS2-t isoforms. (A) SDS-PAGE of the THS isoforms used in the assays. His6-tagged, 
codon-optimized THS genes were expressed in Escherichia coli and partially purified by 
affinity chromatography. (B) Coupled assays consisted of (7S)-salutaridinol substrate, purified 
recombinant SalAT enzyme, and one of four recombinant THS isoforms. Panels represent LC-
MS extracted ion chromatographs (EIC) of either m/z 330 or m/z 312. The retention time (Rt) of 
the m/z 330-byproduct was ~4.8 minutes (blue highlight) in contrast with the (7S)-salutaridinol 
substrate, which eluted at Rt 3.1 minutes (arrow). The substrate, which was mostly consumed 
(arrow) by thebaine formation, exhibited the same exact mass and predicted elemental formula 
as the byproduct (Supplementary Table 1). Green highlight shows thebaine (m/z 312) eluting at 
Rt 4.8 minutes. Experiments were repeated independently three times with similar results.  
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Supplementary Figure 16. Homodimerization of THS proteins. (A) Chemical cross-linking 
of recombinant, purified THS isoforms using BS3 (bis[sulfosuccinimidyl]suberate) followed 
by SDS-PAGE and immunoblot analyses, supporting the occurrence of THS1 and THS2 as 
homodimers (~40 kD; yellow asterisk) and, to a lesser extent, higher-order oligomers (red 
asterisks). In contrast, protein bands corresponding to potential homodimers represented 
reduced bands in the case of the N-terminally truncated isoforms THS1-t and THS2-t. 
Abbreviations: N, native; C, cross-linked. (B) Fractionation of pure, recombinant THS2 protein 
by size exclusion chromatography (SEC) showed most of the active protein as a homodimer, 
with a small proportion of potential oligomers (red asterisks). Experiments were repeated 
independently three times with similar results.  
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Supplementary Figure 17. Time dependence of thebaine formation from (7S)-
salutaridinol 7-O-acetate. Standard, direct assays were performed using 40 µM of (7S)-
salutaridinol 7-O-acetate and 0.4 µg of purified recombinant THS2. A short incubation time 
(30 sec) was essential to limit degradation of (7S)-salutaridinol 7-O-acetate to the m/z 330-
byproduct and maintain linearity in the direct THS assay. Squares represent the mean ± 
standard difference of two independent assays (black dots). 



Supplementary Figure 18. Dependence of THS2 activity on pH. Assays were performed for 
30 sec using 40 µM salutaridinol 7-O-acetate substrate, 0.6 µg of purified recombinant THS2, 
and pH-appropriate buffers as indicated. Experiments were repeated independently three times 
with similar results.  



Supplementary Figure 19. Sigmoidal dependence of THS2 activity on substrate 
concentration reveals allosteric enzyme kinetic behavior. Standard, direct assays were 
performed for 30 sec using variable concentrations of (7S)-salutaridinol 7-O-acetate and 0.4 µg 
of purified recombinant THS2. Squares represent the mean ± standard difference of two 
independent assays (black dots). 



Supplementary Figure 20. Substrate-competition assays for THS2. (A) Compounds tested 
as alternative substrates or competitive inhibitors of salutaridinol 7-O-acetate. None of the 
compounds were accepted by THS as alternative substrates. (B) Dependence of thebaine 
formation on the addition of increasing concentrations of potential inhibitors using the direct 
THS assay with (7S)-salutaridinol 7-O-acetate as the substrate. Bars represent the mean 
± standard difference of two independent assays (black dots). 
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Supplementary Figure 21. Tobacco rattle virus (TRV) infection in opium poppy plants 
infiltrated with pTRV2 vectors for viral-induced gene silencing (VIGS). Following 
infiltration of seedlings with Agrobacterium tumefaciens harboring control (pTRV2) or THS-
silencing (pTHS-V) constructs, stems were harvested at anthesis to isolate RNA for RT-PCR. 
Of ~30 plants subjected to infiltration with A. tumefaciens harboring each vector, 15 and 12 
individuals tested positive for infection. The RT-PCR primers (TRV2-MCS_F and TRV2-
MCS_R) targeted a region surrounding the multiple-cloning site of the pTRV2-based vectors, 
with predicted amplicon sizes of 400 bp (empty vector) and 650 bp (pTHS-V), respectively 
(Supplementary Table 5). 



Supplementary Figure 22. Impact of THS2 on the yield of thebaine and the accumulation 
of selected pathway intermediates in yeast engineered with a multi-step, opiate 
production pathway. (A) Three yeast strains were built by genomic integration of BIA 
biosynthetic genes, enabling production from (R,S)-norlaudanosoline of salutaridine (Sc-2), 
(7S)-salutaridinol 7-O-acetate and low levels of thebaine (Sc-3), and high levels of thebaine 
(Sc-4). (B) Levels of reticuline, salutaridine, salutaridinol, and thebaine in strains Sc-2, Sc-3, 
and Sc-4 transformed with either pEV-1 or pTHS2 after 24, 48 and 96 h of fermentation. Bars 
(B) represent the mean ± standard deviation obtained from four independently transformed 
yeast lines (open dots). 



Supplementary Table 1. High-resolution fragmentation analysis of m/z 330-
byproduct generated by degradation of (7S)-salutaridinol 7-O-acetate. 

 
MS2 330 à  

 
 
MS3 330 à  299 à  

 
 
MS3 330 à  281à  

 
 
MS3 330 à  249 à  

Empirical m/z Relative 
abundance (%) Theoretical m/z Error 

(ppm) 
Composition 

[M+H]+ or [M+] Product ion 

281.11725 100 281.11722 -0.1 C18H17O3 [MH-H2O-CH3NH2]+ 
299.12782 61 299.12779 -0.1 C18H19O4 [MH-CH3NH2]+ 
249.09117 40 249.09101 -0.6 C17H13O2 [MH-H2O-CH3NH2-CH3OH]+ 
271.13309 22 271.13287 -0.8 C17H19O3 [MH-CH3NH2-CO]+ 
267.10185 9 267.10157 -1.0 C17H15O3 [MH-CH3NH2-CH3OH]+ 
221.09624 9 221.09609 -0.7 C16H13O [MH-H2O-CH3NH2-CH3OH-CO]+ 
266.09402 4 266.09375 -1.0 C17H14O3 - 
330.17005 4 330.16998 -0.2 C19H24NO4 MH+ 
237.09127 2 237.09101 -1.1 C16H13O2 - 
239.10692 2 239.10666 -1.1 C16H15O2 [MH-CH3NH2-CH3OH-CO]+ 
256.10963 2 256.10940 -0.9 C16H16O3 - 
312.15968 0.4 312.15942 -0.8 C19H22NO3 [MH-H2O]+ 

Empirical m/z Relative 
abundance (%) Theoretical m/z Error 

(ppm) 
Composition 

[M+H]+ or [M+] Product ion 

281.11730 100 281.11722 -0.3 C18H17O3 [MH- CH3NH2-H2O]+ 
249.09113 32 249.09101 -0.5 C17H13O2 [MH-CH3NH2-H2O-CH3OH]+ 
299.12790 23 299.12779 -0.4 C18H19O4 [MH-CH3NH2]+ 
221.09617 21 221.09609 -0.4 C16H13O [MH-CH3NH2-H2O-CH3OH-CO]+ 
252.07822 9 252.07810 -0.5 C16H12O3 - 
266.09396 7 266.09375 -0.8 C17H14O3 - 
267.10179 6 267.10157 -0.2 C17H15O3 [MH-CH3NH2-CH3OH]+ 
271.13305 6 271.13287 -0.7 C17H19O3 [MH-CH3NH2-CO]+ 

Empirical m/z Relative 
abundance (%) Theoretical m/z Error 

(ppm) 
Composition 

[M+H]+ or [M+] Product ion 

281.11722 100 281.11722 0 C18H17O3 [MH-H2O-CH3NH2]+ 
249.09104 94 249.09101 -0.1 C17H13O2 [MH-H2O-CH3NH2-CH3OH]+ 
266.09383 23 266.09375 -0.3 C17H14O3 - 

221.09618 4 221.09609 -0.4 C16H13O [MH-H2O-CH3NH2-CH3OH-CO]+ 
218.07271 4 218.07262 -0.4 C16H10O - 
234.06759 4 234.06753 -0.3 C16H10O2 - 

Empirical m/z Relative 
abundance (%) Theoretical m/z Error 

(ppm) 
Composition 

[M+H]+ or [M+] Product ion 

249.09105 100 249.09101 -0.2 C17H13O2 - 
221.09614 45 221.09609 -0.2 C16H13O - 
234.06760 22 234.06753 -0.3 C16H10O2 - 
218.07270 12 218.07262 -0.4 C16H10O - 
217.06484 8 217.06479 -0.2 C16H9O - 



Supplementary Table 2. Partial purification of THS from opium poppy latex tissue. 
Specific activity was determined using a SalAT-coupled assay. Abbreviations: AS, ammonium 
sulfate; HIC, hydrophobic interaction chromatography; IEX, ion exchange chromatography; 
SEC, size-exclusion chromatography. 

	
  

Purification 
step 

Total protein 
(mg) 

Specific activity 
(m/z 312 ion counts 

µg-1 protein) 
Fold purification Yield 

(%) 

AS 48 1254087 1 100 

HIC 16 1410214 1.1 37.4 

IEX 4.2 5045200 4.0 35.2 

SEC 0.1 25457966 20.2 4.2 



Supplementary Table 3. Six THS candidates identified by LC-MS/MS proteomics 
analysis of partially purified proteins following size exclusion chromatography. The 
six candidates were the major proteins detected in three ~17-kDa bands on a SDS-PAGE 
14% polyacrylamide gel. Accession numbers correspond to transcripts derived from a 
latex transcriptome that matched peptides identified by LC-MS/MS. Spectral counts for 
each peptide indicate approximate abundance of each candidate in each of the original 
three gel bands. 

	
  

Accession 
Number 

Molecular 
weight (kDa) 

LC-MS/MS spectral count 
Annotation 

Band 1 Band 2 Band 3 

c15408_g1_i1 18 39 22 17 Bet v1-1 

c25055_g1_i1 18 58 34 37 PR10-3 

c38417_g1_i1 17 32 75 59 PR10-5 

c50593_g1_i1 18 18 29 24 PR10-4 

c37788_g2_i4 16 8 15 55 MLP-2 

c27108_g1_i1 18 16 42 92 MLP15 



Supplementary Table 4. Identification of the THS reaction product by LC-MS/MS. 
The collision-induced dissociation spectra of an authentic thebaine standard and the 
enzymatic reaction product are shown. 

	
  

Authentic standard  THS reaction product 

m/z Relative 
abundance  m/z Relative 

abundance 

281.11723 100  281.11723 99 
249.09099 97  249.09099 100 
266.09374 57  266.09373 57 
312.15933 19  312.15935 37 
281.14100 24  281.14100 24 
280.13322 21  280.13320 20 

255.10159 21  255.10158 22 
223.07533 8  223.07532 8 
269.11722 6  269.11724 7 
241.08590 2  241.08593 2 
237.09104 4  237.09093 4 
221.09606 4  221.09604 5 
202.79649 8  202.79635 4 



Supplementary Table 5. Sequence-specific primers used for THS gene or THS transcript 
amplification from gDNA or cDNA. qRT-PCR primer sets targeted regions specific for each 
THS isoform (Supplementary Figure 9). cDNA/genomic primers were used to determine gene 
and transcript structure and relative abundance. VIGS primers were used to confirm the tobacco 
rattle virus infection of plants using either the pTRV2 or pTHS-V vectors. The synthetic VIGS 
fragment was for THS-silencing and consists of two fusion regions (Supplementary Figure 9). 

qRT-PCR 
primers Sequence Target region 

qTHS2F GAATCCCCGGCCAACCTATC THS2-specfic 
qTHS2R ACCTGAAACACCGAGAGGAGC THS2-specfic 
qTHS2SF TAACAGCTAATCCTGAACAGTTTAGTCG THS2s-specific 
qTHS2SR CGCAAAGATGAGGAACTGCCT THS2s-specific 
qTHS1F GCAACATGCCAAAGTTAGAACAGC THS1-specific 
qTHS1R GAAACACCGAGAGGAGCCATC THS1-specific 
qTHS1SF GCAACATGCCAAAGTCTAGTCG THS1s-specific 
qTHS1sR AACCTGAACGGGTTGGGTCT THS1s-specific 

   

cDNA/genomic 
PCR primers Sequence Target region 

BV1_F1 TGGGCTCATATGTGACACTGCTTAACCAC THS2 5' UTR 

BV1_F2 TTACATCAATTCTTTATAGCAACATGCCAAAG THS1 5' UTR 

BV1_F3 ACAACGGGACTATACTACTAATACCGAATC THS2 5' UTR 
(nested with F1) 

BV1_R1 TATGTACGTGCATAGGTACACGTACACC 
THS1 and THS2 
(conserved 3' UTR)  
 BV1_F4 CGATAATGGTAGTCAATCCAAAGCC THS1/2 forward 

BV1_R2 GGCCTGATGGCCGAATTGTA THS1/2 reverse 

   

VIGS primers Sequence Target region 

TRV2-MSC_F GGTCAAGGTACGTAGTAGAG Vector MCS 
TRV2-MSC_R CGAGAATGTCAATCTCGTAGG Vector MCS 

   

Synthetic VIGS fragment 

AATGTTAACATTGATGGTAAGACGATTCGCTCGGTACAATTCGGCCATCAGGCCATTGAGGACATG 
AACAAGTACTTACGCGATTCTGAAAGTAACTGATTGATGCCATTTATACATGAACCCATTCGGTGTT 
GGTGTACGTGTACCTATGCACGTACATATTTTATATTTATCAGTTGCAACTTGTGTGTATTTTATCGT 
TTCAGTGACTCCAATATTGTGTCAGTGACCCGGTGTATGGGTGTGATT 



Supplementary Table 6. Kinetic constants for THS2. All data was acquired using the 
direct THS assay. Values represent mean ± standard deviation of three replicates. 

Substrate 
Vmax 

(pmol min-1 µg 
protein-1) 

η  KA 
(µM) 

K’ 
(µM) R2 

Salutaridinol 
7-O-acetate 3216 ± 183 2.316 ± 0.352 21.97 ± 2.036 1282 ± 1277 0.972 



 

Supplementary Table 7. Engineered yeast (Saccharomyces cerevisiae) strains used 
for alkaloid fermentation. 

 
 

 

Strain Name Genotype 

CEN.PK Matα; ura3-52; trp1-289; leu2-3,112; his3Δ1; MAL2-8C; SUC2 

Sc-1 CEN.PK102-5B PGAL10-PsomSalR-TCYC1 PGAL1-PsomSalAT-TADH1 

Sc-2 

CEN.PK2-1C TMET13::TCBS1 PGAL1 -Pbra6OMT-TADH1 
TLYS2:: TCST1 PGAL10-Psom4OMT-TPMA1 PGAL1-CjapCNMT-TPGK1 
TLYS4::TCHS2 PGAL10 -PsoREPI-2-TADH1 
TMET17::TTUB1 PGAL10-PbrSalSyn-TADE3 PGAL1-PbrCPR1-TPDR5 

Sc-3 Sc2 TMET16::TCHS2 PGAL10-PsomSalR-THPC2 PTEA1-PsomSalAT-TROX3 

Sc-4 Sc3 TNCL1::TSTE5 PGAL1-PsomBetv1-1-TADH1 



Supplementary Table 8. MRM transitions of alkaloid standards. 

  

	
  

Compound Name Parent 
(m/z) 

Daughter 
(m/z) 

Cone 
(V) 

Collision 
(V) 

Reticuline 330 192 38 20 

Salutaridine 328 58 48 26 

Salutaridinol 330 239 40 24 

Thebaine 312 58 22 16 

m/z 330-byproduct 330 249 40 20 

Thebaine-N-(methyl-d3) 315 61 30 18 



Supplementary Note 1.  Sequences of integration cassettes for construction of yeast strains. 
 
Name Sequence 
TMET13::TCBS1 PGAL1 
-Pbra6OMT-TADH1 

CATTCTATCATCACTATAAACTCTCAACCTCAAGTCAACGGCATTAGGTCCAATGACAAAATTCATGG
TTGGGGACCCAAGGATGGTTACGTTTACCAGAAGCAATATTTGGAATTTATGTTGCCCAAGACTAAG
TTGCCCAAGTTGATTGACACCTTGAAAAACAATGAGTTCTTGACCTACTTCGCCATCGACTCTCAAG
GTGACCTGCTAAGTAATCATCCAGACAACTCCAAGTCCAACGCTGTGACTTGGGGTATTTTCCCCGG
CAGAGAAATTCTTCAACCTACCATTGTCGAGAAAATTTCGTTCTTAGCGTGGAAGGAGGAGTTCTAT
CATATCTTGAATGAATGGAAACTAAACATGAATAAATACGATAAACCGCATAGTGCCCAATTCATTCA
GTCCTTGATTGACGATTACTGCTTGGTCAATATTGTTGACAATGACTACATTTCTCCTGACGACCAAA
TTCATTCTATTCTTCTAAGTCTATAGTACAAAAGAAACGATGCCTTTTTGTCCGTTATCCCTTTGTTTT
ATTTACAATAAGTACGTAAAAACAATTATTTCTTATTTTTGTTTATAATGTTACAAATCTTTTTTATCCCC
ATTCTTCCCAATTTTTTTTTTCTTTTCTTTTTTTCCTTAATTAGGGCATGAAGCCCATTTCGATTGTTAA
TCACTGTCACTGTCGCTACTATCACTACTGTCTTCTTCAGAATCGGAATAATTATTATTATTTATGATT
TCATCCTTTTCCAAAAATTTCAAGGTTTTCTTTTTCTTGTTAGTTGGCGCAGTCGAGTAGTTGCCACTT
AGTTTTCTTTTGCTATTGTTGTTATTTTTTTTCTCAAAATATCTCTCATAAATTCTTGCAATAGTCGCTT
CATCTAAAATATCCAAATCAATTTCAATTTCATCTTCATTGGAAGTTAGTATTTCATCTGCGGGTAATG
AATTTTTAATGATACGAATCATCCCATTCATTTCTAAATTCTAGAGCTCGAGGACGGATTAGAAGCCG
CCGAGCGGGTGACAGCCCTCCGAAGGAAGACTCTCCTCCGTGCGTCCTCGTCTTCACCGGTCGCG
TTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACTAGCTT
TTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATGAACGAATCAAA
TTAACAACCATAGGATGATAATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAG
CGATGATTTTTGATCTATTAACAGATATATAAATGCAAAAACTGCATAACCACTTTAACTAATACTTTC
AACATTTTCGGTTTGTATTACTTCTTATTCAAATGTAATAAAAGTATCAACAAAAAATTGTTAATATACC
TCTATACTTTAACGTCAAAATGGAGACTGTCTCTAAGATTGACCAACAGAATCAGGCTAAGATTTGGA
AACAGATTTACGGTTTCGCTGAGTCTTTAGTTTTGAAATGCGCTGTCCAATTAGAAATAGCTGAGACT
TTACATAACAATGTCAAACCTATGTCATTGTCAGAATTAGCTTCAAAATTACCAGTCCCACAGCCAGT
CAATGAGGATAGGTTGTTCAGAATAATGAGGTATTTAGTTCACATGGAGTTGTTCAAAATAGATGCAA
CTACACAAAAGTATTCATTGGCACCACCTGCTAAGTATTTGTTGAGGGGTTGGGAGAAATCTATGGT
TGACTCTATATTGTGCATTAACGATAAGGATTTCTTGGCTCCATGGCATCACTTGGGAGATGGATTGA
CAGGTAACTGTGACGCTTTTGAAAAGGCTTTAGGTAAATCTATATGGGTCTATATGTCTGAGAATCCT
GAAAAGAATCAGTTGTTCAATGCAGCTATGGCTTGCGATACAAGATTAGTTACATCTGCATTGGCAAA
TGAGTGTAAGTCTATATTTTCAGATGGAATTAAGACTTTAGTTGACGTTGGAGGTGGAACTGGAACT
GCTGTTAAGACTATATCTAAGGCTTTTCCAGACATTAAGTGTACAATTTACGATTTACCACACGTTATA
GCTGACTCTCCTGAAATACCAAACATTACAAAAATATCTGGAGATATGTTTAAGTCTATACCATCAGC
TGACGCTATATTTATGAAATGTATTTTACATGACTGGAACGATGAGGAATGTATTCAGATTTTGAAAA
GGTGTAAGGAAGCATTGCCTAAAGACGGTAAGGTTATAATTGTCGATGTCGTTATAGATATGGATTC
AACTCATCCATACGCTAAGATTAGGTTGACATTGGACTTGGACATGATGTTGAACACTGGAGGTAAG
GAAAGGACTAAGGAAGAGTGGAAGATTTTGTTTGACGCTGCTGGTTTCGCTTCACATAAGGTTACAC
AAATATCTGCTGTTCAGTCTGTCATTGAGGCTTATCCATACTAAATCGATGCGAATTTCTTATGATTTA
TGATTTTTATTATTAAATAAGTTATAAAAAAAATAAGTGTATACAAATTTTAAAGTGACTCTTAGGTTTT
AAAACGAAAATTCTTATTCTTGAGTAACTCTTTCCTGTAGGTCAGGTTGCTTTCTCAGGTATAGCATG
AGGTCGCTCTTATTGACCACACCTCTACCGGGATGCCGAGCAAATGCCTGCAAATCGCTCCCCATTT
CACCCAATTGTAGATATGCTAACTCCAGCAATGAGTTGATGAATCTCGGTGTGTATTTTATGTCCTCA
GAGGACAACACCTGTTGTAATCGTTCTTCCACACGGATCCACAGCCTAGCCTTCAGTTGGGCTCTAT
CTTCATCGTCATTCATTGCATCTACTAGCCCCTTACCTGAGCTTCAAGACGTTATATCGCTTTTATGT
ATCATGATCTTATCTTGAGATATGAATACATAAATATATTTACTCAAGTGTATACGTGCATCCTTTTTTT
ACGGCAGCATTTTTTTTTCAACTCTGATCGCCCCTTCCTGCAGAATTCGGATCCGGTACCATGGTAA
CACAGACAACGATAACAGTTCTTTAACAGAATTGTCAACCCCCCCTCTTTGCATTACATTCAACATTA
CATTGCATTTTTTTTTTTTTATTCACTATTATTATGGTTCTTCTTTTTTACCAGATTTTGCTCCTTCCTTT
TCCATTGTTTTACCATTCTTTTTTAACTAGCATTTCAACATGTGTTTGGTTAACACCCCTTCTTTTTTTT
CAGGAAAATCCTTTCATTTCTTCTCATACTTTCAACAAAGTTTTTTAAAGGTACTTTAAAATAGTTCAAC
ACCCTCTTCCTTCATTTATTTATTCTCTTCATATTCAACATACTCGAAAAGGAAGAACACTAAAAGTAC
TTACATTTTCACATGTATGTATACCTATATATATATATATATATACTCTTATAGATATATTTACAAATTAA
AGGAAAAAATAATAAAATAACCTCCCTGTCACAAGTTAAAACACGGCCCCATCACTTATAAATAGTCT
CGACTCGTGT 

TLYS2:: TCST1 
PGAL10-
Psom4OMT-TPMA1  
PGAL1-CjapCNMT-
TPGK1 

GCTACGTCTTTGAATCCTCCCAAAGAAAATGAATTGGCCGTTGCTCAAGTAACGGGTCACCCAAGAA
TATTATTCAAAGACTACTTGTATACTTTACACGATTATGGTTACGATGTCGAAATCGAAAGCTATTCTA
AATGGAAGAAATCATTGGAGGCGTCTGTTATTGACAGGAATGAAGAAAATGCGTTGTATCCTTTGCT
ACACATGGTCTTAGACAACTTACCTGAAAGTACCAAAGCTCCGGAACTAGACGATAGGAACGCCGT
GGCATCTTTAAAGAAAGACACCGCATGGACAGGTGTTGATTGGTCTAATGGAATAGGTGTTACTCCA
GAAGAGGTTGGTATATATATTGCATTTTTAAACAAGGTTGGATTTTTACCTCCACCAACTCATAATGA
CAAACTTCCTCTACCTAGTATCGAATTGACTCAAGCGCAAATCAGTTTGGTTGCTAGTGGTGCTGGA
GCTAGAGGTAGCTCAGCAGCTGCATAGAGTTATTAGAGATTGATTCATAGAGTCCGAATATTTTTTTT
TGCAATATTCTTTATTTTTCACCTCATCTCACCGCCTCTCTTTTATTTCGTCAAGGTACCCTGCCTTCA
TGTTTTTACGTTTTTATAATCGACTACTTTATATCTATAACGAATTATTTAATTTTCTTCGATTTACTGTG
TTTCTACCATTTTGCGAATTCGTGCCCCATCATGACTTATTTTATTTAATTGTTACATATCAAAGGACA
CTGGTTTACAAACATAAAAATGATTGTTGAGAATGCCAATTCCGCCCACTTACTACTTTTCATGTGTTA
AATAGTACGCATAAACACGAGATCTGACTTCGATTGTTTCCTCGTCTTCGTCAAACATCGGTTTCCAA



TTAACCATTTCAATTAGCTGAGGAACCAAATGGAACTCGTTCTTAGCCAATTCGAAGAATTCTAAATC
CTTCTCCAACAATTTTGGTCTATGCGGTGAAAATACTACCAACGCTCTAGAGCTCGAGGAATAAATTA
GTGTGTGTGCATTATATATATTAAAAATTAAGAATTAGACTAAATAAAGTGTTTCTAAAAAAATATTAAA
GTTGAAATGTGCGTGTTGTGAATTGTGCTCTATTAGAATAATTATGACTTGTGTGCGTTTCATATTTTA
AAATAGGAAATAACCAAGAAAGAAAAAGTACCATCCAGAGAAACCAATTATATCAAATCAAATAAAAC
AACCAGCTTCGGTGTGTGTGTGTGTGTGAAGCTAAGAGTTGATGCCATTTAATCTAAAAATTTTAAGG
TGTGTGTGTGGATAAAATATTAGAATGACAATTCGAGATGAAATTTTAAGCAAACTCTAGTAGGAAAT
AAGCGGCTTATTCTTGTTGGCTCCTAATTCTTTTTAGTGTATCAGTTCCCATTGATAAAAAAATTAAAA
TTAAAATTAGAAAAATTAAACCAGAAAAATCAAGTTGATTAAAATGTGACAAAAATTATGATTAAATGC
TACTTCAACAGGAATCGATTCATGGAAAAGCCTCAATGACAGACTGAATTGCTCTTATTGGCCTAATC
TTATGTGATCTGAAACCTGCTCTCTTCAACAAATTCTCCCAGTCATCAGCAGTTCTTTCTCTACCTCC
AGTATTAACTAACATGTCAATGTCCAATATCAACCTAGTCTTAGTTAATTCGTGATTTGATTCCTCTTC
TAAAGCGACATCGACAATTATAACCTTACCTGTTTCCTTTGGTATAGCCTCTTTGCATTTCTTCAATAT
ATTGACACACTCTTCGTCAGTCCAATCGTGCAATATCAACTTCAACAAAATTGCTTGTGCAGAAGGAA
CTGATTTGAACATGTCACCAGGAACCTTTTCTATATTAGGCAAGTCATGTGAATTTGCAACGACATGA
GGCAAGTCATATAAAGTGCATTTTATATGAGGAAATGCTTCGTAAATTGCTTTTATAGTTGTACCGTTA
CCTCCACCTATATCGACCAATGAATCCAAACCTTGAAATGTATCCCTACAGTCTTCTATCAATGTTTTT
GTCAATAATCTTGTTTCTCCAGCCATACCCTCATTGAACAACTGAGACTGATCAGGATTTCCTTCTAA
ATACTTCCATATATCCATACCCATACCTTTTTCAAAAGCTGTAGTTGAACCGTTACCTAAACCTTCTTT
CATAAAGTGCCATGAAACCATAAAGTCTTTCTGAGTCATACCTAAAATCATTGGGACCATTGATCTCT
CAGCGTCTCTTAACAACAAAGTTCCAACAGGTTTCAAAGAGTAAACCTTTTCGACACCTCCATTGCAA
GTCTCTTGCTCAATTATATTCAAATGGACCAAGTATCTGACCATCCTATATAAATAGTCAGATGAAAC
GTTAGTTATTGGTAATTTTGCAGCTAATTGTGCCAATGTAATTGCACCGTCATTATTCTTAATAATGTC
AGCTATACCTATTTCGACAGCGCATCTTAAAACTAAAGAGTCAGCGAAACCGTAAATTATATTCCACA
ACTGAGCCTGATCCTTAATTGAAACCTCTTGTGTAGCAGCAGCAGGTTTTGCATCTAAAGATCCCAT
GTTGAATTCGAATTTTCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAAGAAGTTTAATAATCATATT
ACATGGCATTACCACCATATACATATCCATATACATATCCATATCTAATCTTACTTATATGTTGTGGAA
ATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACTTTCAGTAATACGCTTAACT
GCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGAGCGGGTGACAGCCCTCCGAAGGAAGAC
TCTCCTCCGTGCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCAC
TGCTCCGAACAATAAAGATTCTACAATACTAGCTTTTATGGTTATGAAGAGGAAAAATTGGCAGTAAC
CTGGCCCCACAAACCTTCAAATGAACGAATCAAATTAACAACCATAGGATGATAATGCGATTAGTTTT
TTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATATAAATG
CAAAAACTGCATAACCACTTTAACTAATACTTTCAACATTTTCGGTTTGTATTACTTCTTATTCAAATGT
AATAAAAGTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGTCAAATGGCAGTGGAAGCTAA
ACAAACTAAGAAGGCAGCGATCGTGGAACTACTGAAGCAGTTGGAATTGGGTCTAGTTCCATACGA
CGATATTAAGCAGTTGATACGGCGTGAACTGGCAAGAAGGTTGCAGTGGGGTTACAAGCCAACTTA
CGAAGAACAGATTGCTGAAATACAAAACTTGACTCACTCTTTACGTCAGATGAAGATCGCTACTGAA
GTAGAAACTTTGGACTCTCAGTTGTACGAGATCCCTATTGAATTTCTGAAGATCATGAACGGTTCAAA
CCTAAAGGGCTCTTGCTGTTACTTCAAGGAGGACTCAACTACACTAGACGAAGCAGAAATCGCCATG
CTAGACCTGTACTGTGAACGTGCTCAGATCCAGGATGGCCAAAGTGTATTGGACTTGGGTTGTGGT
CAGGGAGCTTTAACCTTGCATGTGGCTCAGAAGTACAAGAACTGTCGTGTCACTGCTGTTACAAACT
CTGTGAGTCAAAAGGAGTACATCGAGGAAGAAAGCCGAAGAAGGAACTTACTAAACGTGGAAGTAA
AGCTGGCGGATATTACAACTCACGAGATGGCAGAAACTTACGACAGAATACTGGTGATCGAACTCTT
CGAGCACATGAAGAACTACGAACTGTTATTACGTAAGATATCGGAATGGATTTCTAAGGACGGCTTG
TTGTTCCTAGAACATATCTGTCATAAGACTTTCGCTTACCACTATGAACCATTAGACGACGATGATTG
GTTCACAGAGTACGTGTTCCCCGCTGGTACTATGATAATACCAAGTGCAAGTTTCTTCCTGTACTTCC
AGGATGACGTTTCTGTGGTAAATCATTGGACTCTTAGTGGCAAGCACTTCTCTCGCACTAACGAAGA
GTGGTTAAAGAGACTGGACGCTAACCTTGATGTAATAAAGCCCATGTTTGAAACTCTGATGGGCAAC
GAGGAAGAAGCGGTCAAGCTGATAAACTACTGGCGTGGTTTCTGTTTGAGTGGCATGGAAATGTTT
GGTTACAACAACGGAGAAGAGTGGATGGCTAGTCACGTTCTGTTCAAAAAGAAGTAAATCGATATTG
AATTGAATTGAAAACGATAGATCAATTTTTTTCTTTTCTCTTTCCCCATCCTTTACGCTAAAATAATAGT
TTATTTTATTTTTTGAATATTTTTTATTTATATACGTATATATAGACTATTATTTATCTTTTAATGATTATT
AAGATTTTTATTAAAAAAAAATTCGCTCCTCTTTTAATGCCTTTATGCAGTTTTTTTTTCCCATTCGATA
TTTCTATGTTCGGGTTCAGCGTATTTTAAGTTTAATAACTCGAAAATTCTGCGTTCGTTAAAGCTTTCG
AGAAGGATATTATTTCGAAATAAACCGTGTTGTGTAAGCTTGAAGCCTTTTTGCGCTGCCAATATTCT
TATCCATCTATTGTACTCTTTAGATCCAGTATAGTGTATTCTTCCTGCTCCAAGCTCATCCCACTTGCA
ACAAAAAAAGTCTAATCTTCTGCAATAATTTCCATCCTTGGCATTCAGAGACATATATTGGTCAATCG
GTTTTAATTTTGTTTCTTCCCTGCAGAATTCGGATCCGGTACCATGGGGTTGAGCATTACGTATGATA
TGTCCATGTACAATAATTAAATATGAATTAGGAGAAAGACTTAGCTTCTTTTCGGGTGATGTCACTTA
AAAACTCCGAGAATAATATATAATAAGAGAATAAAATATTAGTTATTGAATAAGAACTGTAAATCAGCT
GGCGTTAGTCTGCTAATGGCAGCTTCATCTTGGTTTATTGTAGCATGAATCATATTTGCCTTTTTTTC
CTGTAATTCAATGATTCTTGCTTCTATACTATCCTCAATGCAAAACCTTGTGATCTTCACAGGTCGATA
CTGACCAATTCTATGAACTCTATCACCACTTTGCCATTCAACACTAGGGTTCCACCATGGGTCTAAAA
TGAATACTTGCGAAGCTTCACAAAGATTCAAAGCAACACCGCCCGCCTTTAAACTGACCAAGAAAAC
CTCGCATTGAATGTTGTTCATGAAATACTTGATGGTTTCATCTCTTTGCGTCGGTGACATACTACCCT
GA 

TLYS4:: TCHS2 PGAL10 
-PsoREPI-2-TADH1 

ATATATCCTGGTAAGTACACTTATCAGGATGATGTGCCTAAAGAAAAGATGGCGCAAGTTTGTATGG
AAAATTATGATGCCGAGTTCAGAACCAAGGTTCATCCAGGTGATATAGTGGTCAGTGGGTTCAATTT
CGGTACCGGTTCCTCCAGGGAACAAGCGGCCACCGCCTTATTGGCTAAAGGTATCAACTTAGTTGT



TTCAGGATCTTTTGGTAATATTTTTTCAAGAAACTCCATTAACAATGCTCTTCTGACCTTGGAAATCCC
AGCATTAATCAAAAAATTACGTGAGAAATATCAAGGTGCTCCAAAAGAACTTACAAGAAGAACTGGTT
GGTTTTTGAAATGGGATGTAGCTGATGCTAAAGTGGTCGTTACCGAAGGTTCTTTGGACGGCCCTGT
GATCTTGGAGCAAAAAGTGGGTGAGCTAGGTAAGAACCTACAGGAGATCATAGTAAAGGGTGGCCT
AGAGGGATGGGTCAAATCACAGCTTTAATGCCAGTATTTTTCAGCTAATTTCTCGTCATTCCCTCTTT
TTTCTCATTCTGTTTTAGAATGTACAGGTTATGACAACCATTACCTTCTAGGATATTTTGACATTTCTC
TCTTAGACTTTTTATATATAATATACATGTTTCAATACCAAATATAATGTAGCATAACATAATCTATCTT
TTTACTCATAGACCTTTACTTTCCTCTCTAAAAGCCGTGTCGCAGTAACTGGTGACGCTAAAGTTCTC
CGGCGTTTTTTTATGTATGAGCTGGGCATCAAGAGCTTTTGAGATTTTCCAAGTAGTAACTCATCTTT
CTGAGTGTGCTATCAAATACATACTAAGGAGAATAAACTCTTGTTATTACGTATTCTTCATCCTTATGG
GTAGAGAGCGCACTGTTTTAGTACATTTTCTAGACGTCGAAACGTAGAGCAATTGTCGATAAAACAA
AAAAAAAGTAAGAAGATATATGAATAGGAGCTGTCGCTAGAACTAGTAATCTAGAGCTCGAGGGGTG
GATCCGGGGTTTTTTCTCCTTGACGTTAAAGTATAGAGGTATATTAACAATTTTTTGTTGATACTTTTA
TTACATTTGAATAAGAAGTAATACAAACCGAAAATGTTGAAAGTATTAGTTAAAGTGGTTATGCAGTTT
TTGCATTTATATATCTGTTAATAGATCAAAAATCATCGCTTCGCTGATTAATTACCCCAGAAATAAGGC
TAAAAAACTAATCGCATTATCATCCTATGGTTGTTAATTTGATTCGTTCATTTGAAGGTTTGTGGGGC
CAGGTTACTGCCAATTTTTCCTCTTCATAACCATAAAAGCTAGTATTGTAGAATCTTTATTGTTCGGAG
CAGTGCGGCGCGAGGCACATCTGCGTTTCAGGAACGCGACCGGTGAAGACGAGGACGCACGGAG
GAGAGTCTTCCTTCGGAGGGCTGTCACCCGCTCGGCGGCTTCTAATCCGTACTTCAATATAGCAAT
GAGCAGTTAAGCGTATTACTGAAAGTTCCAAAGAGAAGGTTTTTTTAGGCTAAGATAATGGGGCTCT
TTACATTTCCACAACATATAAGTAAGATTAGATATGGATATGTATATGGATATGTATATGGTGGTAATG
CCATGTAATATGATTATTAAACTTCTTTGCGTCCATCCAAAAAAAAAGTAAGAATTTTTGAAAATTCGA
ATTCAACCCTCACTAAAGGGCGGCCGCAAATGAGGAAGACATTTTTGAATAACTACTCATCATCACC
TGCATCATCCACAAAAACAGCGGTACTTTCTCATCAGCGGCAGCAGTCGTGTGCATTGCCAATTTCC
GGTCTCCTCCATATTTTCATGAATAAAAACGGCTTAATTCATGTAACTCTTGGAAATATGGCTGATAA
ATACGGTCCGATTTTCAGTTTCCCAACAGGTAGCCATAGAACTCTCGTTGTGAGCAGTTGGGAGATG
GTAAAAGAGTGTTTTACTGGCAACAATGACACTGCTTTCTCAAACCGTCCTATCCCGTTAGCTTTTAA
GACTATATTCTATGCATGCGGTGGCATAGACTCATACGGTCTTTCGAGTGTACCTTATGGAAAATATT
GGAGGGAGCTTCGAAAGGTCTGTGTGCATAACCTCCTGTCTAATCAACAACTACTCAAGTTCAGACA
CTTGATAATTTCTCAAGTCGATACGTCTTTCAATAAGCTGTATGAGTTATGCAAAAACTCTGAAGACA
ACCAGGGAAACTATCCTACTACTACTACCGCAGCTGGCATGGTGAGAATCGATGATTGGCTCGCCG
AATTATCGTTCAATGTGATAGGAAGAATAGTCTGCGGATTCCAATCAGGCCCTAAGACAGGTGCTCC
AAGCAGGGTGGAACAATTTAAAGAAGCAATTAATGAAGCATCTTATTTTATGTCGACATCTCCAGTGT
CAGATAATGTTCCAATGCTAGGGTGGATTGACCAATTGACAGGTCTTACGAGAAATATGAAGCACTG
CGGAAAGAAATTAGACTTGGTGGTCGAGAGCATAATTAATGATCATCGTCAAAAGAGACGATTCTCT
AGAACTAAAGGAGGAGATGAGAAGGACGATGAACAAGATGACTTCATCGACATTTGTTTGTCAATAA
TGGAGCAACCACAGCTTCCTGGCAACAATAATCCTTCTCAGATACCTATCAAATCTATTGTCCTGGAC
ATGATAGGTGGGGGCACTGACACCACAAAACTGACCACCATCTGGACCCTTTCCTTGCTGCTGAAC
AACCCCCATGTGTTGGACAAGGCAAAACAAGAAGTGGATGCACACTTTCGAACCAAAAGGAGATCA
ACAAATGATGCAGCAGCAGCCGTGGTGGATTTTGATGATATTCGTAACCTTGTCTACATCCAGGCAA
TCATCAAAGAATCAATGCGGTTGTATCCAGCCAGCCCCGTGGTGGAGCGACTGAGCGGCGAAGATT
GTGTGGTCGGTGGGTTTCATGTACCAGCAGGGACGAGATTATGGGCTAACGTATGGAAGATGCAAC
GAGACCCTAAAGTATGGGATGATCCATTGGTGTTTCGACCAGACAGATTTTTGAGCGATGAACAGAA
GATGGTTGATGTAAGGGGTCAAAATTATGAGCTGTTACCATTTGGAGCCGGTCGACGTGTATGTCCA
GGTGTATCCTTCTCTTTGGATCTAATGCAACTGGTACTGACTCGTCTTATTCTCGAGTTTGAAATGAA
GTCTCCTAGCGGGAAAGTGGACATGACAGCAACACCAGGATTAATGAGTTACAAGGTGATCCCCCT
TGACATTCTGCTCACCCATCGTCGCATAAAGCCGTGTGTGCAGTCAGCAGCGTCTGAGAGAGACAT
GGAGAGTAGTGGTGTACCAGTAATCACTCTGGGCTCGGGCAAGGTGATGCCTGTTCTGGGCATGG
GAACATTTGAGAAAGTTGGTAAAGGGTCCGAAAGAGAGAGGTTGGCGATTTTAAAAGCGATAGAGG
TGGGTTACAGATACTTCGATACAGCTGCTGCATACGAAACTGAAGAGGTTCTTGGAGAAGCTATTGC
TGAAGCACTTCAACTTGGCCTAGTCAAATCTCGAGATGAACTTTTCATCAGTTCCATGCTCTGGTGCA
CTGATGCTCACGCTGATCGTGTCCTCCTCGCTCTTCAGAATTCGCTGAGGAATCTTAAATTGGAGTA
TGTGGATCTATATATGTTACCCTTCCCGGCAAGCTTGAAGCCTGGGAAGATAACGATGGACATACCA
GAGGAAGATATTTGTCGCATGGACTACAGGTCTGTATGGGCAGCCATGGAAGAGTGTCAAAACCTT
GGCTTCACTAAATCAATCGGTGTTAGCAATTTCTCCTGCAAAAAGCTTCAGGAATTGATGGCGACCG
CCAACATCCCTCCAGCTGTGAATCAAGTGGAGATGAGCCCGGCTTTCCAACAAAAGAAGCTGAGAG
AGTATTGCAACGCAAATAATATATTAGTCAGTGCAATCTCTGTACTGGGATCAAACGGAACCCCATG
GGGCTCCAATGCAGTTTTGGGTTCTGAGGTGCTTAAGAAAATTGCTATGGCCAAAGGAAAATCTGTT
GCTCAGGTTAGTATGAGATGGGTTTACGAGCAAGGCGCGAGTCTTGTGGTAAAAAGTTTCAGTGAA
GAGAGATTGAGGGAAAACTTGAACATATTTGACTGGGAACTCACTAAGGAAGACCATGAAAAGATCG
GTGAGATTCCACAGTGCAGAATCTTGAGTGCTTATTTTTTGGTCTCACCTAATGGACCTTTCAAATCT
CAAGAAGAGTTGTGGGATGATGAAGCTCTACTAGTATCGATGGATTACAAGGATGACGACGATAAGA
TCTGAAGATCTGAGCTCTTAATTAACAATTCTTCGCCAGAGGTTTGGTCAAGTCTCCAATCAAGGTTG
TCGGCTTGTCTACCTTGCCAGAAATTTACGAAAAGATGGAAAAGGGTCAAATCGTTGGTAGATACGT
TGTTGACACTTCTAAATAAGCGAATTTCTTATGATTTATGATTTTTATTATTAAATAAGTTATAAAAAAA
ATAAGTGTATACAAATTTTAAAGTGACTCTTAGGTTTTAAAACGAAAATTCTTATTCTTGAGTAACTCTT
TCCTGTAGGTCAGGTTGCTTTCTCAGGTATAGCATGAGGTCGCTCCCTGCAGAATTCGGATCCGGTA
CCATGGTGTGCATAAATATCTAGAAAAATCGCACCCTTTTCTTTATTTATTAAGTTTATTTATTTATTTA
CGGTTATTCACGTATATTTTGTTAATCTATTGATACACAAGTTCTTATTTGTAATTTTTCTACTTCTTTT
CATTAAATTTCAAAGATGCTCTTGTGACGTCCAAAACCAGTGTCTGACCTAAAGCCCGTGGGAAAAA



CAACGTAAATTTCTACATAAAAAAGTCAAGTAGGCGCTCGAAAGAGTTTCAGAAAATACCCAGCTGA
CCATTAACTGAAGTAGCAAACATCTATGGATAAATATACTGCTTTGATTCACGATGAGAATTTTTCAAC
TCTTACATTGAATGTCTCGAGATACCCTAAAAGTTTGGCATATTGGGAGAAGTTACTGAACTATATAG
TAAAGGCTTCGGCACCAATATGCAAGTCCACTGAGCCTCAATTATTAAAGTTAATACGATGTACTTAT
TCTTCTATGCTGAATGAGTTTCCCTAT 
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TTTGCCTCTTTCTTGCTACTACAAGGTGTTGAAACATTATCTTTGAGAGCTGAAAGACACGGTGAAAA
TGCATTGAAGTTAGCCAAATGGTTAGAACAATCCCCATACGTATCTTGGGTTTCATACCCTGGTTTAG
CATCTCATTCTCATCATGAAAATGCTAAGAAGTATCTATCTAACGGTTTCGGTGGTGTCTTATCTTTC
GGTGTAAAAGACTTACCAAATGCCGACAAGGAAACTGACCCATTCAAACTTTCTGGTGCTCAAGTTG
TTGACAATTTAAAGCTTGCCTCTAACTTGGCCAATGTTGGTGATGCCAAGACCTTAGTCATTGCTCCA
TACTTCACTACCCACAAACAATTAAATGACAAAGAAAAGTTGGCATCTGGTGTTACTAAAGACTTGAT
CCGTGTTTCTGTTGGTATCGAATTTATTGATGACATTATTGCAGACTTTCAGCAATCATTCGAAACAG
TCTTCGCAGGTCAAAAGCCTTAAGGTTCACTCTCGCCCCCAACCTCCTTATCCTTTCTATATTTCAAG
TATATTGTAAAAAAAAAAATTCCCCCTACTGTTATATCTCTTTGGTGATATCTTATCTATAATCTACTTA
TTATATTTCTCTAATATCTATGTACAAAAAATAAAAAAAAAAACCATTCTCCTTCTCTAACCTGCATTTG
ATGAAAGCTTAGTAAGTCTCATCGTAGTTGATGGGCCAAAGACATTTGTACTTGTTTCATCAGATTCT
TACATCACCCATTTCCATGATTATTTCACGGATTTCATTAGTAATTGCATTTTTGTATCCCTAGTTCCT
TTTCTCCCGCCTTGCCGTCGAATTGAAAAAAAAAATGGAAATGAGGACATCTTCCATTGATATCCAG
GACAAAGCAAGAGTAGAAGTAACTATTAGCAAGGAGAATTCCAAAAATAGTGAACTTCAAGGTAAGC
AGATCTATAGTTTCAATATCTGATTTTCTGCTTTTCAAAACTTATCTAGAGCTCGAGGGGTATATATTT
ATCCAAGAATTCTATCGTGTAGTCCAATACCGTTTTTGACTTATCACACATTTCTAGCTTTACTACTTT
TTATATTATTCACTTCAGAGATGCAATGGAACGCTTTTTCCTTTGTGTCTTATGTATATCTTCGTTATTT
TATTTCGTTCCGCCCAAATATTGTGCTAGCCAGTGTTCGCTTGTCTTGGTATAGTATCATTTAGATTG
CTAAAAGTTTCATACATTTATTGTTCTCATTAATGCGTCTCCCCGCTTCGTTTGGTAATTAGGTTTTCT
CCTCCTTAACGGAATCGGAAATTTTCGACGTTAAGGAACTGGGGTTAAATTAAAGGAAAAAGGGTCG
CGGAACGTTAAATCCCCTGTGTAAAAAAAACTATAAATCATTATTAGTCCCAATAGTGTTCGTATTATC
GTTATTATTATTATACATCCATACTTTAAAAAAACTTTTGCATTTGTCTTTATTAAATTCTATATAATTAA
GTTGTCTTACTGTCCAAAGGTTTTGTACGATCGAGCATCTCGAGGAGTAATTTTGGCTTCAAGTGGG
TTTTTCATGTAGAGAATGAAGCTAACAGCTTCTCTAAGATCAGGCAATTTCCCCTCAGAAACACAATC
CCATTTGAATTCGTTGACCATACTTGCAAGAGCAAAACCTACCATCTGCTTGGCTAATTCTACACCTC
CACAAATTCTCATACCAGCACCAAATGGTATCAATGAACTTTCCATTGTGTTGATATCACCAAAACGT
CCATCACTATTAACATCCTTTAAGAATCTCTCTGGTATGAATTTATACGGTGCAGGGAAAACGTTAGG
GTCGTGATGAATAGCATACAGATTCACCATTACTTTTGTACCTTTAACGATTCTCCTCCCCTTGAATG
TAGTATCTTTTACTGCTACATGAGGGACCGCTAGTGGTGCGATGGGTTTCATCCTCAATGTTTCTTTC
ATCACGGCTTGTAGATATGGCAGCTCTTTCAAATCTGCAACTTTCACTGGTCTTTGCCCACCCGTCA
GGTTGTTTATTTCGCGGTAAAGTTTTTCTTGAATTTCCTGCTTGCCGACTAAAAAGGAGAGTGCCCAA
ACTGCCGTTGCTGCAGTACTATCTACTCCCAAACCAAAAATTTCAAGTACCATTGAGTAAATAATTTC
ATCACTGTAATCTTGAGATGTAAGAAAATGTAAGAAAGAATTTGCAGGAAGATTAGAGACGATATGTG
GTTGAATCAAATTATATACTCTGTCTCTTGTGGCGTACATATCCCGAATATTTTTTCTCTGGCTTGGTA
AATATTTAGCAATTTTGAAAGCATCAGCTAAACTTGCCAACCCACTTATGCGTACCATCTCATCGAGG
GCGTCTTTCACACCAATAACGAGATCCTCATTTGAAAAGTCTTGACCAAATATAACTCTACTCAGTAA
TCGAATAGACGCTTCTTTGGCATGATCAAGAGGTTTTAAAATTCCATTCTGCTGTGACGCTCTTTCTT
GCATGGATTTGATGAGATTTTGCATGTCTTTTTCCTGTAAACGAGATAGAGACATAACATTTGATGGA
TTTATACAACTTTGAAGACCTTTCTTTAAATGATGCCAAAATGGACCAGAATCACAATCAGCAATATTC
TTCCCATTTGCTGTGATGATTTTAAGAATATCAGGTACATCTCTAGCGGAATAATCAGCAGATTTATTA
ACAAGAACTTCCCGAGCGTTGTCGATATCGCTAATGACGATCATTGGAACCCAGCTTCCAATCCAAA
TTGTGAATGCACCTCCATAAACTTTGGATAAGTTTGCCAAAGCAACCTGTAAGGGAACACCTCCTCC
CAACTGATGAAGGTTTCCAATTATGGGTAGTGTTTTTGGACCTTCTGGCCATTCCGTCGTATTTGCAG
ATTGATAAAAAGAAAACATGAACTTCACCAATGCAAATACTATTATTACAGTGCATGCTATCATCCAAA
AATCATTCTCCTCTATATTAATCGGAGCCATTATAGTTTTTTCTCCTTGACGTTAAAGTATAGAGGTAT
ATTAACAATTTTTTGTTGATACTTTTATGACATTTGAATAAGAAGTAATACAAACTGAAAATGTTGAAA
GTATTAGTTAAAGTGGTTATGCAGCTTTTCCATTTATATATCTGTTAATAGATCAAAAATCATCGCTTC
GCTGATTAATTACCCCAGAAATAAGGCTAAAAAACTAATCGCATTATCATCCTATGGTTGTTAATTTGA
TTCGTTAATTTGAAGGTTTGTGGGGCCAGGTTACTGCCAATTTTTCCTCTTCATAACCATAAAAGCTA
GTATTGTAGAATCTTTATTGTTCGGAGCAGTGCGGCGCGAGGCACATCTGCGTTTCAGGAACGCGA
CCGGTGAAGACGAGGACGCACGGAGGAGAGTCTTCCGTCGGAGGGCTGTCGCCCGCTCGGCGGC
TTCTAATCCGTACTTCAATATAGCAATGAGCAGTTAAGCGTATTACTGAAAGTTCCAAAGAGAAGGTT
TTTTTAGGCTAAGATAATGGGGCTCTTTACATTTCCACAACATATAAGTAAGATTAGATATGGATATGT
ATATGGTGGTAATGCCATGTAATATGATTATTAAACTTCTTTGCGTCCATCCAAAAAAAAAGTAAGAAT
TTTTGAAAATTCAATATAAATGTTGATCATGGGTTCTAACAACTTGGCCAACTCTATCGAATCCATGTT
AGGTATTTCTATTGGTTCCGAATACATTTCTGATCCAATTTTCATTATGGTTACCACTGTTGCTTCTAT
GTTGATTGGTTTCGGTTTCTTCGTCTACATGAAATCCTCCTCTTCTCAATCTAAGCCAATTGAAACTTA
CAAACCAATCATCGATAAAGAAGAAGAAGAAATTGAAGTTGATCCAGGTAAAATCAAGTTGACCATTT
TCTTCGGTACTCAAACCGGTACTGCTGAAGGTTTCGCTAAGGCTTTGGCTGAAGAAATTAAGGCTAA
ATACAAGAAGGCTGTCGTCAAGGTTGTTGACTTAGATGACTACGCCGCTGAAGATGACCAATACGAA
GAAAAGTTAAAGAAGGAATCTTTGGTCTTCTTCATGGTTGCTACTTACGGTGACGGTGAACCAACCG
ATAACGCTGCTAGATTTTATAAGTGGTTCACCCAAGAACACGAAAGAGGTGACTGGTTGCAACAATT
GACTTACGGTGTTTTCGGTTTAGGTAATCGTCAATACGAGCATTTCAACAAGATCGCCGTCGACGTT
GATGAACAATTGGGTAAGCAAGGTGCTAAAAGAATCGTCCAAGTCGGTTTGGGTGATGACGACCAA
TGCATCGAAGACGACTTCACTGCTTGGAGAGAGTTATTGTGGACTGAATTAGACCAATTGTTAAAGG



ATGAGGATGCTGCCCCATCTGTCGCTACTCCATACATCGCTACTGTCCCTGAGTACCGTGTCGTTAT
TCACGACACTACTGTCGCCTCCTTGGAAGAAAAGCACATCAACACTGTCAACGGTGATGTTGCTTTC
GACATTTTGCACCCATGTCGTGCTATTGTCGCTCAACAAAGAGAATTGCATAAGCCTAAATCTGATC
GTTCTTGCATTCACTTGGAATTCGACATTTTGGGTTCTTCTTTGACTTATGAAACTGGTGATCACGTT
GGTGTCTATGCCGAAAACTGTGACGAAACCGTTGAAGAGGCCGGTAAATTGTTGGGTCAACCATTG
GATTTATTGTTCTCTATCCATACTGACAAGGAGGATGGTTCTCCACAAGGTTCTTCCTTGCCACCACC
TTTTCCAGGTCCATGTACTTTGAGATCTGCCTTGGCTAGATACGCCGACTTGTTGAACCCACCTAGA
AAGGCTTCTTTGATTGCCTTGTCCGCTCACGCTTCCGTTCCATCTGAAGCCGAAAGATTGCGTTTTTT
GTCTTCTCCATTGGGTAAGAACGAATACTCTAAGTGGGTTGTCGGTTCCCAAATATCTTTGTTGGAAA
TCATGGCCGAATTCCCATCCGCCAAGCCACCATTGGGTGTTTTCTTTGCTGCTGTTGCTCCAAGATT
GCCACCAAGATACTACTCCATCTCCTCTTCCCCAAAGTTCGCTCCATCTAGAATCCATGTTACTTGTG
CTTTAGTCTATGGTGAATCTCCAACCGGTAGAGTTCATAGAGGTGTCTGTTCTACTTGGATGAAACA
CGCCGTTCCACAAGACTCTTGGGCTCCAATTTTCGTCCGTACCTCTAACTTCAAGTTGCCAGCTGAC
CCATCTACTCCAATCATCATGGTCGGTCCAGGTACCGGTTTGGCTCCATTTAGAGGTTTCTTACAAG
AAAGAATGGCCTTGAAAGAAAACGGTGCCCAATTGGGTCCAGCTGTTTTATTCTTCGGTTGTAGAAA
CAGAGACATGGACTTCATTTACGAAGACGAATTGAACAAGTTCGTTGAACAAGGTGTTATCTCCGAA
TTGGTCATCGCCTTCTCCAGAGAAGGTGAAAAGAAGGAATACGTCCAACACAAGATGATGGAAAAG
GCCACCGATGTTTGGAACGTTATTTCTGGTGACGGTTTCTTGTATGTTTGTGGTGATGCTAAGGGTA
TGGCTAGAGATGTCCACCGTACTTTACATACCATTGCTCAAGAACAAGGTCCAATGGAATCTTCTGC
TGCCGAAGCCGCTGTCAAGAAATTGCAAGTTGAAGGTAGATACTTAAGAGATGTCTGGTAATAGAAT
TTTGAATTTGGTTAAGAAAAGAAACTTACCAAGATGGACTTTTTTAATAAACATACATAATCACTACAT
ATAGGTGCGTAATAATAAGTTTTTATTTTTTTTTTCTTAATTCAGCGAGCTTTCTACATTTCAATTTTCT
TGAATTTACCAGCTCTGATAAATCAAAGTTCAATGTCCGAAAGAATTCCGAGAATTTTATTCCTAGGT
TATCTCATCGGTACTTTTTTTTTATAGGCATCAGCATTTAGTGTGAAAACATTATTTCTTAACTGTGCC
TTACGGTTAAAAAGAAAGGACGCAATGGATATAGTTAAAATATAAGATATATTATATCATTATCTGTCC
GAATGGCGAACCGTCTTCTCATATACGGCCTTATTTTGTGGGTAAGTATAATCGGATCTTTTGCATTA
GATAGGAACAAAACTGCTCAAAATGCGAAGATTGGTCTACATGATACCACTGTGATCACGACTGGAA
GTACAACGAACGTGCCTGCAGAATTCGGATCCGGTACCATGGCTCAGCCAAACGTGATCTAAAATTA
TGTATAAACCTACTTTCTCTCACAAGTACTATACTTTTATAAAACGAACTTTATTGAAATGAATATCCTT
TTTTTCCCTTGTTACATGTCGTGACTCGTACTTTGAACCTAAATTGTTCTAACATCAAAGAACAGTGTT
AATTCGCAGTCGAGAAGAAAAATATGGTGAACAAGACTCATCTACTTCATGAGACTACTTTACGCCTC
CTATAAAGCTGTCACACTGGATAAATTTATTGTAGGACCAAGTTACAAAAGAGGATGATGGAGGTTTC
TTTACAATAAAGAAGCACATGTGTGTTAACGTTTTTAGTATTTGCTTGTTATGTAAATCAGGAAAACTT
CGCGGGATTTGGTTGGATGCTACTTTCCATACAATAAATATTATAGATCTAAAAAGCCAAATTACAAG
TAAAGATTAGTAAAGCTGTTGGAATTCCATCGTTGATAAAAATGTTAGTTATTAAATATAAAA 
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TACCAGCCTAAAAATCAAACCATTCACGTATATAAGCCGGATGGATGTGAATCGGAGGCAGATTTTG
CCTCGAAATACGGGGATTTCTTATGGGAGAAAGATGATGACAAGTACGATTATCTGGCCAAAGTGGA
ACCTGCACATCGTGCCTACAAAGAGCTACATATAAGTGCTGTGTTTACTGGTAGAAGAAAATCACAA
GGTTCTGCCCGCTCCCAACTGTCGATTATTGAAATAGACGAACTTAATGGAATCTTAAAAATAAATCC
ATTGATCAATTGGACGTTCGAGCAGGTTAAACAGTATATAGATGCAAACAATGTACCATACAACGAAC
TTTTGGACCTTGGATATAGATCCATTGGTGATTACCATTCCACACAACCCGTCAAGGAAGGTGAAGA
TGAGAGAGCAGGAAGATGGAAGGGCAAGGCTAAGACTGAATGTGGTATACATGAAGCTTCTAGATT
CGCTCAATTCCTAAAGCAAGATGCTTAATGCCAGTATTTTTCAGCTAATTTCTCGTCATTCCCTCTTTT
TTCTCATTCTGTTTTAGAATGTACAGGTTATGACAACCATTACCTTCTAGGATATTTTGACATTTCTCT
CTTAGACTTTTTATATATAATATACATGTTTCAATACCAAATATAATGTAGCATAACATAATCTATCTTT
TTACTCATAGACCTTTACTTTCCTCTCTAAAAGCCGTGTCGCAGTAACTGGTGACGCTAAAGTTCTCC
GGCGTTTTTTTATGTATGAGCTGGGCATCAAGAGCTTTTGAGATTTTCCAAGTAGTAACTCATCTTTC
TGAGTGTGCTATCAAATACATACTAAGGAGAATAAACTCTTGTTATTACGTATTCTTCATCCTTATGGG
TAGAGAGCGCACTGTTTTAGTACATTTTCTAGACGTCGAAACGTAGAGCAATTGTCGATAAAACAAAA
AAAAAGTAAGAAGATATATGAATAGGAGCTGTCGCTAGAACTAGTAATCTAGAGCTCGAGGATCGCT
TCGCTGATTAATTACCCCAGAAATAAGGCTAAAAAACTAATCGCATTATCATCCTATGGTTGTTAATTT
GATTCGTTAATTTGAAGGTTTGTGGGGCCAGGTTACTGCCAATTTTTCCTCTTCATAACCATAAAAGC
TAGTATTGTAGAATCTTTATTGTTCGGAGCAGTGCGGCGCGAGGCACATCTGCGTTTCAGGAACGC
GACCGGTGAAGACGAGGACGCACGGAGGAGAGTCTTCCGTCGGAGGGCTGTCGCCCGCTCGGCG
GCTTCTAATCCGTACTTCAATATAGCAATGAGCAGTTAAGCGTATTACTGAAAGTTCCAAAGAGAAGG
TTTTTTTAGGCTAAGATAATGGGGCTCTTTACATTTCCACAACATATAAGTAAGATTAGATATGGATAT
GTATATGGTGGTAATGCCATGTAATATGATTATTAAACTTCTTTGCGTCCATCCAAAAAAAAAGTAAG
AATTTTTGAAAATTCAATATAAATGCCTGAAACTTGTCCAAACACTGTGACTAAGCGACGATGCGCTG
TGGTGACTGGAGGCAACAAGGGTATAGGTTTCGAGATCTGCAAACAGCTCTCAAGTAACGGCATCA
TGGTTGTTTTGACATGTAGGGACGTAACTAAAGGTCACGAAGCTGTTGAAAAGCTAAAAAACAGTAA
CCACGAAAACGTAGTGTTCCACCAGTTGGACGTAACGGACCCCATAGCGACTATGTCATCCTTAGCA
GATTTCATCAAGACTCATTTCGGCAAGTTAGACATTCTGGTCAACAACGCTGGAGTGGCAGGCTTCA
GTGTGGACGCAGATAGATTCAAAGCGATGATTTCCGACATCGGGGAAGATTCAGAAGAACTGGTTA
AAATATATGAAAAGCCTGAGGCTCAGGAACTAATGTCCGAAACTTACGAGTTGGCGGAAGAGTGTCT
AAAGATAAACTACAACGGTGTAAAGTCTGTCACTGAGGTCCTAATACCACTGCTACAGCTGTCTGAT
TCGCCCAGGATCGTTAATGTTTCTAGCTCTACAGGGTCACTAAAGTACGTTTCTAACGAAACAGCAC
TTGAAATACTAGGCGATGGCGATGCTCTCACTGAAGAAAGGATAGATATGGTAGTGAATATGCTACT
AAAGGACTTCAAAGAAAATCTAATTGAGACTAACGGCTGGCCTTCTTTCGGTGCAGCTTACACCACT
TCTAAGGCTTGTCTCAATGCCTACACCCGCGTCCTGGCAAACAAGATTCCAAAGTTCCAGGTAAACT
GTGTTTGTCCTGGCTTGGTAAAGACGGAGATGAACTACGGAATCGGAAACTACACTGCTGAAGAAG



GTGCAGAACATGTGGTACGCATCGCACTATTCCCCGATGACGGGCCATCTGGCTTTTTCTACGATTG
CTCTGAACTATCTGCTTTCTAAATCGATGCATTGTGTCAGAGATTTTCCAAAATCCCTGAACGACATA
AAAAATGAAATAAAGTGTGCCTATATCTGAAAGTATATAGTCAGTTTATATGAAGATTTTTCCGAGCG
AATGCTTTTCTATCCATGTATCTATGTCCGATAATATGGTGAAAGAAAAAATAGATAATTTCACCTTAG
AGAATCTATAAACTTGGCTATAAAACCAGAAACGAGTATGGCATGTTCAATATCTTGGTGGAAATGAA
ATAGATAAGAACTTCATTTTATACCAGTAAAATAGTCATTTAGAGATTCGTTTTTATCCACAATTTCCTT
ATACTTCGGAAGTTTATCAGGTTCGACTGACTTCAAATTAGAATCAATCTTCGAACAAACAATCTTCA
GTAGATCTTCATCCCATGTTTTTTTTAGCACAATGAAAATATTCAAGTAAGTTAGCAGTAATAATATAT
CACTCTTCTTGGCATCTGCCGTAAATGAATCTTGGATAGTCTGCAGACCTCGAGCGTATAGTTGGTC
CCTTGGGCATGTTAGAAGGAACACTTTACGCGTCCGCTCCTCTGCATGACGAATTATAACTACTCGC
AGGAAGAGTTCATTACGCGACGGTTCCAAGAGCGTGAAAGAATTGCTTCTGCGCATAAGTCTTCTTC
CATAATAGATTTTTATATCATTTTTAGAACATAAAATTTCTCGCCAAGAGTTTTTTAAGTAAAAGCAGAT
TATCCAGTAACATGGGTTCCGCTTTTTGAGCGAATACTATGAACGAGTTTTGCCCGTGCTCCCCATG
ACTCATTAGATTCTTTGATGACAAAAGATCACTGGCAGAAGTCTGTTTCGCTTCTTTTCTTTTTTTTTT
TTTTTTTTTTTTTTTTCGAGCAGATTGCAATCAGCGATGAGACAAAAATGGAAAGTAGGTATGGGCTG
ACGATTGCCTAAACGGTTATCAATTGGTTACTATAAACGCCTCTATTATATGAATATACCTATTTATTG
AATCCCTTCATTAATATTTAAGAAGACAGAGGCTATATATCATCTGGATCAAAAACCTGCAGGGCTAG
CAAAAAAATGGCGACTATGTACAGTGCTGCTGTAGAAGTAATCTCTAAGGAAACTATAAAACCAACTA
CTCCAACACCAAGTCAACTGAAGAACTTCAATCTATCTTTGCTGGACCAGTGTTTTCCTCTATATTAC
TACGTGCCCATCATCCTGTTCTACCCAGCAACAGCAGCAAACTCTACTGGCAGTTCTAACCATCACG
ACGATTTGGATCTGCTAAAAAGTAGTTTGTCAAAGACTCTGGTACACTTCTACCCTATGGCAGGCAG
GATGATAGATAACATCTTAGTTGATTGTCACGACCAAGGAATCAACTTCTACAAGGTGAAGATAAGG
GGTAAGATGTGCGAATTTATGTCACAACCAGACGTGCCTCTGTCTCAATTACTGCCCAGTGAAGTGG
TTTCAGCTTCTGTCCCAAAGGAAGCACTGGTAATCGTCCAAGTAAATATGTTCGACTGTGGCGGCAC
TGCTATCTGTAGTTCTGTCTCGCACAAGATCGCAGATGCGGCAACTATGTCTACATTCATTAGGTCG
TGGGCTAGTACTACTAAAACTTCTAGGTCTGGAGGATCGACTGCGGCAGTGACAGACCAAAAGTTG
ATCCCGTCTTTCGACTCAGCTTCGCTGTTCCCACCATCTGAAAGGCTAACTTCTCCAAGTGGCATGT
CTGAAATACCGTTCAGTAGCACTCCAGAGGACACAGAAGATGATAAGACCGTGTCAAAGCGGTTCG
TCTTTGACTTTGCAAAGATAACCTCTGTCAGAGAAAAGCTACAAGTTCTGATGCACGACAATTACAAG
AGTAGGAGACAGACTAGAGTGGAAGTTGTAACAAGTCTAATATGGAAGTCTGTCATGAAAAGTACAC
CAGCTGGTTTCCTACCAGTTGTACATCACGCTGTCAACCTAAGAAAGAAGATGGACCCACCACTTCA
GGACGTTAGTTTTGGAAACTTGTCTGTGACTGTGTCAGCGTTCCTTCCCGCAACTACTACAACTACG
ACTAACGCTGTGAACAAGACGATTAACTCTACTTCTTCGGAATCTCAAGTGGTCTTACACGAGTTGC
ACGATTTCATCGCGCAAATGAGGTCAGAAATAGACAAGGTTAAGGGCGATAAGGGCTCTCTGGAAA
AAGTTATACAGAACTTCGCTTCTGGTCATGACGCAAGTATTAAGAAGATTAACGACGTGGAAGTAATT
AATTTCTGGATTTCTTCGTGGTGTCGTATGGGTCTGTACGAAATAGACTTCGGCTGGGGCAAACCAA
TCTGGGTAACTGTGGACCCAAATATCAAGCCAAACAAGAACTGCTTCTTCATGAACGACACTAAGTG
TGGTGAAGGCATAGAAGTGTGGGCCTCTTTCCTGGAAGATGATATGGCAAAATTTGAACTACACTTG
TCTGAAATACTAGAATTGATCTAAATCGATCTTTACGCCATCGCATATCAGCCCCACTATAAATAAAG
AGCAAGTGTTCATGGAAGTGGCACGTTTGTGCTTCGGCGGTAAGTACATGCAGTATATATGTTTAAC
TTTTTTGAATATAGAATATTAATTAACACGGAATAGGCTATTTTGAGACAGGCATGCTTTTTCAAAACA
TATCAAGCCATTTAAAATATTTGAACCAAGTAGGCTCAACGAGAATACAATTGGCCTTGGCAAATTTT
TTTGCCATCTCCTGCTTATGGTTGAAACCCCAAATATGTGGTAAGTTCCAACTTCTAGTTCCATTTCG
AGAAGAAACTTCCAACGGAAACTGTTCCAAGTGTCCCTCAATGATACACTTTCTGCCTTTAATCTCTT
TGACGTTTGCTTTTAGTATAATCGTAGTATCTACAGGAATGTCCTCAAAAAACTCTAGCGACAGCCTT
GCAGTTACACCTCTTTTACTAGGCAACAAAGGGAAGCCACAATAGCACAATGCTCCTGCAGAATTCG
GATCCGGTACCATGGATAGATAGAGTACGATATATAACCATATGTATGTGACTAATTATTTATTCCTTA
ATAACACCAATGATTACAACTTTCTAAAGCTGGCGGAGAATTCGCGCTGTACGAGAAAAGAGCGAAA
ACAGAGGAATATTCAAACTAAGAACCAAACTGCGATAAAGAGGATTGAAAGGAAAAACGAAAGAAAA
GGTAAACTGACAAATATATACATTAACCGATGGGTAATTTCAGATTTCCTATAAAAACCAAGCTACCA
CCAGGGTTTATCAATGCTCGCATACTTAGGGATAACTTCAAAAGACAACAATTTAAAGAGAATGAAAT
CCTTGTTAAATCTTTGAAATTCATCGCTAGAAATATGAACCTTCCAACAAAACTGAGGTTGGAGGCTC
AGTTAAAACTAAATGCATTGCCAAACTACATGAGATCTACGCAGATCAAAAATAGGTGCGTGGACTC
TGGACATGCAAGATTTGTTCTAAGTGATTTTAGGTTGTGTA 

TNCL1::TSTE5 
PGAL1-PsomBetv1-
1-TADH1 

ATTATTTATTCTGGTGTAAAATTGTTTGTCTCTCAAAGAAGTGATATCGAATGTTCATGGAGAATCCAA
AGTGAATCATTGCCAATAATGAAACACCATATGAAATCTAATAGAATTGTTGAAGCTAATTTAGAGAT
GTTAAAACACTTGTTAATCGAATCTTTCCCTAACTTTGACGACATTCGTTCGAAGAACATCGATAATG
ATTTTGTTGAAAAGATGACAAAATTAAGCTCTGGTTGCGCCTTTATTGATGTGTCAAGAAATGACCCT
GCCAAAGAAAACTTATTCTTGCCTGTGTGGAAAGGCAACAAGTGTATCAATTTGATGGTTTGTAAAGA
AGATACTCATGAGCTATTATATAGGATCTTTGGTATTGATGCGAATGCCAAGGCTACTCCAAGCGCT
GAAGAAAAAGAAAAAGAAAAAGAAACGACTGAATCTCCCGCAGAAACTACTACAGGAACATCAACAG
AAGCTCATAGCGCTGCTAATTGAAGTATACACTAAATTTTATGCAATAATAAAAAGAAAGCATCCCGC
CAAACGTTTCGTAACTACATATTGTTACATAGTTTGATTCCGTGAATTTGAAGTGGACGCAGTTCTTC
TTAGTCTTTCAAGTTCATAGTAAATAGACATTACCCAAAGATCTCTTTCCTGTCTTGATCTTGCCATGA
AAACCATTGACTTGCCGCTCACACCTAACTTTTTAGTGAAATGGATCTTATCTGTGTTACTTGGAACA
TTAGAGTTATTCAAGTCAGCTTCCGGAGCAGAAGGTGGGTCAATATTATTATCTTGTCTACCATAATC
TTGCGTATATTGCTTTTCATTCCCTTTCTTCTGTAAGCGATTGCTAGAAAGGGCACGCCTTGTTCCAA
ACCAAAGCGTAAAGCATCGCGAACTCTCGTCTTCTACAGATCGCCATCCGTCCCCATAAACTCGTGG
GAGAGCGTGGGATCCATAGTTTATTTCGTCAAAAGTACGATCTCTCTTCTAGAGCTCGAGGTTTGCG
GCCGCCCTTTAGTGAGGGTTGAATTCGAATTTTCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAA



GAAGTTTAATAATCATATTACATGGCATTACCACCATATACATATCCATATACATATCCATATCTAATC
TTACTTATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGGAACT
TTCAGTAATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGAGCGGGTGAC
AGCCCTCCGAAGGAAGACTCTCCTCCGTGCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAG
ATGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACTAGCTTTTATGGTTATGAAG
AGGAAAAATTGGCAGTAACCTGGCCCCACAAACCTTCAAATGAACGAATCAAATTAACAACCATAGG
ATGATAATGCGATTAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATC
TATTAACAGATATATAAATGCAAAAACTGCATAACCACTTTAACTAATACTTTCAACATTTTCGGTTTG
TATTACTTCTTATTCAAATGTAATAAAAGTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGT
CAAGGAGAAAAAACCCCGGATCCACCAATGGCACCATTAGGTGTTTCTGGTTTGGTTGGTAAATTGT
CAACTGAATTGGAAGTTGATTGTGATGCTGAAAAGTACTACAACATGTACAAACATGGTGAAGATGTT
AAGAAAGCAGTTCCACATTTGTGTGTTGATGTTAAGATCATCTCTGGTGACCCAACTTCTTCAGGTTG
TATCAAGGAATGGAACGTTAACATCGATGGTAAAACAATCAGATCAGTTGAAGAAACTACACATGAT
GATGAAACTAAGACATTGAGACATAGAGTTTTCGAAGGTGACGTTATGAAGGATTTCAAGAAATTCG
ATACTATTATGGTTGTTAATCCAAAACCAGATGGTAATGGTTGTGTTGTTACAAGATCTATCGAATAC
GAAAAGACTAACGAAAACTCACCAACACCATTCGATTACTTACAATTTGGTCATCAAGCTATTGAAGA
TATGAATAAGTATTTGAGAGATTCTGAATCAAATTAAGCTCTTAATTAACAATTCTTCGCCAGAGGTTT
GGTCAAGTCTCCAATCAAGGTTGTCGGCTTGTCTACCTTGCCAGAAATTTACGAAAAGATGGAAAAG
GGTCAAATCGTTGGTAGATACGTTGTTGACACTTCTAAATAAGCGAATTTCTTATGATTTATGATTTTT
ATTATTAAATAAGTTATAAAAAAAATAAGTGTATACAAATTTTAAAGTGACTCTTAGGTTTTAAAACGAA
AATTCTTATTCTTGAGTAACTCTTTCCTGTAGGTCAGGTTGCTTTCTCAGGTATAGCATGAGGTCGCT
CCCTGCAGAATTCGGATCCGGTACCATGGTAGTTATCATGTTTCTTATCCCCTCCACTGTAAAGTAAA
TGTATATTATTAAAAGGCAAAAATAAGAATATAATACTTCAGTAATGAGCCTTTTTTATTCGGTCTTGT
TACTTCTTTTTTACTTCATTTTTTTTTTTTTTTTTGGATAGTAAATAATGCACTTTTGACTAGATCTTGAG
TATTTAGTTGAATTGAAATTAAAGATACAGTGTATAAAAATTATACAAAAAATAAAGGAAACTTGTATAT
TGAAAATAGGATTGCCAATACATGGATTGAGACAGAGAATTTTTTATCTTCATATCCAGATATTCGTA
GGAATAACAAAGTTTTAGTGACCCAAGGTATAAATTGCGAAAGACCTGCGGAGTTGGCGGCGAACA
CTGACTTTTTGGGCATCAACAAAGGAATCAACTACAACTTTGATAGCTCTATCCAAATCATAAGAAGA
CACAAATTCAGATAATCTCATTTTAGCAAAAGATTCTGCAATTCTTAGA 

 
 
Blue:  Homologous recombination sites 
Green:  Promoters 
Orange:  CDS 
Red:  Terminators 
 
Example schematic of integration cassettes 

 



Supplementary Note 2. Nucleotide sequences of pEV-1 and pTHS used to transform 
engineered strains of Saccharomyces cerevisiae in fermentation study. 
 
>pEV-1 (circular vector sequence) 
TTTCACACCGCATAGATCCGTCGAGTTCAAGAGAAAAAAAAAGAAAAAGCAAAAAGAAAAAAGGAAAGCGC
GCCTCGTTCAGAATGACACGTATAGAATGATGCATTACCTTGTCATCTTCAGTATCATACTGTTCGTATAC
ATACTTACTGACATTCATAGGTATACATATATACACATGTATATATATCGTATGCTGCAGCTTTAAATAAT
CGGTGTCACTACATAAGAACACCTTTGGTGGAGGGAACATCGTTGGTACCATTGGGCGAGGTGGCTTCTCT
TATGGCAACCGCAAGAGCCTTGAACGCACTCTCACTACGGTGATGATCATTCTTGCCTCGCAGACAATCAA
CGTGGAGGGTAATTCTGCTAGCCTCTGCAAAGCTTTCAAGAAAATGCGGGATCATCTCGCAAGAGAGATCT
CCTACTTTCTCCCTTTGCAAACCAAGTTCGACAACTGCGTACGGCCTGTTCGAAAGATCTACCACCGCTCT
GGAAAGTGCCTCATCCAAAGGCGCAAATCCTGATCCAAACCTTTTTACTCCACGCACGGCCCCTAGGGCCT
CTTTAAAAGCTTGACCGAGAGCAATCCCGCAGTCTTCAGTGGTGTGATGGTCGTCTATGTGTAAGTCACCA
ATGCACTCAACGATTAGCGACCAGCCGGAATGCTTGGCCAGAGCATGTATCATATGGTCCAGAAACCCTAT
ACCTGTGTGGACGTTAATCACTTGCGATTGTGTGGCCTGTTCTGCTACTGCTTCTGCCTCTTTTTCTGGGA
AGATCGAGTGCTCTATCGCTAGGGGACCACCCTTTAAAGAGATCGCAATCTGAATCTTGGTTTCATTTGTA
ATACGCTTTACTAGGGCTTTCTGCTCTGTCATCTTTGCCTTCGTTTATCTTGCCTGCTCATTTTTTAGTAT
ATTCTTCGAAGAAATCACATTACTTTATATAATGTATAATTCATTATGTGATAATGCCAATCGCTAAGAAA
AAAAAAGAGTCATCCGCTAGGTGGAAAAAAAAAAATGAAAATCATTACCGAGGCATAAAAAAATATAGAGT
GTACTAGAGGAGGCCAAGAGTAATAGAAAAAGAAAATTGCGGGAAAGGACTGTGTTATGACTTCCCTGACT
AATGCCGTGTTCAAACGATACCTGGCAGTGACTCCTAGCGCTCACCAAGCTCTTAAAACGGGAATTTATGG
TGCACTCTCAGTACACGCGCCAGATCTGTTTAGCTTGCCTCGTCCCCGCCGGGTCACCCGGCCAGCGACAT
GGAGGCCCAGAATACCCTCCTTGACAGTCTTGACGTGCGCAGCTCAGGGGCATGATGTGACTGTCGCCCGT
ACATTTAGCCCATACATCCCCATGTATAATCATTTGCATCCATACATTTTGATGGCCGCACGGCGCGAAGC
AAAAATTACGGCTCCTCGCTGCAGACCTGCGAGCAGGGAAACGCTCCCCTCACAGACGCGTTGAATTGTCC
CCACGCCGCGCCCCTGTAGAGAAATATAAAAGGTTAGGATTTGCCACTGAGGTTCTTCTTTCATATACTTC
CTTTTAAAATCTTGCTAGGATACAGTTCTCACATCACATCCGAACATAAACAACCATGGGTAAGGAAAAGA
CTCACGTTTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAATGGGCTCGCGAT
AATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTATGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAA
ACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTA
TGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGCGATCCCC
GGCAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCTGGCAGT
GTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCGCGTATTTCGTCTCG
CTCAGGCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAGCGTAATGGCTGG
CCTGTTGAACAAGTCTGGAAAGAAATGCATAAGCTTTTGCCATTCTCACCGGATTCAGTCGTCACTCATGG
TGATTTCTCACTTGATAACCTTATTTTTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCG
GAATCGCAGACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCTTCATTACAG
AAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATAAATTGCAGTTTCATTTGATGCTCGA
TGAGTTTTTCTAATCAGTACTGACAATAAAAAGATTCTTGTTTTCAAGAACTTGTCATTTGTATAGTTTTT
TTATATTGTAGTTGTTCTATTTTAATCAAATGTTAGCGTGATTTATATTTTTTTTCGCCTCGACATCATCT
GCCCAGATGCGAAGTTAAGTGCGCAGAAAGTAATATCATGCGTCAATCGTATGTGAATGCTGGTCGCTATA
CTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAATTCGCCATTCAGGCTGCGCAACTGTTGGGA
AGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGAATTGGAGCGACCTCATGCTATACCTGAGAA
AGCAACCTGACCTACAGGAAAGAGTTACTCAAGAATAAGAATTTTCGTTTTAAAACCTAAGAGTCACTTTA
AAATTTGTATACACTTATTTTTTTTATAACTTATTTAATAATAAAAATCATAAATCATAAGAAATTCGCTT
ATTTAGAAGTGTCAACAACGTATCTACCAACGATTTGACCCTTTTCCATCTTTTCGTAAATTTCTGGCAAG
GTAGACAAGCCGACAACCTTGATTGGAGACTTGACCAAACCTCTGGCGAAGAATTGTTAATTAAGAGCTCA
GATCTTTTGCGGCCGCCCTTTAGTGAGGGTTGAATTCGAATTTTCAAAAATTCTTACTTTTTTTTTGGATG
GACGCAAAGAAGTTTAATAATCATATTACATGGCATTACCACCATATACATATCCATATACATATCCATAT
CTAATCTTACTTATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTTGG
AACTTTCAGTAATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGCCGAGCGGGTGAC
AGCCCTCCGAAGGAAGACTCTCCTCCGTGCGTCCTCGTCTTCACCGGTCGCGTTCCTGAAACGCAGATGTG
CCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAATACTAGCTTTTATGGTTATGAAGAGGAAAAAT
TGGCAGTAACCTGGCCCCACAAACCTTCAAATGAACGAATCAAATTAACAACCATAGGATGATAATGCGAT
TAGTTTTTTAGCCTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATAT
AAATGCAAAAACTGCATAACCACTTTAACTAATACTTTCAACATTTTCGGTTTGTATTACTTCTTATTCAA
ATGTAATAAAAGTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGTCAAGGAGAAAAAACCCCG
GATCCACCAGCTTGGTACCGCGGCTAGCTAAGATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGA



AGTCTAGGTCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTC
TTTTTTTTCTGTACAGACGCGTGTACGCATGTAACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGA
CGCTCGAAGATCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTC
TTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAA
AGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAA
AAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCA
CAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTG
GAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCG
GGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCT
GGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCA
ACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTA
GGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTG
CGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTG
GTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTG
ATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATC
AAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGT
AAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCA
TCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGC
TGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGG
CCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGA
GTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTC
GTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGT
GCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTC
ATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGA
GTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGG
ATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTC
TCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATC
TTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGG
CGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGT
CTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCG
AAAAGTGCCACCTGAACGAAGCATCTGTGCTTCATTTTGTAGAACAAAAATGCAACGCGAGAGCGCTAATT
TTTCAAACAAAGAATCTGAGCTGCATTTTTACAGAACAGAAATGCAACGCGAAAGCGCTATTTTACCAACG
AAGAATCTGTGCTTCATTTTTGTAAAACAAAAATGCAACGCGAGAGCGCTAATTTTTCAAACAAAGAATCT
GAGCTGCATTTTTACAGAACAGAAATGCAACGCGAGAGCGCTATTTTACCAACAAAGAATCTATACTTCTT
TTTTGTTCTACAAAAATGCATCCCGAGAGCGCTATTTTTCTAACAAAGCATCTTAGATTACTTTTTTTCTC
CTTTGTGCGCTCTATAATGCAGTCTCTTGATAACTTTTTGCACTGTAGGTCCGTTAAGGTTAGAAGAAGGC
TACTTTGGTGTCTATTTTCTCTTCCATAAAAAAAGCCTGACTCCACTTCCCGCGTTTACTGATTACTAGCG
AAGCTGCGGGTGCATTTTTTCAAGATAAAGGCATCCCCGATTATATTCTATACCGATGTGGATTGCGCATA
CTTTGTGAACAGAAAGTGATAGCGTTGATGATTCTTCATTGGTCAGAAAATTATGAACGGTTTCTTCTATT
TTGTCTCTATATACTACGTATAGGAAATGTTTACATTTTCGTATTGTTTTCGATTCACTCTATGAATAGTT
CTTACTACAATTTTTTTGTCTAAAGAGTAATACTAGAGATAAACATAAAAAATGTAGAGGTCGAGTTTAGA
TGCAAGTTCAAGGAGCGAAAGGTGGATGGGTAGGTTATATAGGGATATAGCACAGAGATATATAGCAAAGA
GATACTTTTGAGCAATGTTTGTGGAAGCGGTATTCGCAATATTTTAGTAGCTCGTTACAGTCCGGTGCGTT
TTTGGTTTTTTGAAAGTGCGTCTTCAGAGCGCTTTTGGTTTTCAAAAGCGCTCTGAAGTTCCTATACTTTC
TAGAGAATAGGAACTTCGGAATAGGAACTTCAAAGCGTTTCCGAAAACGAGCGCTTCCGAAAATGCAACGC
GAGCTGCGCACATACAGCTCACTGTTCACGTCGCACCTATATCTGCGTGTTGCCTGTATATATATATACAT
GAGAAGAACGGCATAGTGCGTGTTTATGCTTAAATGCGTACTTATATGCGTCTATTTATGTAGGATGAAAG
GTAGTCTAGTACCTCCTGTGATATTATCCCATTCCATGCGGGGTATCGTATGCTTCCTTCAGCACTACCCT
TTAGCTGTTCTATATGCTGCCACTCCTCAATTGGATTAGTCTCATCCTTCAATGCTATCATTTCCTTTGAT
ATTGGATCATACTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTT
TCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTT
GTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTGTCGGGGC
TGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATA 
 
>pTHS2 (circular vector sequence) 
TATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCC
GCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAG
CTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGATACGCCTAT



TTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGTATGATCCAATATCAAAGGAAATGATAGCATTG
AAGGATGAGACTAATCCAATTGAGGAGTGGCAGCATATAGAACAGCTAAAGGGTAGTGCTGAAGGAAGCAT
ACGATACCCCGCATGGAATGGGATAATATCACAGGAGGTACTAGACTACCTTTCATCCTACATAAATAGAC
GCATATAAGTACGCATTTAAGCATAAACACGCACTATGCCGTTCTTCTCATGTATATATATATACAGGCAA
CACGCAGATATAGGTGCGACGTGAACAGTGAGCTGTATGTGCGCAGCTCGCGTTGCATTTTCGGAAGCGCT
CGTTTTCGGAAACGCTTTGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGAGC
GCTTTTGAAAACCAAAAGCGCTCTGAAGACGCACTTTCAAAAAACCAAAAACGCACCGGACTGTAACGAGC
TACTAAAATATTGCGAATACCGCTTCCACAAACATTGCTCAAAAGTATCTCTTTGCTATATATCTCTGTGC
TATATCCCTATATAACCTACCCATCCACCTTTCGCTCCTTGAACTTGCATCTAAACTCGACCTCTACATTT
TTTATGTTTATCTCTAGTATTACTCTTTAGACAAAAAAATTGTAGTAAGAACTATTCATAGAGTGAATCGA
AAACAATACGAAAATGTAAACATTTCCTATACGTAGTATATAGAGACAAAATAGAAGAAACCGTTCATAAT
TTTCTGACCAATGAAGAATCATCAACGCTATCACTTTCTGTTCACAAAGTATGCGCAATCCACATCGGTAT
AGAATATAATCGGGGATGCCTTTATCTTGAAAAAATGCACCCGCAGCTTCGCTAGTAATCAGTAAACGCGG
GAAGTGGAGTCAGGCTTTTTTTATGGAAGAGAAAATAGACACCAAAGTAGCCTTCTTCTAACCTTAACGGA
CCTACAGTGCAAAAAGTTATCAAGAGACTGCATTATAGAGCGCACAAAGGAGAAAAAAAGTAATCTAAGAT
GCTTTGTTAGAAAAATAGCGCTCTCGGGATGCATTTTTGTAGAACAAAAAAGAAGTATAGATTCTTTGTTG
GTAAAATAGCGCTCTCGCGTTGCATTTCTGTTCTGTAAAAATGCAGCTCAGATTCTTTGTTTGAAAAATTA
GCGCTCTCGCGTTGCATTTTTGTTTTACAAAAATGAAGCACAGATTCTTCGTTGGTAAAATAGCGCTTTCG
CGTTGCATTTCTGTTCTGTAAAAATGCAGCTCAGATTCTTTGTTTGAAAAATTAGCGCTCTCGCGTTGCAT
TTTTGTTCTACAAAATGAAGCACAGATGCTTCGTTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCC
CTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTT
CAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGC
ATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTG
CACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGT
TTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGA
GCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATC
TTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAAC
TTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAAC
TCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTG
TAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTA
ATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTAT
TGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGC
CCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCT
GAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGA
TTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCC
CTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCT
TTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGA
TCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTC
TAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATC
CTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACC
GGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACA
CCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGG
TATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCT
TTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGA
GCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATG
TTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCG
CCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGC
CTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGATCTTCGAGCGTCCCAAAACCTTCTCAAGCAAG
GTTTTCAGTATAATGTTACATGCGTACACGCGTCTGTACAGAAAAAAAAGAAAAATTTGAAATATAAATAA
CGTTCTTAATACTAACATAACTATAAAAAAATAAATAGGGACCTAGACTTCAGGTTGTCTAACTCCTTCCT
TTTCGGTTAGAGCGGATCTTAGCTAGCCGCGGTACCAAGCTGGTGGATCCGGGGTTTTTTCTCCTTGACGT
TAAAGTATAGAGGTATATTAACAATTTTTTGTTGATACTTTTATTACATTTGAATAAGAAGTAATACAAAC
CGAAAATGTTGAAAGTATTAGTTAAAGTGGTTATGCAGTTTTTGCATTTATATATCTGTTAATAGATCAAA
AATCATCGCTTCGCTGATTAATTACCCCAGAAATAAGGCTAAAAAACTAATCGCATTATCATCCTATGGTT
GTTAATTTGATTCGTTCATTTGAAGGTTTGTGGGGCCAGGTTACTGCCAATTTTTCCTCTTCATAACCATA
AAAGCTAGTATTGTAGAATCTTTATTGTTCGGAGCAGTGCGGCGCGAGGCACATCTGCGTTTCAGGAACGC
GACCGGTGAAGACGAGGACGCACGGAGGAGAGTCTTCCTTCGGAGGGCTGTCACCCGCTCGGCGGCTTCTA
ATCCGTACTTCAATATAGCAATGAGCAGTTAAGCGTATTACTGAAAGTTCCAAAGAGAAGGTTTTTTTAGG



CTAAGATAATGGGGCTCTTTACATTTCCACAACATATAAGTAAGATTAGATATGGATATGTATATGGATAT
GTATATGGTGGTAATGCCATGTAATATGATTATTAAACTTCTTTGCGTCCATCCAAAAAAAAAGTAAGAAT
TTTTGAAAATTCGAATTCAACCCTCACTAAAGGGCGGCCGCATGTATCCATACGATGTTCCAGATTATGCT
GCACCATTAGGTGTTTCTGGTTTGGTTGGTAAATTGTCAACTGAATTGGAAGTTGATTGTGATGCTGAAAA
GTACTACAACATGTACAAACATGGTGAAGATGTTAAGAAAGCAGTTCCACATTTGTGTGTTGATGTTAAGA
TCATCTCTGGTGACCCAACTTCTTCAGGTTGTATCAAGGAATGGAACGTTAACATCGATGGTAAAACAATC
AGATCAGTTGAAGAAACTACACATGATGATGAAACTAAGACATTGAGACATAGAGTTTTCGAAGGTGACGT
TATGAAGGATTTCAAGAAATTCGATACTATTATGGTTGTTAATCCAAAACCAGATGGTAATGGTTGTGTTG
TTACAAGATCTATCGAATACGAAAAGACTAACGAAAACTCACCAACACCATTCGATTACTTACAATTTGGT
CATCAAGCTATTGAAGATATGAATAAGTATTTGAGAGATTCTGAATCAAATTAAGAGCTCTTAATTAACAA
TTCTTCGCCAGAGGTTTGGTCAAGTCTCCAATCAAGGTTGTCGGCTTGTCTACCTTGCCAGAAATTTACGA
AAAGATGGAAAAGGGTCAAATCGTTGGTAGATACGTTGTTGACACTTCTAAATAAGCGAATTTCTTATGAT
TTATGATTTTTATTATTAAATAAGTTATAAAAAAAATAAGTGTATACAAATTTTAAAGTGACTCTTAGGTT
TTAAAACGAAAATTCTTATTCTTGAGTAACTCTTTCCTGTAGGTCAGGTTGCTTTCTCAGGTATAGCATGA
GGTCGCTCCAATTCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGC
CTGAATGGCGAATTCGACACTGGATGGCGGCGTTAGTATCGAATCGACAGCAGTATAGCGACCAGCATTCA
CATACGATTGACGCATGATATTACTTTCTGCGCACTTAACTTCGCATCTGGGCAGATGATGTCGAGGCGAA
AAAAAATATAAATCACGCTAACATTTGATTAAAATAGAACAACTACAATATAAAAAAACTATACAAATGAC
AAGTTCTTGAAAACAAGAATCTTTTTATTGTCAGTACTGATTAGAAAAACTCATCGAGCATCAAATGAAAC
TGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAA
CTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAA
TACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAA
TCCGGTGAGAATGGCAAAAGCTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTC
ATCAAAATCACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGAT
CGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACA
ATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTGCCGGGGATCGCAGTGGTGAG
TAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGT
TTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCCATGTTTCAGAAACAACTCTGGC
GCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATA
CCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTCGAAACGTGAGTCTTTTCCTTACCCATGG
TTGTTTATGTTCGGATGTGATGTGAGAACTGTATCCTAGCAAGATTTTAAAAGGAAGTATATGAAAGAAGA
ACCTCAGTGGCAAATCCTAACCTTTTATATTTCTCTACAGGGGCGCGGCGTGGGGACAATTCAACGCGTCT
GTGAGGGGAGCGTTTCCCTGCTCGCAGGTCTGCAGCGAGGAGCCGTAATTTTTGCTTCGCGCCGTGCGGCC
ATCAAAATGTATGGATGCAAATGATTATACATGGGGATGTATGGGCTAAATGTACGGGCGACAGTCACATC
ATGCCCCTGAGCTGCGCACGTCAAGACTGTCAAGGAGGGTATTCTGGGCCTCCATGTCGCTGGCCGGGTGA
CCCGGCGGGGACGAGGCAAGCTAAACAGATCTGGCGCGTGTACTGAGAGTGCACCATAAATTCCCGTTTTA
AGAGCTTGGTGAGCGCTAGGAGTCACTGCCAGGTATCGTTTGAACACGGCATTAGTCAGGGAAGTCATAAC
ACAGTCCTTTCCCGCAATTTTCTTTTTCTATTACTCTTGGCCTCCTCTAGTACACTCTATATTTTTTTATG
CCTCGGTAATGATTTTCATTTTTTTTTTTCCACCTAGCGGATGACTCTTTTTTTTTCTTAGCGATTGGCAT
TATCACATAATGAATTATACATTATATAAAGTAATGTGATTTCTTCGAAGAATATACTAAAAAATGAGCAG
GCAAGATAAACGAAGGCAAAGATGACAGAGCAGAAAGCCCTAGTAAAGCGTATTACAAATGAAACCAAGAT
TCAGATTGCGATCTCTTTAAAGGGTGGTCCCCTAGCGATAGAGCACTCGATCTTCCCAGAAAAAGAGGCAG
AAGCAGTAGCAGAACAGGCCACACAATCGCAAGTGATTAACGTCCACACAGGTATAGGGTTTCTGGACCAT
ATGATACATGCTCTGGCCAAGCATTCCGGCTGGTCGCTAATCGTTGAGTGCATTGGTGACTTACACATAGA
CGACCATCACACCACTGAAGACTGCGGGATTGCTCTCGGTCAAGCTTTTAAAGAGGCCCTAGGGGCCGTGC
GTGGAGTAAAAAGGTTTGGATCAGGATTTGCGCCTTTGGATGAGGCACTTTCCAGAGCGGTGGTAGATCTT
TCGAACAGGCCGTACGCAGTTGTCGAACTTGGTTTGCAAAGGGAGAAAGTAGGAGATCTCTCTTGCGAGAT
GATCCCGCATTTTCTTGAAAGCTTTGCAGAGGCTAGCAGAATTACCCTCCACGTTGATTGTCTGCGAGGCA
AGAATGATCATCACCGTAGTGAGAGTGCGTTCAAGGCTCTTGCGGTTGCCATAAGAGAAGCCACCTCGCCC
AATGGTACCAACGATGTTCCCTCCACCAAAGGTGTTCTTATGTAGTGACACCGATTATTTAAAGCTGCAGC
ATACGATATATATACATGTGTATATATGTATACCTATGAATGTCAGTAAGTATGTATACGAACAGTATGAT
ACTGAAGATGACAAGGTAATGCATCATTCTATACGTGTCATTCTGAACGAGGCGCGCTTTCCTTTTTTCTT
TTTGCTTTTTCTTTTTTTTTCTCTTGAACTCGACGGATCTATGCGGTGTGAAA 
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>PsoTHS1  
MDSINSSIYFCAYFRELIIKLLMAPPGVSGLVGKLSTELEVNCDAEKYYNMYKHGEDVQKAVPHLCVDVKVISG
DPTRSGCIKEWNVNIDGKTIRSVEETTHNDETKTLRHRVFEGDMMKDFKKFDTIMVVNPKPDGNGCVVTRSIEY
EKTNENSPTPFDYLQFGHQAIEDMNKYLRDSE 
 
>PsoTHS1-t 
MYKHGEDVQKAVPHLCVDVKVISGDPTRSGCIKEWNVNIDGKTIRSVEETTHNDETKTLRHRVFEGDMMKDFKK
FDTIMVVNPKPDGNGCVVTRSIEYEKTNENSPTPFDYLQFGHQAIEDMNKYLRDSE 
 
>PsoTHS2 
MAPLGVSGLVGKLSTELEVDCDAEKYYNMYKHGEDVKKAVPHLCVDVKIISGDPTSSGCIKEWNVNIDGKTIRS
VEETTHDDETKTLRHRVFEGDVMKDFKKFDTIMVVNPKPDGNGCVVTRSIEYEKTNENSPTPFDYLQFGHQAIE
DMNKYLRDSESN 
 
>PsoTHS2-t  
MYKHGEDVKKAVPHLCVDVKIISGDPTSSGCIKEWNVNIDGKTIRSVEETTHDDETKTLRHRVFEGDVMKDFKK
FDTIMVVNPKPDGNGCVVTRSIEYEKTNENSPTPFDYLQFGHQAIEDMNKYLRDSESN 
 
>PseBetv1-1 
MDSINSSIYFCAYFRELIIKLLMAPLGVSGLVGKLSTELEVDCDAEKYYNMYKHGEDVKKAVPHLCVDVKIISG
DPTSSGCIKEWNVNIDGKTIRSVEETTHDDETKTLRHRVFEGDVMKDFKKFDTIMVVNPKPDGNGCVVTRSIEY
EKTNENSPTPFDYLQFGHQAIEDMNKYLRDSESN 
 
>PseBetv1-2 
MAPLGVSGLVGKLSTELEVDCDAEKYYNMYKHGEDVKKAVPHLCVDVKIISGDPTSSGCIKEWNVNIDGKTIRS
VEETTHDDETKTLRHRVFEGDVMKDFKKFDTIMVVNPKPDGNGCVVTRSIEYEKTNENSPTPFDYLQFGHQAIE
DMNKYLRDSESN 
 
>PseBetv1-3 
MACHGVSGLVGKLITELEVNCDADKYYKIYKRPEDVRKAIPHLCTSIKLINGDASRSGCIKEWNFILEGKMIRT
VEETTHNDETRTLHHRIFEGDLMKDYKKFDSIIEVNPKPNGNGCIVKRSIVYEKINKDSPTPFAYVPFCHQAIE
DMNKHLCGSE 
 
>PbrBetv1-1  
MAPRGVSGLVGKLSTELDVNCDAEKYYNMYKNGEDVQKAVPHLCMDVKVISGDATRSGCIKEWNVNIDGKTIRS
VEETTHNDESKTLRHRVFEGDMMKDYKKFDTIMEVKPKPDGNGCVVTRSIEYEKVNENSPTPFDYLQFGHQAME
DMNKYLRDSE 
 
>PbrBetv1-2  
MEVSCDADKYYKIYKHAEDVQKAIPHLCIDVKVINGDATRSGCIKEWNFIIEGKMVRSVEETTHNDETKTIHHR
VFEGDLMKDYKKFDSVIQVNPKPNGNGSVVTRSIAYEKINEDSPTPFAYILFSHQAIEDMNKYLCDSE 
 
>PrhBetv1-1 
MAHHHSISGLVGKLVTELEVNCDADKYYTIFKHQEDVPNAVPHLYSDVKVINGHAIHSGCIKEWNFIVEGKTIC
AVEETTHNDDTRTLHHRFEGDLMKDYKKFDSIIEVNPKPNGNGCVVTWSIAYEKINEDSPVPFAYIPFCHQVIE
DMNIHLCDTE 
 
>PsoMLP2  
MAHAHGISGLVGKLITESEVNCNADKFYQMFKHDENITNIIPHIYTSFKVVEGDGLISGCTKEWGYLSEGKARI
VKEQTTFDDETRTIHHCAKAGDMMNDYKKFVLTLVVNPKAHGQGSTVKWIIDYEKINEDSPVPFAYLSLCIKIT
EGLNSHIYASE 
 



>PsoMLP15  
MAHQHTISGLVGKLITESEVNCNADKYYQIFKHHEDLPSAIPHIYTSVKAVEGHGTTSGCVKEWCYILEGKPLT
VKEKTTYNDETRTINHNGIEGGMMTDYKKFVATLVVKPKANGQGSIVTWIVDYEKINEDSPVPFDYLAFFQQNI
EDLNSHLCASD 
 
>PsoPR10-3  
MAHHGVSGLVGKIVTELEVNCNADEFYKILKRDEDVPRAVSDLFPPVKIAKGDGLVSGCIKEWDCVLDGKAMSG
KEETTHNDETRTLRHRELEGDLMKDYKKFDSIIEVNPKPNGHGSIVTWSIEYEKMNEDSPAPFAYLASFHQNVV
EVDSHLCLSE 
 
>PsoPR10-4  
MAHPHPISGLVGKLVTELEVNCDADKYYKIFKHHEDVPKAVPHMYTSVKVVEGHGITSGCVKEWGYLLEGKELI
VKETTTYTDETRTIHHSAVGGHMTKIYKKFDATLVVNPKPSGHGSTVSWTIDYEKINEDSPVPIPYLAFFHKLI
EDLNSHLCASD 
 
>PsoPR10-5 
MAHHGVSGLVGKLVTELEVHCNADAYYKIFKHQEDVPKAMPHLYTGGKVISGDATRSGCIKEWNYILEGKALIA
VEETTHDDETRTLTHRITGGDLTKDYKKFVKIVEVNPKPNGHGSIVTVSLVYEKMNEGSPTPFNYLQFVHQTIV
GLNSHICAS 
 
>PsoNCS2 
MSKLITTEPLKSMAEVISNYAMKQQSVSERNIPKKQSLLRKEITYETEVQTSADSIWNVYSSPDIPRLLRDVLL
PGVFEKLDVIAGNGGVGTVLDIAFPLGAVPRRYKEKFVKINHEKRLKEVVMIEGGYLDMGCTFYMDRIHIFEKT
PNSCVIESSIIYEVKEEYAGKMAKLITTEPLESMAEVISGYVLKKRLQVFGFEIKPKLRFNLLLCLIICLVIAG
GMFVAGVPL 
 
>TflNCS 
MMKMEVVFVFLMLLGTINCQKLILTGRPFLHHQGIINQVSTVTKVIHHELEVAASADDIWTVYSWPGLAKHLPD
LLPGAFEKLEIIGDGGVGTILDMTFVPGEFPHEYKEKFILVDNEHRLKKVQMIEGGYLDLGVTYYMDTIHVVPT
GKDSCVIKSSTEYHVKPEFVKIVEPLITTGPLAAMADAISKLVLEHKSKSNSDEIEAAIITV 
 
>AthRCAR1 
MMDGVEGGTAMYGGLETVQYVRTHHQHLCRENQCTSALVKHIKAPLHLVWSLVRRFDQPQKYKPFVSRCTVIGD
PEIGSLREVNVKSGLPATTSTERLELLDDEEHILGIKIIGGDHRLKNYSSILTVHPEIIEGRAGTMVIESFVVD
VPQGNTKDETCYFVEALIRCNLKSLADVSERLASQDITQ 
 
>PtrRCAR1 
MDTNQAPPPQGLTQEEYMELKPLIDTYHKFEPAPNTCTSLITQRIDAPAHVVWPFVRRFDNPQKYKHFIKSCNM
SAGDGGVGSVREVAVVSGLPASTSIERLEILDDENHILSFRVVGGEHRLNNYKSVTSVNEFNKEGKVYAIVLES
YIVDIPGGNTGEDTKMFVDTVVKLNLQKLAVVAIASLHGHE 
 
>ShyPR10 
MASANSWTLEIASPVAAPRLFRAAVLDWHTLAPKLASHVVASAHPVEGDGGVGSIRQFNFTSVMPFTFTKERLD
FLDLDKCECKQTLIEGGGIGVAIETATSHIKVEPAAGGGSVAKVETTFKPLPGVEVKDEITKAKESLTAIFKGA
EAYLVANPDAYN 
 
>SolPR10 
MGVYTFTVIDEASSVAPARLFEALCLDNHNVFPKVVPFIVKSVDFVEGDTTSVGCVKQMNFADGGPYKYMKTKI
NELDVDKYYAKYTNFEGDVLDNVLECVVYESSIESTGSGSHYKLVGHFHTKGDVVYTLEDAKMGLQSMQVSYKA
VEEYLSNNPEIYA 
 
>FanA1E 
MGVYTYENEFTSDIPAPKLFKAFVLDADNLIPKIAPQAVKCAEILEGDGGPGTIKKITFGEGSHYGYVKHKIHS
IDKVNHTYSYSLIEGDALSENIEKIDYETKLVSAPHGGTIIKTTSKYHTKGDVEIKEEHVKAGKEKAAHLFKLI
EGYLKDHPSEYN 



 
>VpsPR10-1 
MGVFTYESEVTSSVPPAKMFKAAILDSDNLIPKIRPQDIKSVEILQGEGGPGTIKKIHFGEGRKFKSMTHRIDA
IDKENFTFSYTVIDGDVLTSGIESISHELKVVSSPDGGCIYKNTKKYHTKAGVEISEEHVKGGKEESLALFKAI
EAYIIAHPDAY 
 
>CanPR10 
MGAYTFTDKSTASVAPSRLFKALVIDFNNLVSKLAPDVKSIENVEGDGGAGTIKKMTFVEGGPIKYMKHKIHVI
DEKNLVTKYSLIESDVTENKAESVDYDGKFEASADGGSVCTTVTVYNTKGDYVVTEEEHNVHKEKANDLLKAIE
AYLLANPSVYV 
 
>GmaPR10 
MGVVTQIYDTPAAVPPTRLFKAMTLDFHNLFPKLVDSIHSIVFTQGNGGPGTIKKITTIEGDKTKYVLHRVDAI
DEANFVYNFSITEGTALADTLEKVSFESQLVEAPNGGSIRKVSVQFFTKGDATLSEEELTANKAKIQGLVKLVE
GYLLANPDY 
 
>LluPR10-1A 
MGIFAFENEQSSTVAPAKLYKALTKDSDEIVPKVIEPIQSVEIVEGNGGPGTIKKIIAIHDGHTSFVLHKLDAI
DEANLTYNYSIIGGEGLDESLEKISYESKILPGPDGGSIGKINVKFHTKGDVLSETVRDQAKFKGLGLFKAIEG
YVLAHPDY 
  
>PsaABR17 
MGVFVFDDEYVSTVAPPKLYKALAKDADEIVPKVIKEAQGVEIIEGNGGPGTIKKLSILEDGKTNYVLHKLDAV
DEANFGYNYSLVGGPGLHESLEKVAFETIILAGSDGGSIVKISVKYHTKGDAALSDAVRDETKAKGTGLIKAIE
GYVLANPGY 
  
 




